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Abstract. Flavour changing processes like t — hu, he, h — Te, T as well as hadronic decays
h — bs,bd, are analysed within a class of two Higgs doublet models where flavour changing
neutral scalar currents at tree level are present. The most remarkable characteristic of this class
of models is that the flavour-violating couplings are entirely determined by the fermion masses,
the ratio of vacuum expectation values tan 6 and the CKM and PMNS matrices. The flavour
structure of the scalar currents results from a symmetry of the Lagrangian and consequently it
is natural and stable under the renormalization group evolution. We show that, in some of the
models, the rates of the mentioned flavour changing processes can reach values at the discovery
level for the LHC operating at 13 TeV, even taking into account stringent bounds on low energy
processes.

1. Introduction

The second run of the Large Hadron Collider (LHC), with a center of mass energy /s = 13
TeV, is starting to probe the flavour changing couplings of the 125 GeV scalar boson h [1,2].
These couplings can contribute to rare top decays like t — hq (¢ = u,¢) and may lead as well
to (a) flavour changing leptonic decays such as h — 75¢F, (¢ = pu,e), and (b) flavour changing
hadronic decays like h — bs and h — bd. In the Standard Model (SM) these decays are highly
suppressed since the required couplings vanish at tree level. However, Higgs Flavour Violating
Neutral Couplings (HFVNC) can arise in many extensions of the SM, including in particular
the Two Higgs Doublet Models (2HDM) [3-5]. Any extension of the SM featuring HFVNC has
to comply with strict experimental limits on processes mediated by flavour changing neutral
currents (FCNC) as well as with the constraints on CP violating transitions producing, for
example, electric dipole moments of quarks and leptons [6].

We analyse the allowed size of HFVNC in a class of 2HDM, denoted BGL models, which
was first proposed for the quark sector [7], and then generalised [8] and extended to the
leptonic sector [9]. BGL models have the remarkable property of having HFVNC with a flavour
structure entirely determined by the Cabibbo-Kobayashi-Maskawa (CKM) and the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrices, denoted V' and U respectively, in addition to fermion
masses and the ratio of vacuum expectation values tan § of the two scalar doublets. HFVNC
have been widely addressed in the literature [10-28]. The distinctive feature in BGL models is
the natural suppression of many of the most dangerous HFVNC through combinations of small
mixing matrix elements and/or light fermion masses. This is a consequence of the introduction of
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a symmetry in the Lagrangian and hence the suppression is entirely natural. Another important
characteristic of BGL models is that, depending on the specific type model model within this
class, HFVNC exist either in the up or in the down sector, but not in both sectors simultaneously;
analogous considerations apply to the leptons. A generalisation of BGL models which includes
FCNC in both the up and the down sectors at the cost of few extra parameters has been recently
proposed in [29]. In the general 2HDM there are three neutral scalars in the so-called Higgs
basis [30-32], H, R” and A. The couplings of H to fermions in the fermion mass eigenstate basis
are flavour diagonal. On the other hand R? and A have HFVNC with an arbitrary structure.
BGL models are remarkable because the flavour structure of HFVNC is limited to depend on V
and U. The neutral scalar mass eigenstates are then linear combinations of H® and R? together
with the pseudoscalar neutral field A. In these models, the symmetry constrains the scalar
potential not to violate CP either explicitly or spontaneously, therefore rotating (with angle
() the fields from the symmetry basis to the Higgs basis, makes the charged fields and the
pseudoscalar field A already physical fields. It also results in the two other neutral physical
fields being related to H? and R® through a single angle rotation.

Previous work [33] gave a detailed analysis of the allowed mass ranges for the new scalars
under the assumption that the discovered Higgs h could be identified with H?. In some of the
BGL models these masses can be in the range of a few hundred GeV and thus within reach of
searches at the LHC running at 13 TeV. The present analysis [34] addresses the general case
where h is a mixture of H? and R, which is determined by an angle denoted 53— . The intensity
of the HFVNC of h depends crucially on tan 8 = ve/v1, with v; the vacuum expectation values
of the scalar doublets, and cos(3 — o). BGL models share some features with implementations
of the minimal flavour violation hypothesis (MFV) [16,35-37]. Nevertheless it is important to
stress that BGL models have the unique property of coming from a symmetry, which produces
a reduced number of free parameters, allowing for definite predictions once constraints on these
parameters given by present experimental bounds are considered.

