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ABSTRACT: We compute the one loop right and left anomalous tensor couplings (gr and
g1, respectively) for the top quark, in the aligned two-Higgs-doublet model. They are
the magnetic-like couplings in the most general parameterization of the tbW vertex. We
find that the aligned two-Higgs doublet model, that includes as particular cases some of
the most studied extensions of the Higgs sector, introduces new electroweak contributions
and provides theoretical predictions that are very sensitive to both new scalar masses
and the neutral scalar mixing angle. For a large area in the parameters space we obtain
significant deviations in both the real and the imaginary parts of the couplings gr and
gr, compared to the predictions given by the electroweak sector of the Standard Model.
The most important ones are those involving the imaginary part of the left coupling gr,
and the real part of the right coupling gr. The real part of g; and the imaginary part
of gr also show an important sensitivity to new physics scenarios. The model can also
account for new CP violation effects via the introduction of complex alignment parameters
that have important consequences on the values for the imaginary parts of the couplings.
The top anomalous tensor couplings will be measured at the LHC and at future colliders
providing a complementary insight on new physics, independent from the bounds in top
decays coming from B physics and b — s7.
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1 Introduction

The recent discovery at the LHC of a new neutral boson [1, 2] points to a spontaneous
electroweak symmetry breaking mechanism involving scalars, but more experimental anal-
yses are still needed to distinguish whether we face the unique Standard Model (SM) Higgs
boson or an extended scalar sector. Besides, top quark physics at the LHC can play a role
in this quest, as it is expected to probe physics beyond the electroweak scale.

While no deviation from the SM predictions has been found in top physics yet [3-6],
the angular distribution in the dominant decay mode t — bW ™ is going to be precisely
measured at the LHC. This measurement can probe the SM beyond tree-level and might
be sensitive to new physics in the electroweak sector, where it is expected to appear.
Besides, new physics interactions might show up in the measurements of the top anomalous
couplings because they may modify the strength and structure of the tbW vertex. The SM
one loop predictions for the anomalous tensor couplings receive contributions from QCD,
coming from gluon exchange, and from the electroweak (EW) sector of the SM. The real
parts of the couplings receive contributions from both QCD and the EW sectors, while
the imaginary parts are generated exclusively by the EW corrections. The electroweak
contributions to the right and left top anomalous tensor couplings, gr and g, respectively,
have recently been calculated in ref. [7, 8]. These quantum corrections amount to 19%
of the dominant QCD contribution for the real part of the right coupling gg, and 9% for
the real part of the left coupling g7. This last prediction is in slight tension with existing
indirect constraints obtained recently from B decays data [9, 10]. Besides, in ref. [7, §]
the imaginary parts of gr and gr and the real part of g; were also calculated. Direct



constraints on the top anomalous couplings were obtained by DO [3] at Tevatron, and by
ATLAS and CMS [4-6] at the LHC. These last are still looser than the indirect ones, but
a much better sensitivity is expected in the LHC measurements in the future [11].

Among the SM extensions, the inclusion of one extra scalar doublet is a minimal choice
and results in a variety of dynamical possibilities. Two-Higgs-doublet models (2HDM) can
also be read as a low energy effective theory. Besides, they provide new ways to introduce
CP violation sources, both in the scalar potential and in the Yukawa sector. Many new
physics scenarios, including supersymmetry, can lead to a low energy spectrum containing
the SM fields, plus additional scalar multiplets. In general, 2HDMs allow the appearance of
unwanted flavor changing neutral currents (FCNCs) unless ad-hoc restrictions are imposed
at the lagrangian, such as Z, symmetries that, in addition, also forbid CP violation in
the scalar potential. These so-called natural flavor conservation models include the well
known types I, II, III, X, Y and the inert 2HDM. For a comprehensive review see [12].
A less restrictive and more general alternative is given by the aligned two-Higgs-doublet
model (A2HDM) [13], which imposes the proportionality of both Yukawa matrices, with
complex alignment parameters, and includes all the previously mentioned models as par-
ticular limits. These complex alignment parameters allow for a new CP violation source
in the Yukawa sector, independently of the form of the potential, and in addition to the
Cabibbo-Kobayashi-Maskawa quark mixing matrix.

Previous works have studied the top quark decay vertex in the context of the 2HDM
(type II), the MSSM, little Higgs and TC2 models [14-16]. In this paper we calculate the
top quark anomalous tensor couplings in the general framework of the A2HDM. Our work
complements the flavor physics analysis where this model has been thoroughly studied [17—
20], and the recent work [21] that takes into account the LHC measurements.

In section 2 we briefly review the A2HDM and comment on the constraints for its
parameters. In section 3 we define the vertex parameterization and, in section 3.1, we
review the theoretical and experimental status of the top anomalous tensor couplings. Our
analytical calculation is introduced in section 3.2 and numerical results for the different
scalars mass scenarios chosen is presented in section 4. In particular, we compare the
A2HDM predictions for the top anomalous tensor couplings to the recently calculated
electroweak values. We investigate the sensitivity of the anomalous tensor couplings (gr
in section 4.1 and gy, in section 4.2) to the scalars mixing angle and alignment parameters,
taking a CP conserving scalar potential, but allowing the presence of complex CP violating
phases. The results for the Type I and II 2HDM are also shown in section 4.3. Finally, we
present our conclusions in section 5.

2 A2HDM: overview

The 2HDMs extend the SM by adding a second scalar doublet of hypercharge Y=1/2.
The EW sector in these models is significantly different from the SM. The A2HDM model
incorporates, in addition to three Goldstone bosons, five physical scalars: two charged
scalar fields H*(z) and three neutral scalars {;(z)}i=123 = {h(z), H(x), A(z)}, related



through an orthogonal transformation R to the gauge eigenstates .S;:
(pz<$) = RZ]S](:C) N i,j = 1,2,3. (2.1)

The mixing matrix R depends on the particular form of the potential, which is also re-
sponsible of the structure of the scalars mass matrix and mass eigenstates. Taking a CP
conserving potential and in the so-called Higgs basis, where only one doublet acquires a
nonzero vacuum expectation value, the mixing matrix is written as:

H cosy siny 0 S1
h | = | —siny cosvy 0 Sa |, (2.2)
A 0 0 1 Ss

where v is the neutral scalars mixing angle.

The generic Yukawa lagrangian, with standard fermionic content, gives rise to FCNCs
because the Yukawa couplings of both doublets cannot be simultaneously diagonalized.
Tree-level FCNCs can be avoided by requiring the alignment in flavor space of the Yukawa
couplings, i.e., by making both Yukawa matrices to be proportional to each other, for each
type of right handed fermion. If, in addition, the proportionality parameters ¢ (f = u,d, 1)
are taken to be arbitrary complex numbers then new sources of CP violation are introduced.

In the mass eigenstates basis the Yukawa lagrangian is written as:

V2

Ly =— 7H+(gc)a(a:) [caV MyPr — ¢, M,V Pp)d(z)
— fHJr(x)qy(x)MlPRl(m)
— % Z gpi(a:)yfif(x)MfPRf(x) + h.c., (2.3)
i.f

where V' is the Cabibbo-Kobayashi-Maskawa matrix, Pr = %(1 + v5) are the chirality
projectors and My (f = u,d,l) are the diagonal mass matrices.

The neutral Yukawa terms are flavor-diagonal and the couplings y?i are proportional
to the corresponding elements of the neutral scalar mixing matrix R:

Y1 = R + (Riz + iRi3)say » yet =Ria + (Rig — iRi3)s, - (2.4)

The A2HDM leads to a structure where all fermion-scalar interactions are proportional
to the fermion masses, giving rise to a hierarchy of non tree-level FCNC effects. Bounds
on the ¢; parameters have been explored in ref. [17], in the context of charged Higgs
phenomenology. There, constraints on the ¢, 4; parameters as a function of my=+ were ob-
tained from lepton decays and leptonic and semi-leptonic tree-level decays of pseudoscalar
mesons. From tau decays they obtained that |g|/mpy+ < 0.40 GeV~! and from a global fit
to leptonic and semi-leptonic decays they got the bounds |g,q/|/ m%ﬁ < 0.01 GeV~2 and
|Sas)|/m2. < 0.1GeV 2

Bounds on ||, obtained from the top quark loops contributions in Z — bb decays,
give |¢,| < 0.91(1.91) for my+ = 80(500) GeV [17]. Mixing processes, such as BY — BY and



K9 — K9 mixing, result in less restrictive limits because they depend on the relative phase
between the alignment parameters g, and ¢;. From the radiative decay B — X,v, the
bound |¢,|[sq| < 20, for My« € (80,500) GeV, is obtained by assuming |¢,| < 3 [17]. More
recently, the observed excess in 7 lepton production in semileptonic B-meson decays re-
ported by BaBar [22] has been analyzed within the A2HDM context and it points towards
bigger values for the product |/ ¢,|/mpy+ than the one previously obtained in ref. [20].
A recent paper [21] analyzes the A2HDM in the light of the “Higgs-like” particle discov-
ery [1, 2] and Higgs signals data from Tevatron [23] getting some constraints even with
the large experimental uncertainties existing up to now. The authors search for possible
ways to enhance the diphoton channel while being compatible with the rest of the data.
Although a pure CP-odd assignment for the new particle is ruled out, they investigate
several possibilities including the CP conserving Zs limit, degenerate CP violating mix-
tures in the scalar potential and charged scalars contributions to the amplitude h — 2~.
Concerning the A2HDM an enhancement is obtained in the v rate with a complex top
Yukawa coupling with real part close to the SM value.