One can summarise the challenge with the following question: can one have regions in the
tan 8 versus a — 3 plane, where, in some of the BGL models, the HFVNC of h can give rates
for the rare processes t — hq, h — p7 consistent with discovery at LHC-13 TeV? Of course,
these scenarios have to be consistent with the stringent constraints on all Standard Model (SM)
processes associated to the Higgs production through different mechanisms (e.g. gluon-gluon
fusion, vector boson fusion, Higgs-strahlung) and its subsequent decays into ZZ, WW, v, bb
and 77. In addition, constraints from low energy phenomenology have to be considered: those
obtained in [33] and also the new ones due to the presence of a mixing H'-RY. Although processes
such as h — bs and h — bd are probably out of reach of the LHC, they may become important
for the physics of the future Linear Collider, and thus they are also included in the analysis.

The discussion is organised in the following manner. In the next section we review BGL
models and set the notation. In Section 3 we analyse top flavour changing decays t — hg
(¢ = u, c) in BGL models with HFVNC in the up quark sector. Flavour changing decays of the
Higgs are addressed in Section 4. We consider in particular neutrino models with HFVNC in
the charged lepton sector giving rise to h — ¢7 decays. Up type BGL models, with HFVNC in
the down quark sector, are also considered since they give rise to h — bs, h — bd decays. In
Section 5 we discuss some aspects of the analysis and investigate the discovery regions and the
existing correlations among the decays of interest.

2. BGL Models
The quark Yukawa interactions in the context of 2HDM can be written as:

Ly =—QF [T1 01+ T2 0] dy — QF [A1 D1 + Ay Bo]
— I_/% [Hl D1 + 1o (1)2] l% — E% [21 (i)l + 35 (i)g] V% + h.c.,
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where I';, A; II; and ¥; are matrices in flavour space. The requirement that I';, A; lead to tree
level FCNC with strength completely controlled by the Cabibbo-Kobayashi-Maskawa matrix V,
was achieved by Branco, Grimus and Lavoura (BGL) [7] through a symmetry of the Lagrangian
of the form:

Q%j — exp (i7) QOLj , u%j — exp (127) u%j , Dy — exp (iT) Do, (2)
where 7 # 0, m, with all other quark fields transforming trivially. The index j can be fixed as
either 1, 2 or 3. Alternatively, the symmetry can be chosen as:

Q%j — exp (i7) Q%j , dORj — exp (127) d?%j ,  ®o—exp(—iT) Pa. (3)

Equation (2) leads to Higgs FCNC in the down sector, whereas the symmetry of eq. (3) leads to
Higgs FCNC in the up sector. These two alternative choices combined with the three possible
elections of the index j give rise to six different realizations of 2HDM with the flavour structure,
in the quark sector, controlled by the V matrix. Up-type BGL models are those with HFVNC
in the down sector, defined bythe symmetry imposed through eq.(2); each one of the three
implementations is labelled u-type, c-type or t-type depending on the value of the index j,
respectively 1, 2 or 3. Likewise for the down-type models. In the leptonic sector, with Dirac
neutrinos, there is perfect analogy with the quark sector, and the corresponding symmetry
applied to the leptonic fields leads to six different realizations with the strength of Higgs
mediated flavour changing neutral currents now controlled by the Pontecorvo-Maki-Nakagawa-
Sakata matrix, U. This results in thirty six different implementations of BGL models. However,
as shown in [9], in the case of Majorana neutrinos, there are only 18 models corresponding to
the neutrino types, and therefore with HFVNC in the charged lepton sector.