3 Top tensor couplings in the A2HDM

The tbW™ vertex can be studied by parameterizing the amplitude My, of the t(p) —
b(p' )W (q) decay with the most general Lorentz structure, for on-shell particles, in the
following way:

e
Mth - _76M* X
sin 0,v/2

i iU,ul/qy
X Up(p') ’Y,u(VLPL + VrPr) +

(9Pr + grPr)| ut(p), (3.1)
w

where the outgoing W1 momentum, mass and polarization vector are ¢ = p — p/, My
and e"*, respectively. The form factors are all dimensionless; V7, and Vr parameterize the
vector and axial-vector couplings while g7, and gr are the so called left and right anomalous
tensor couplings, respectively.

The expression (3.1) is the most general model independent parameterization for the
tbW ™ vertex. Another approach to the problem is the effective lagrangian method. This
technique describes the low energy physics of a theory by using non-renormalized terms
in the lagrangian written with the SM fields and invariant under the gauge symmetry of
the SM. This approach assumes that the new physics spectrum is very well above the EW
energy scale [24-26]. In this paper we will adopt the first approach that does not rely on
any particular assumptions and that it is compatible with the energy scales explored by
the LHC.

The tree level SM values for the couplings are Vi, = Vy, and Vg = gr = g1 = 0.
All these couplings receive corrections at one loop in the SM and in extended models.
The measurement of V, = Vi, ~ 1 is still affected by large uncertainties [27] and its
determination may be an open window to test new physics, but this issue and any possible
deviations of Vi from 0 will not be the target of this work, where we concentrate only on
the tensor couplings gr and gy



Within the SM, the dominant contribution to the real part of the tensor couplings
comes from the QCD one loop diagram, generated by gluon exchange. The computed
values for ggCD [28] and for g?CD [7, 8], for m; = 171 GeV, are:

g9l = —6.61 x 1073, %P = 1118 x 107%. (3.2)

Both the real and the imaginary one loop corrections in the EW sector for the SM
were obtained in ref. [7, 8] for a SM Higgs h° with mjo = 150 GeV. The values of the
electroweak contribution to these couplings in the SM but for the now measured value
mpo = 126 GeV are:

gEW = —(1.24 +1.23i) x 1073, ¢PW = —(0.102 + 0.0147) x 1073. (3.3)

The imaginary numbers come exclusively from absorptive parts in some of the EW dia-
grams. The complete SM one loop contributions, including the one loop QCD and the
electroweak SM contributions for the tensor couplings are then:

g = —(7.85 +1.231)) x 1073, ¢7™ = —(1.220 4 0.0144) x 1072 (3.4)

From egs. (3.3) and (3.4) it can be seen that for the real part of gr and gr, the EW
contribution is 16% and 8%, respectively, of the total SM values. To be sensitive to new
physics in the real part of the couplings, one has to be accurate enough in the measurement
to disentangle the QCD and EW contributions. Instead, the imaginary parts are directly
sensitive to new physics, because they come only from the EW diagrams. Note that the
imaginary right coupling is of the same order of magnitude than the real parts of both
couplings; however, for the left coupling, the imaginary part is very small. Because the
anomalous tensor couplings are chirality flipping quantities, the EW contributions to gr,
are lower in magnitude than those for gr, due to the flow of chirality in the diagrams with
the standard tbW vertex.

3.1 Observables and experimental status

Besides the observables that were already considered in the literature -branching ratios,
helicity fractions, angular distributions and asymmetries [29, 30]- new observables have
been defined in ref. [11]. These make use of the spin properties of the polarized top quarks
produced at the LHC in order to define quantities that are sensitive to the imaginary parts
of the anomalous tensor couplings. The imaginary part of the anomalous tensor couplings
is not a CP-odd quantity, but CP violation can nevertheless be investigated by comparing
the properties of the top and anti-top decay vertex: a change in the sign of the imaginary
parts of the decay tensor couplings (Im(gr) and/or I'm(gz)), when comparing top and
anti-top, would point out to CP violation.

The normal asymmetry AY ., defined in [11], considers the orthogonal direction to the
plane defined by the top spin and the W momenta. The forward and backward directions
are defined with respect to the angle of the charged lepton (into which the W decays)
momenta in the W rest frame with the W momenta in the top rest frame. This asymmetry
vanishes for real anomalous couplings and, consequently, it turns out to be very sensitive



to Im(gr). For small gr and taking V;, = 1, Vg = g = 0, the authors obtain AN, =
0.64-P-Im(gg), for top quarks with normal polarization degree P. A combined analysis of
this new observable together with the usual W helicity fractions, the asymmetries in the top
quark rest frame, and the tW cross section, allows a model independent fit of all the tbWW/
vertex parameters [11, 31]. Preliminary measurements of the normal forward-backward
asymmetry using data up to 2011 at the LHC give the bound —0.07 < Im(gr) < 0.18 at
68% CL [6].

ATLAS and CMS have recently published bounds for the top anomalous couplings.
They analyzed data obtained in 2010 and 2011 on the W helicity fractions in top pair events.
The CMS bounds [5] are given in two different scenarios: (i) assuming V7, =1,Vg =g, =0
and leaving Re(gg) as a free parameter, and (ii) leaving Vg to be free. The first assumption
(i) gives the best fitted value: Re(gg) = —0.008 £ 0.024(stat.) 050 (syst.). ATLAS limits
—0.14 < Re(gr) < 0.11 and —0.08 < Re(gr) < 0.04, at 95% CL [4], were obtained assuming
all anomalous couplings set to zero, except the one to be bounded.

Direct bounds for the top anomalous couplings are also available from Tevatron. DO
Collaboration [32] performed a combined analysis of the measurements of the W bosons
helicities [3] and those of the single top quark production [33]. Taking real anomalous
form factors, they studied the allowed regions of the squared modulus of a form factor,
\gr.r|? or, alternatively, |[Vz|?, as a function of |V |? with all other couplings set to zero. A
different analysis of early LHC data can be found in ref. [34] where they combined recent
measurements in ATLAS of top quark decay asymmetries with the t-channel single top
cross section measured by CMS. This combination of data allows a better determination
of the anomalous couplings bounds: they plotted the allowed regions in the (g1, gr) plane
at 95% CL, assuming V7, = 1, Vg = 0 and that both tensor couplings are real, resulting in
the limits |gz,| < 0.45, and —0.55 < gr < 0.20 or 0.70 < gr < 0.90.

Finally, indirect bounds were obtained [9, 10] from the Br(B — X,7y) branching ratio,
measured at B factories. These last results use the most recent global fits in neutral
mesons oscillations [35, 36] and represent the strongest bounds on the anomalous tensor
couplings. In our notation, they get the following bounds: —0.001 < Re(gz) < 0.0003
and —0.07 < Re(gr) < 0.27, at 95% CL, assuming real couplings, V;, = 1 and only one
non-vanishing form factor at a time.

3.2 Our calculation

Let us start discussing the general features of the t — bW decay in the A2HDM. We will
concentrate in the EW part because it is the only one that is different from the SM.

At tree-level the fermion couplings to gauge bosons are not modified with respect to
the SM by the presence of a new scalar doublet, so that the tbW vertex remains unchanged.
However, at one loop, besides the SM fields (top and bottom quarks, gluons, gauge bosons
W, Z and ~, and Goldstone bosons GOi), we have to consider the contributions of the new
fields (the three neutral scalars h, H and A, and the charged scalars H¥) circulating in
the internal lines of the loop.

There is only one topology of the one loop diagrams that contributes to the vertex
and, thus, to the anomalous tensor couplings. This is shown in figure 1.
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Figure 1. The t — bW ™ vertex: tree-level and one loop diagrams.

Type | Particles in
the loop ABC

(a) pith

(b) to HT
(c) bH"
(d) tp; GT
(e) bG™T g
(f) toi W
(2) bW

Table 1. Classification of the Feynman diagrams by the type of particles circulating in the loop

The different Feynman diagrams in the calculation are identified by naming the par-
ticles circulating in the loop as ABC. We show in table 1 the diagrams classified by the
position taken by the neutral scalars ¢;: in type (a) the neutral scalars take position A , in
(b), (d) and (f) they are in position B, with a t quark in the loop, and in (c), (e) and (g)
they are in position C, with a b quark in the loop. Depending on the value for the mass
of the charged scalar H*, diagrams type (c) can develop absorptive parts. In addition,
diagrams type (e) and (g) always have an imaginary part.

We recover the SM values from the A2HDM just taking the mpg 4 g+ — oo limit
and identifying h = hY. In that limit we explicitly checked that the contributions to the
anomalous tensor form factors in the A2HDM are identical to the EW corresponding ones
obtained in [7, 8]. These are the (a), (d), (e), (f) and (g) diagrams, where we set v = —7/2
in such a way that the neutral scalar h has the same couplings as the SM Higgs boson.