The discrete symmetry of Egs. (2) or (3) constrains the Higgs potential to be of the form:

V= @) + pp0}®y — myo (q>{<1>2 + <I>§<1>1> + 20 (qﬁ@l) (@5%)
o : : (@)
+ 20 (@]@2) (hor) + A (@]@r) + 2 (oes)

The term in mq2 is a soft symmetry breaking term; its introduction prevents the appearance of an
would-be Goldstone boson due to the continuous global symmetry of the potential which arises
when the BGL symmetry is exact. Since such a potential cannot violate CP either explicitly or
spontaneously, the scalar and pseudoscalar neutral fields do not mix among themselves and there
are only two important rotation angles, 6 and «. The angle § parametrises the rotation to the
Higgs basis, singling out the three neutral fields: HY, with couplings to the quarks proportional
to mass matrices, R” which is a neutral scalar and A which is a neutral pseudoscalar (in addition
the physical charged Higgs fields H* and the pseudo-Goldstone bosons). In BGL models, A and
H?* are already physical fields, while H® and R? may still mix. In the limit in which H° does
not mix with R, H is identified with the Higgs field h discovered by ATLAS [1] and CMS [2].
In this limit, H does not mediate tree level flavour changes; « is defined in such a way that
the mixing angle between these fields, (5 — «), acquires the value 7/2 in that case. Expanding

around the vacuum expectation values of the neutral fields [38], gb? = %(Uj + pj +1in;), we can

H®\ [ cosp sinfB) (p1 HY\ [ cosa sina) (p1 5
R?) = \—sinB cosB) \p2)’ \h )~ \—sina cosa) \p2) - (5)

The angle [ is given by tan § = vy /v1; we use in the following the shorthand notation tan 8 = tg,
cos(f — ) = cpq and sin(ff — a) = sa4.

write
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In terms of quark mass eigenstates and the scalar fields in the Higgs basis, the Yukawa couplings
are:

2HT
Lyuk = — \[v U {VNd’yR - NJV’yL} d+h.c.

0
— [@Dyu+dDgyd]

RO (6)
* [ﬁ (Nuyr + Niyp) u+d (Nyve + Njow) d}

AT 7
+i [u (N,vr = Niye)u—d(Nyvr — Njyi) d]

with vz and g the left-handed and right-handed chirality projectors, and Dy and D,, are the
diagonal mass matrices for down and up quarks, respectively. Equation (6) defines N, and Ny,
the matrices which give the flavour structure and strength of FCNC. In general 2HDM, N,

and N, are entirely arbitrary. On the contrary, BGL models have the remarkable feature of
having N; and N, entirely determined by fermion masses, V' and the angle 3, with no other

free parameters. In BGL up-type models the matrices IV; has the simple form:
(N§),.y = [tors = (b5 + 51V V] (Da).s (7)

with no sum in j implied. The upper index (u;) indicates that labels a symmetry of the form in
eq. (2), i.e. an up-type model with index j leading to FCNC in the down-sector. All FCNC are
proportional to the factor (tg + tgl), multiplying products of entries involving one single row of

V. The corresponding N, matrix is:
(&), = [t8 = (ks + 51)305] (Du) gy s (8)

N, is a diagonal matrix and the t3 dependence is not the same for each diagonal entry: it is
proportional to _%1 for the (jj) element and to tg for all other elements. The index j fixes
the row of the V' matrix which suppresses the flavour changing neutral currents in eq. (7). For

down-type models, which correspond to the symmetry in eq.(3), the réles of N, and N, are
exchanged:

(V). = [tabre = (15 + 51WV,y V3] (D) Y
(N™),. = [t0 = (s 15805 ] (D), s 1o

The flavour changing neutral currents are suppressed, in down-type models, by the columns of
the V' matrix.