The vertices that contribute to the top anomalous tensor couplings in the A2HDM
depend on the scalar mixing angle v and on the alignment parameters ¢, and ¢;. The
mass dependence is parameterized by the dimensionless variable rx = mx /m;, where mx
is the mass of the particle X circulating in the loop. For the neutral scalar masses above
the TeV scale the Feynman integrals give negligible values when compared to the EW
contributions. However, there is a high sensitivity of the tensor couplings on the masses of
the new particles when they take lower values.



Scalar mass scenarios (in GeV)

1| my =126, my = 173, ma = 150, mys = 320

T | my, = 126, my = 173, ma = 150, mps = 150 | = — = — = — -

1 | my = 126, mpy = 865, ma = 865, my+ = 320 _

IIi | mp = 126, myg = 865, my = 865, mpy+ = 150

IIT | my, =865, mpyg = 865, my = 126, my+ =320 | «s ——0ououro e
I1i | my, = 865, my = 865, ma = 126, my+ = 150 | - ]

Table 2. Different scalar mass scenarios taken for the analysis. Each scenario is identified by a
different color and type of line. All masses are in GeV.

4 Results

In this section we show the results of our calculation for the top anomalous magnetic
moments in the A2HDM. As already stated, the model introduces new physics only in the
EW sector. To explicitly show the size of these corrections to the EW sector of the SM,
we will compare the new contributions from the A2HDM with the values one gets from
the EW contribution of the SM (SM-EW). As already stated in the previous paragraph
these depend on the masses of the new particles, the alignment parameters ¢, 4 and the
scalar mixing angle +. In order to show the new physics effects, we will explicitly present
the results as a quotient of the new physics prediction with the SM-EW value for the same
anomalous tensor coupling.

We take the current values [27] for the standard particles. We chose different sets of
values for the masses of the new neutral and charged particles; the different scenarios we
consider are shown in table 2. The new scalar mass values are taken to be of the order
of hundreds of GeV [37, 38]. The charged scalar mass, mpy+, can take values below the
top quark mass, so that the decay ¢t — bH T is kinematically possible and, therefore, type
(c) diagrams may develop an absorptive part. These scenarios are called (i) in our paper
and we take for them mpy+ = 150 GeV. For the other cases, where my+ > my, we take
mp+ = 320 GeV, as shown in table 2. In addition, for a CP conserving scalar potential [39]
we have to impose that mj; < mpy. We define six different mass scenarios: two with three
light neutral scalars (I and Ii), two with h as the only light scalar (IT and IIi) and two
more with the CP-odd scalar A being the lightest one (IIT and IITi).!

In these last scenarios we take the same mass for both neutral scalar particles (h and
H). In this case, as expected, the results are independent of the mixing angle v showing that
physics cannot separate contributions from degenerate scalar mass-eigenstates. The set of
scenarios given in table 2 allows us to investigate the whole meaningful parameter space and
to determine the regions where the tensor couplings take values differing from the SM-EW
predictions. In the scenarios (IT), (IIi), (III) and (IIIi) the value of the mass of the heaviest
scalar or pseudoscalar particle, 865 GeV, is fixed by setting rheqviest = (Mheaviest) /Mt = 5.

!These scenarios are disfavored by present LHC data [21].



We write the alignment parameters as:
s =puc,  ca=pae”, (4.1)

and we investigate separately the effects of modulus and phases on the anomalous tensor
couplings gg, . Besides the masses of the new particles we have five free parameters: p,,
pd, 0, 04 and the mixing angle ~.

The deviations from the predictions of the EW sector of the SM are shown using

the ratios:
Re (gAQHDM> Re (gAQHDM)
Re R Re — " \WL __J 4.2
QR Re (g}E%;W) ) QL Re (QEW) ) ( )
Im (gA2HDM) Im(gAZHDM)
Im = R Im = L 4.3
QR Im (ggw) ) QL Im(gfw) ( )

These are the quotients of the real and imaginary parts of the tensor couplings calculated
in the A2HDM (g%?LHDM) and the EW contributions of the SM to them (ggyg), given
in eq. (3.3).

For the six different mass scenarios defined in table 2, we will show how these quotients
depend on the four alignment parameters pg ., 04,4, and on the mixing angle ~.

In general, we will show the results for conservative values of the modulus, i.e. for
pu,a ~ 1. For greater values of the modulus will certainly produce larger deviations from
the SM-EW predictions.

4.1 Contributions to gr

As a general feature we found that even for values of the modules p, 4 ~ 1, the values
of the anomalous tensor couplings in the A2HDM can be significantly different from the
SM-EW values. We also found that the right coupling gg is independent of the down-type
alignment parameter ¢; for the same range of values as we take for ¢,; this is due to the fact
that diagrams with top quarks in the loop, specially types (b) and (d), give a big numerical
contribution because the top Yukawa vertex is proportional to ¢, and to m;. In order to
fix values, we take pgj = 1 and 65 = /4 to analyze the dependence of Q%e and Q%n on the
other parameters.

In figure 2 we plot the dependence of the quotient Q%e on the scalar mixing angle
for the selected values of 6, and p,,. It shows a smooth variation for scenarios (I) and (Ii),
and a stronger dependence for scenarios (II) and (ITi). As already mentioned, we found
that in scenarios (III) and (IIIi) there is no dependence on «. This is due to the fact that
the two neutral scalars are degenerate in these scenarios and, then, the mixing angle has
no physical content.

The real and imaginary parts of gr have, in general, deviations from the SM-EW values
of the same order of magnitude. The dependence of Q%ﬂ on the mixing angle v is shown
in figure 3. We show the plots for 6, = 7/4 and 6,, = 7/2 where the mass scenarios (II)
and (ITi) have great sensitivity to the angle .

In figure 4(a) we plot Q%e as a function of the phase 6,. This plot, and the ones that
follows, do not strongly depend on the value of 7, and we choose v = 7 /4 for all of them.
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Figure 2. Plot of the quotient QR° as a function of v for the different mass scenarios.
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Figure 3. Plot of the quotient Q" as a function of v for the different mass scenarios.

We found a strong dependence on the phase for scenarios with big scalars mass differences,
being the most sensitive the ones labeled (IT) and (IIi). In the last one we found that QR°
can even take negative values for 0, ~ m when increasing the value of p, up to 2. This
means that Re(gr) can take positive values, contrary to the negative sign one gets in the
SM-EW prediction. The dependence of Q%" with 6, is shown in figure 4(b), where again
mass scenarios (II), (ITi), and (III), (II1i) are the most sensitive ones. In the same figure,
it can be seen that if we consider the alignment parameter ¢, to be real and p, = 1, the
value of Im(gg) is the same as the one given by the EW sector of the SM, for all mass
scenarios. Finally, we also obtained that when the alignment parameter ¢, is real, the
dependence of %n with the modulus p,, is almost negligible.

Figure 5 shows the dependence of Q%e with the modulus p,, for all the mass scenarios
< 1.5 it can be checked that, for

~

we considered and for different values of 8,,. Keeping p,
all phases and mass scenarios, Re(ggr) has the same sign as in the SM. For bigger values of
pu, deviations from the SM-EW value, in general, grow as p, increases, but the particular
behavior depends on the set of masses chosen. By the two examples shown in figure 5, it
can be seen that large deviations from the SM-EW prediction (for example, bigger than
50%) can be found in almost all scenarios for 1 < p,, < 2 and for any choice of the phase 6,,.
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We take v = 7/4.
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Figure 5. Plot of the quotient QR° as a function of p,, for different mass scenarios and phases of
the alignment parameters.

Figure 6 shows the dependence of Qlén on py,. We found that the Qlén plots, as a
function of p,, are symmetric with respect to the Q%n = 1 line when changing the phase
from 6, to (2r — 6,). In figure 6(a) (0, = 7/4) and in figure 6(b) (6, = 7/2) we show
that an important deviation from the EW value is obtained. However, for 6, = 0 we found
a small deviation of less than five per mil from the values of the SM-EW prediction for
Im(gg). This originates in the smallness of the new absorptive parts coming from the non
standard contributions that are still present for 8, = 0. We also found that the deviation
from the SM-EW calculation grows with p, for almost all mass scenarios and for 0, # 0.
For 0, = m/2 and scenarios (II) and (IIi) this deviation can be very strong while it is
negligible for scenarios (III) and (IIIi). Even if 1 < p, < 2 we still found that some
scenarios (types (II) and (IIi), for § = 7/2, and types (III) and (IIli), for 0 = /4, for
example) show a strong departure from the SM-EW value. We can see in figure 4(b) and
figure 6 that, taking into account the current bounds on p,, provided by flavor physics
(pu < 2), we still find a sizable deviation in the predicted value for Im(gr) and, therefore,
for the normal asymmetry, Ag g+ This result would point to a non zero complex phase 0,
and would exclude some of the mass scenarios selected.
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Figure 6. Plot of the quotient Q%" as a function of p,, for different mass scenarios and phases of
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Figure 7. Plot of the quotient Q'™ as a function of ~ for the different mass scenarios and phases 6,, 4.

In general, one always can find specific mass scenarios and phases that produce sizable
deviations of Im(gr) from the SM-EW value (for example, bigger than 50%). This is not
the case only for 8, = 0 where there is almost no deviation from the SM-EW prediction.