The next ingredient is to allow for the possibility of A being a linear combination of H and
RY; this is parametrised by the angle (3 — a):

h=55aH +csaR?, H=cp,H" —55,R. (11)

This mixing will be constrained by data from the LHC observables concerning “the Higgs” (see
section 5). The quark Yukawa couplings of h can be written as

Lheg = —Yi5 dridrjh — Y uriup;h+hec., (12)
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and similarly for the leptonic sector with the coefficients denoted by Yé and Y}/. From Egs. (6)
and (11), one can read:

Y7 = [sﬁa (Da)ij + ¢ga (Nd)ij}

Y [Sﬁa (Du)ij + ga (Nu)ij}

— Q|

Explicitely, for ¢ # j, we have the following flavour violating Yukawa couplings in the different
types of BGL models':

(i) up-type ur model, k fixed as 1 (u) or 2 (¢) or 3 (¢), with HFVNC in the down quark sector:

YUD(uk) VkZVk] » Cga(tg +i5 1Y, i # j, nosum in k, (14)

(ii) down-type di model, k fixed as 1 (d) or 2 (s) or 3 (b), with HFVNC in the up quark sector:
My, — . . .

ngj(dk) = -V, j2#05a(tg+tﬁl), i # j, no sum in k, (15)

(iii) leptonic sector, neutrino-type, v, model, k fixed as 1 (1) or 2 (v2) or 3 (v3), with HFVNC
in the charged lepton sector:

. My NI .
Yzﬁ(l/k) = —U;;Uj ch/ga(tg + tﬁl), 1% j, nosum in k. (16)

For Dirac neutrinos one can write similar expressions for charged lepton type models, but in this
case FCNC appear in the neutrino sector and are suppressed by the extremely small neutrino
masses.

3. Flavour changing decays of top quarks
We analyse now flavour changing decays of top quarks ¢ — hg. According to egs. (13) and (15),
the couplings of h with a top ¢ and a u or ¢ quark, in a model of type d,, are

Yq[t](d) =V, V;p ” cQa(tﬁ—i—t Y, q=uc. (17)

The corresponding t — hq decay rate is
mj
32mv?2

m
P (t — hg) = ( h)\ Vi Pty + 51 (18)

Apart from the global factor c Lt +ts 1) every other factor in eq. (18) is fixed once the specific
down-type model d, and the decay channel t — hc or t — hu are chosen. Consequently, for
a given model, t — hg processes constrain the factor cﬁ (tg + ty )2. The branching ratio for
t — hq in the d, type model is

L4, (t — hq) VoVl 5
Bl"(dp)(t — hq) = m = f(xzh, yw) | b|2 ﬁ (tﬁ + tﬁ ) (19)
where
1 2 2 3\l mp, M,
f@h,yw) == (1 —ap)” (1= 3yiy + 2y3y)  , with o, = —2, yy = —5-. (20)
2 mj mj



Fifth Symposium on Prospects in the Physics of Discrete Symmetries IOP Publishing
IOP Conlf. Series: Journal of Physics: Conf. Series 873 (2017) 012038 doi:10.1088/1742-6596/873/1/012038

Table 1. V factors in eq. (18), A ~ 0.22 [39,40].

Model t — hu t — hc
d VaaVial® (~ A%) =7.51-1070 [V, V> (~ A®) = 4.01-107°
s Vs Vis|? (~ A8) =8.20-107° |V, V,,|>(~ A1) =1.53-1073
b Vi Vo2 (~ X)) =140 - 1075 |V, V,,[? (~ A*) = 1.68 - 1072

Using the top quark pole mass m; = 173.3 GeV [39], m; = 125.0 GeV and My = 80.385
GeV, one obtains f(xp,yw) = 0.1306. Table 1 shows the V factors involved in different decay
channels and models. The most interesting models for ¢ — hc are the s and b models, where the
suppression is only at the A* level, compared to the d model which has a strong suppression, at
the A8 level, for the same decay. The d model has the curiosity that the suppression is higher
for t — hc than for t — hu, unlike in the s and b models. Now, considering the upper bounds
0.79% from the ATLAS [41] and 0.56% from the CMS [42,43] collaborations, we have, for b and
s-type models,

epalts +t51)] S 49. (21)

Notice that, for this value, perturbative unitarity constraints from the scalar sector have to be
considered (see [34]).