4.2 Contributions to gy,

The left tensor coupling gr, depends on both alignment parameters ¢, and ¢;. The quotient
PL{G shows a soft dependence on the scalar mixing angle + for all the mass scenarios
considered, and for every 6, 4 combination explored. In the scenarios (IIT) and (ITIi) we
found that, as it was the case for gr, there is no v-dependence at all. The oscillation of
Im(gz,) with the mixing angle ~ is maximum when we take the phases 6, +6; = 2. As an
example, the cases (6, = 7w /4,0, = 7/4) and (0, = 7/4,04 = Tm/4) are shown in figure 7.
The real part of the g7, coupling shows a strong dependence on the p, parameter, while
the dependence on the phases 6, and 6, is softer. This is shown in figure 8 for different
values of 0, 4.
As can be seen from figure 8 an appreciable deviation of Re(gr) from the SM-EW

value needs, in general, large values of the p, parameter, such as p, > 2. The quotient QPL{e
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Figure 8. Plot of the quotient Q1 as a function of p,, for different mass scenarios and phases of
the alignment parameters.

is always positive if p, < 2. The current SM prediction for Re(gr) [7, 8] is slightly below
the lower bound suggested in ref. [9]. This means that a positive contribution is needed in
order to fit this limit. We found that the A2HDM can only accommodate that situation
by taking values of p, > 2, in tension with the current bounds given by flavor physics [17].
Only for selected phases and mass scenarios (6,4 = 7 for types (Ii) or (IIli), and 6, 4 =0
for types (I) or (Ii), for example) one can have deviations of the order of 50%, for p, ~ 2.

We have also considered the dependence of Q%e with respect to pg, but no important
changes result from this dependence. The quotient Q%e has a linear dependence with pg.
For example, keeping 6, = 0, as pg grows, Q%e exhibits a linear growing with a positive
slope lower than one for every mass scenario. No important consequences are found for
Re(gr) in this case and, for example, no change in the sign of Re(gy) is found with respect
to the SM-EW prediction. If the phases 6, and 6, are taken to be in the intervals (0, )
and (7, 27), respectively, the quotient QPL{e decreases but is always positive for every mass
scenario for pg < 4.

Figure 9 shows the strong dependence of QILm on the phases 0, 4. There it can also be
seen that, due to the fact that the value of Im(gz) is very small in the SM, the quotient
QILm is very sensitive to the 0, ¢4 phases and to the mixing angle . This magnitude, if
measured, may allow a clear distinction between scenarios (II, ITi) and the rest of them.
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Figure 10. Plot of the quotient Q1™ as a function of p,, for different mass scenarios and phases of
the alignment parameters.

The Q}—Jm dependence on p, is shown in figure 10, for different 0, 4 phases and taking
pa = 1. While for mass scenarios (I) and(Ii) it exhibits a linear dependence for the whole
scanned p, range, its dependence for scenarios (II), (ITi) and (IITI), (I1Ii) is quadratic.

For 0, = 7w /4 the plots are symmetric, with respect to the QILm =1 line, to the ones
shown in figure 10. In addition, as can be seen there, deviations from the SM-EW values
bigger than 100% are found for low values of the p, parameter (i.e., p, < 2). On the
other hand, we have checked that Im(gz) is almost independent on p, when we choose
the alignment parameters to be real. In that case, the only scenarios where Im(gz,) shows
deviations from the SM value greater than 100% for p,, < 3 are types (IIi) and (ITIi). This
is again due to new absorptive parts that are not present in the SM.

In all the mass scenarios, for p, = 1 and for any value of the phases, we found that

Im orows linearly with p; with positive slopes up to 1. Similarly as stated for Im(gg),

a sizable deviation in the predicted value of the W helicity fraction p; ~ F /Fy [11, 40]
would point to non zero complex phases 6, 4.
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Figure 11. Plot of the quotients Q%°, Q'™, QR° and Q" as a function of tan 3 for the different
mass scenarios in Type I 2HDM and = o + /2.

4.3 Contributions from Type I and II 2HDM

For the particular case of the Type I and II 2HDM we found, taking the appropriate limit
in the A2HDM parameters, the results that are shown in figure 11 and 12. As previously
mentioned, Types I and IT 2HDM can be recovered by choosing real alignment parameters
Sud [13]. The couplings in these models are usually written in a generic basis where both
Higgs doublets acquire a vacuum expectation value. Then, the key parameters are the
ratio of these values, parameterized as tan 5 = v9 /v and the mixing angle, «, between the
two CP-even neutral scalars in this basis. For a CP-conserving potential we choose tan 8
and the mixing angle of the two neutral scalars h and H in such a way that 8 = o+ 7/2.
Therefore, the neutral scalar h has SM-like coupling to the photon and to the weak bosons.

Taking the alignment parameters to be ¢, = cot 8 and ¢; = cot 3, one recovers the
Type I 2HDM, shown in figure 11. As expected, for low values of tan 3 the real parts show
important deviations from the SM-EW values, and a similar behavior is found for }Jm
The variation for Q4" is negligible even for the type (i) scenarios.

Setting ¢, = cot 8 and ¢; = — tan 8 one recovers the Type II 2HDM. In figure 12 we
show our results for this model. As expected, the limit tan 5 > 1 gives singular results for
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Figure 12. Plot of the quotients Q®¢, Q™ %‘3 and Qg%m as a function of tan § for the different
mass scenarios in Type II 2HDM and 8 = a + 7/2.

the real parts in all the mass scenarios, while the imaginary part is singular in this limit only
in the (Ii) and (IIIi) scenarios. The most important deviation from the SM predictions is
found for @™, in scenario (II1i), dominated by the contribution of the pseudo-scalar A.

5 Conclusions

We have calculated the contributions to the top anomalous tensor couplings gg r in the
A2HDM with a CP-conserving potential. We have compared the numerical predictions
of the model with the electroweak SM values for different scalars mass scenarios. The
complete values of the couplings can be obtained by adding the QCD contribution given
in eq. (3.2), to the calculated in this paper in the A2HDM.

The parameter space of the model has been extensively explored. There are large
regions of this space where important deviations of the top tensor couplings from the pre-
dictions of the EW sector of the SM can be found. The four couplings Re(gr), Im(gr),
Re(gr) and Im(gz) show a remarkable sensitivity to the new physics parameters and in ex-
tended regions of this parameter space they have large deviations from the EW predictions.
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The study of the A2HDM in this unexplored context of top quark physics shows that
the precise measurement of these magnitudes may allow for a discrimination among the
different scalar mass scenarios and the value of the mixing angle v. The measurement
of the anomalous tensor couplings (real and imaginary parts) for the top quark can also
reveal new CP-violation mechanisms that can be accounted for in the A2HDM by the the
complex alignment parameters ¢, . The observables considered in the literature, taken
together with the results presented in this paper can help in finding new physics and also
in restricting the range of the allowed regions of the parameter space in the A2HDM.

As expected, the right coupling gg is not sensitive to the down alignment parameter ;.
The dependence of the real part Re(gr) with p, allows to discriminate between different
scalar mass scenarios. Taking into account the constraint p, < 2, coming from B physics,
one can also have deviations from the SM-EW prediction up to 100%. This means that the
contribution of the A2HDM to Re(ggr) can, by itself, make this number a 15% higher than
the SM prediction. These large effects can even change the sign of the A2HDM contribution
to the top couplings with respect to the electroweak SM prediction for different values of 4,,.
Despite not being the most sensitive quantity to the value of the new physics parameters,
the quotient Qlén can take values from 0.5 up to 1.5, for p, = 1 and for several values of 8,.
We also have found that the absorptive parts are less than 5% of the electroweak SM value
even for high values of p, (i.e. p, ~ 4), for a pure real alignment parameter ¢,. Im(gr)
has already been measured at the LHC [6], taking advantage of the recently investigated
asymmetries in the normal direction [11], and future measurements may show sensitivity
to new physics. A significant deviation of this measurement from the electroweak SM value
would point to new CP-violation mechanisms such as the non-zero phases 0, 4.

The left anomalous tensor coupling g;, shows sizable dependencies on both alignment
parameters, and both the real and imaginary parts are very sensitive to these parameters.
For Re(gr,) there are some values of the p, parameter where this magnitude can change
sign with respect to the electroweak SM prediction. Then, the total one loop QCD plus
A2HDM prediction for this coupling is 18% lower than the SM one given in eq. (3.4).
Besides, this fact could produce contributions that may elucidate the tension between the
indirect bounds put on Re(gz) by b — sv decays and the SM prediction. The imaginary
part of gy, is extremely sensitive to p, and to both complex phases 6, 4. We have found
that it can deviate from the SM prediction up to 400%, even for low values of the p,
parameter (~ 1).

In both Type I and II models we found that the real parts have important deviations
from the EW wvalues. The imaginary parts of the couplings also have sizable deviations
from the electroweak SM predictions in some of the studied mass scenarios. For the Type
I models and for low values of tan  we found that the real parts deviate strongly from
the EW prediction, while this only occurs in some of the scenarios for the imaginary part.
The limit tan § > 1 gives singular results for the real parts in Type II models in all the
scenarios, while the imaginary part is singular in this limit in scenarios (Ii) and (IIIi).

High precision measurements of the top quark anomalous tensor couplings are expected
in the next high energy runs at the LHC and in the next generation of colliders. These
measurements, the flavor constraints and the collider searches for new scalar resonances
are complementary insights and will illuminate this up to now almost unexplored physics.
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