4. Flavour changing Higgs decays

4.1. The decays h — LT (0 = p,e)

For leptonic HFVNC, the most interesting BGL models are the v models. As with quarks, there
are three neutrino-type BGL models, depending on the column of the U matrix involved in
leptonic FCNC. With notation analogous to the one of the quark sector and considering eq. (16)
for the coupling of h to pu and T,

1 m
4 Vo — * T
Y (v) = - G (N) = —cpalts +151) U, Us, - (22)
and the decay rate is
_ _ 182 _
F(VU)(h—>/LT)+F(Va)(h—>/LT) :C%a(tﬁ—i-tﬂl) |UMUUTU|2FSM(h—>T7—)7 (23)

with I'sp(h — 77) = 8—#?—5 Notice, again, the appearance of the same factor c%a(tg + t/gl)?
Table 2 lists the PMNS mixing matrix factors for the different v - type models. The first direct
search for lepton-flavour-violating decays of the observed Higgs boson performed by the CMS
collaboration [44], led to the observation of a slight excess of signal events, with a significance

of 2.4 standard deviations. The best fit value is:
Br(h — p7+ 1) = (0.847032) %, (24)

which sets a constraint on the branching fraction Br(h — u7 + 7i) < 1.51% at the 95%
confidence level. The ATLAS collaboration presented a result based on hadronic 7 decays [45],
giving Br(h — u7 + 7)) = (0.77 £ 0.62)%. While analyses at 8 TeV have been extended to

! These couplings, as well as the diagonal ones, can be extracted from equations (7) — (10) making, where
necessary, the corresponding changes of quarks by leptons.
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Table 2. U factors in eq.(23); estimates, e.g. 1/9, 1/36, correspond to a tri-bimaximal U
(except for |Ues|, of course); analogous information for h — ep and h — et decays is included.

Model h — eu h — et h — ut
vy IUBIUME(N %) = 0.105 yUelUﬂ\Z(N %) =0.118 yUulUﬂPQ(N %) = 0.028
v3 U3U,5% = 0.0128 \U,3U.5|? = 0.0097 U,5U5I*(~ §) = 0.234

1
9
1
4

additional channels [46,47], results at 13 TeV are yet unclear [48]. Assuming the h width to
be T'j, ~ FEM](: 4.03 MeV), one can use the SM branching ratio Brgy(h — 77) = 0.0637 in
eq. (23), and obtain the estimate

lealts +t51) ~ 1, (25)

necessary to produce Br(h — u7 + 7[i) of order 1072,

4.2. The flavour changing decays h — bq (¢ = s,d)

We now address FCNC in the down sector. The most promising experimental signatures
correspond to h — bq decays, with ¢ = s,d. The relevant h couplings to down quarks in
eq. (12) are, according to eq. (14):

qub)(uk) = —cpalts + tgl) VieaVieb e , ¢ #b, nosum in k. (26)
v

Once again, it should be emphasised that once the up-type model uy is chosen, the strength
of the flavour changing couplings only depends on the combination cgq(ts + t/gl) together with
the down quark masses and V factors which are already known. The decay rate of h to pairs of

quarks g;q; (i # j) is

_ _ 3mh 1 1
Loy (h — Gig; + 4iqj) = o [2|Y¢j!2 + 2|in|2] , (27)
and thus B 9 -
L) (h = bg +07) = 3o, (tg +t57)" [Vig [ Vi * Tsna(h — bb) . (28)

With I'y, ~ F%SM], one can make the following estimate
— _ _ 2 —
Bry,)(h — bg +bq) = o (tg +t5")" [Vigl*[Vi|* Brsm(h — bb) , (29)

where Brgy(h — bb) = 0.578. The relevant CKM factors for h — bs and h — bd in u, BGL
models are given in Table 3.
To a good approximation we have

e in models c and ¢, Br(h — bs + b3) ~ c%a(tg + t§1)2 M~ 1073 c%a(tg + t51)2 ,
e in model u, Br(h — bs + b3) ~ c%a(tg + tgl)2 A8~ 1077 c%a(tg + tgl)2 ,
e in all u, ¢ and t models, Br(h — bd + bd) ~ c%a(tg + t/gl)2 A6~ 1070 c%a(tg + t/gl)2 .

We stress that, a priori, in models without the A — u7 constraint, one can reach values for
Br(h — b5 + sb) not far from 10~!. This can happen in charged lepton models of the charm
and top types with cgq(tg + tgl) ranging from 5 to 10 (again, perturbative unitarity constraints

from the scalar sector can be relevant for these values of cgq(t5 + t[;l)).
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Table 3. V factors entering eq. (28).

Model h — bd h — bs
u |V V2 (~ ) =133-107° |V, V> (~A8) =7.14-10"7
¢ VgVu? (~X%) =8.52-107° [V, V,[* (~ M) = 1.59- 1072
t ViaVipl? (~ A%) = T7.90-107° [V, V[ (~ A1) =1.61- 1072

5. Analysis and results

An interesting aspects of flavour violation in BGL models is the possibility to establish
clear correlations between various flavour violating processes owing to the reduced number of
parameters which are involved: apart from the CKM and/or PMNS mixing matrices and fermion
masses, FCNC only depend on the values of tan 3 and cos(3 — a)). Moreover, the suppression
depends on the specific BGL model, and thus the correlations differ from model to model.
Although the focus of this presentation is in tree level flavour violating processes involving the
Higgs boson already discovered at the LHC, the analysis has to take into consideration the
flavour conserving Higgs constraints already obtained from Run 1 of the LHC. In particular one
has to comply with the measured signal strengths for the different combinations of production
mechanism and decay channel. For a detailed account and the latest combined results of the
ATLAS and CMS collaborations, see [49]. They involve the flavour conserving couplings of the
Higgs and put constraints in the tg vs. o — [ available space (we refer the reader to [34] for
details). Figure 1 illustrates the effect of these constraints alone in a few models.

102

102

10%

T T T
try ue br

4 10tk

"
tan 3

10°

I
tan 8
tan 3

E| 101 F

Figure 1. Effect of flavour conserving Higgs constraints alone on tg vs. a — 3 in a sample of
models; darker to lighter colouring represents 68%, 95% and 99% CL regions.

Furthermore, although an extended analysis of the phenomenology of the models under
consideration, of the type presented in [33], is beyond the present scope, some attention has
been devoted to potential bounds on the combination c%a (tg + t§1)2 from low energy processes
like By — By, Bs — Bs, K — K and D° — D" mixings (see, appendix B.2 of [34] in particular
and also [50]).

As pointed out before, given the nature of BGL models, we can analyse different kinds of
correlations among the different HFVNC observables considered in the previous sections:

e within the same quark sector:
— t — hc vs. t — hu, in down-type models, where there are tree level FCNC in the up
quark sector,

— h — bs vs. h — bd, in up-type models, where there are tree level FCNC in the down
quark sector,
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e within the quark and the lepton sector in neutrino-type models (where there are tree level
FCNC in the charged lepton sector),
— t — hqg vs. h — 7, in down-neutrino-type models,
— h — bg vs. h — u7, in up-neutrino-type models.

For an exhaustive analysis of the different correlations of interest, on the constraints operating
in each case and additional relevant aspects for the interpretation of them, we refer again to
reference [34], and content ourselves with an illustrative sample in terms of the plots presented
in figure 2.
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Figure 2. Correlations of different observables in BGL models.

Conclusions

We have discussed prospects for the observability of several flavour changing rare processes
involving the Higgs in the context of a class of two Higgs doublet models which feature flavour
changing neutral currents which have a controlled intensity and which are shaped by a symmetry
to depend on the CKM and PMNS mixing matrices.
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