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We review the parameter regions allowed by measurements of R(D(*)) and by a theoretical limit on
B(B. — v) in terms of generic scalar and pseudoscalar new physics couplings, g, and g,. We then use
these regions as constraints to predict the ranges for additional observables in b — czv including the
differential decay distributions dI"/dg?; the ratios R(J/w) and R(A,); and the tau-lepton polarization in
B — D™y, with emphasis on the CP-violating normal polarization. Finally we map the allowed regions
in g, and g, into the parameters of four versions of the Yukawa couplings of the general type-11I 2HDM
model. We find that the model is still viable but could be ruled out by a confirmation of a large R(J/y).

DOI: 10.1103/PhysRevD.98.115012

I. INTRODUCTION

Amongst the most interesting current results in B
physics, the searches for lepton universality in semileptonic
B decays stand out. On the experimental side, hints at
deviations from the standard model (SM) in some of these
modes have existed for several years, with B — Dzv being
measured by BABAR [1,2] and Belle [3] and with B —
D*zv being measured by BABAR [1,2], Belle [3-5] and
LHCb [6,7]. On the theoretical side, many extensions of the
SM violate lepton universality, whereas the SM does not.
The tests involve comparing semileptonic B decays into
tau-leptons to those with muons and electrons through
ratios such as

I'(B —» D™1p)
(G P S
R(D™) I'(B—>DWip)’ M

where [ represents either e or . The current values for these
quantities hint at the existence of new physics, as can be
seen when comparing the current HFLAV averages [8],

R(D) = 0.407 +0.039 4+ 0.024
R(D*) =0.304 £ 0.013 £ 0.007, (2)
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to the current SM predictions from the lattice for R(D)
[9,10] or from a range of models for R(D*) [11,12],

Rem(D) = 0.299 + 0.011
Rem(D*) = 0.252 £ 0.003. (3)

For our new calculations in this paper, we will use the
covariant confined quark model (CCQM) for form factors
which yields somewhat lower values for these quantities,
albeit with larger errors, Rgy(D) =0.27+£0.03 and
Rsm(D*) = 0.24 £+ 0.02.

A related measurement, Bl — J/wtv,, has been
reported by LHCb [13] and also hints at disagreement
with the SM, although the errors are too large at present to
reach a definitive conclusion,

_ T(Bf = J/yrty,)
R(w) = C(BE — J/yu'y,)

—0.71 +0.17 +0.18. (4)

Different predictions for the SM arising from different
models for form factors produce a range from 0.24 to 0.28
[14-18], which is about 2¢ lower that the LHCb result.
With the CCQM form factors we obtain

R(J/w)sy = 0.24 £ 0.02, (5)

which we use as the SM prediction in our numerical
analysis.

Not surprisingly, these anomalies have generated enor-
mous interest in the community. From the experimental
side, we expect a measurement of the corresponding ratio
for semileptonic A, — A.7v, R(A,) to be reported soon.
From the theory side there have been several proposals for
additional observables to be studied in connection with
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these modes such as the tau-lepton polarization [19-24]. In
fact, the Belle Collaboration has already reported a result
for the longitudinal tau polarization in B — D*77, [5],

Pi(D*) = —0.38 £ 0.51702, (6)
a result in agreement with the SM prediction [19],
P (D*)g = —0.497 £ 0.013, (7)

albeit with large uncertainty.

There have also been a large number of theory papers
interpreting these results in the context of specific models,
including additional Higgs doublets, gauge bosons and
leptoquarks [19,23,25-56]. One of the first possibilities
considered was the 2ZHDM type II, where BABAR |[2]
determined it was not possible to simultaneously fit R(D)
and R(D*). However, a charged Higgs with couplings
proportional to fermion masses is an obvious candidate to
explain nonuniversality in semitauonic decays, prompting
consideration of the more general 2HDM-III. Several authors
have examined the flavor phenomenology of the 2HDM-III
in the context of the anomalies mentioned above. The authors
of Refs. [19,27,57] concluded that it is possible to explain
R(D) and R(D*) in this way after considering existing
flavor physics constraints. More recently, the authors of
Refs. [23,58] added an analysis of the longitudinal tau-lepton
polarization and forward-backward asymmetries in b —
¢/uzv decays within the 2HDM-IIL

In this paper we revisit the b — ctv modes in the
presence of new (pseudo)scalar operators to include several
new results. We begin in Sec. II with a review of the
constraints imposed by the measurements of R(D*)) and
the theoretical limit on B(B,. — wv) [59,60]. We then use
these constraints to obtain the predicted ranges for R (J/w),
the tau polarization in B — D*)zv decays, the differential
decay rates and the ratio R(A.) in Sec. IIl. We pay
particular attention to the transverse tau polarization which
is T-odd [20,21,61-65] as the 2HDM-III model allows for
CP violation and would naturally give rise to this effect. We
also consider the dI'/dq? distributions [40] in B — D™ zw
but find that they offer no discriminating power in this case.
They do serve to illustrate the CCQM for the form factors.
In Sec. IV we review the basics of the general two Higgs
doublet model and the four different parametrizations for its
Yukawa couplings. We then map this parameter space into
the generic allowed regions obtained in Sec. I, finding that
they are completely accessible to this model. Finally, in
Sec. V we conclude.

II. » - czv CONSTRAINTS ON NEW (PSEUDO)
SCALAR COUPLINGS

The effective Hamiltonian responsible for b — ctv
transitions that results from the SM plus the 2HDM-III

can be written in terms of the SM plus generic scalar
operators in the form

Hor = CiOky + CROP + CLOP. (8)
where Cglﬁa = 4GfV,,/+/2 and the operators are given by

Ogﬁ/l = (Z‘YﬂPLb)(‘?YﬂPLV‘[)’
OF = (cPgb)(TP ;)
O = (¢PLb)(TPL,). 9)

As the existing constraints will apply separately to the
scalar and the pseudoscalar couplings, it is convenient to
define

_cc

c - ¢
9s=—" ==
CSM

’ gp = c (10)
st

The effect of the effective Hamiltonian, Eq. (8), on the
ratios R (D)) is known in the literature [11,27,57] and can
be written as ratios rp.) = R(D™)/Rgy(D™):

rp =1+ 1.5Re(gs) + 1.0|gs|?

rpr = 1+ 0.12Re(gp) + 0.05gp 2. (11)

El

A few remarks are in order. First, the authors of
Refs. [30,57] observed that the coefficient of |gg|> can
be changed from 1.0 to 1.5 to approximate some detector
effects in BABAR. As we use the HFLAYV average value for
rp from both the BABAR and Belle results, we will not
include this correction in our numerics. Second, the CCQM
that we use for the form factors leads to the slightly
different expression rp- = 1 + 0.1Re(gp) + 0.03|gp|?, but
with larger theoretical errors. We will discuss the effect of
this below.

It is also known that there are values of C$? and C¢ that
can explain both of these ratios, and that the possible
solutions become tightly constrained when one also
requires that B(B. — tv) <30% [59], which for new
physics (NP) given by scalar operators implies that the ratio

2 2

B(B. — ) s mg. 0 (12)
B(Bc - TD)SM mr(mh +mc)
is smaller than around 14.6. An even tighter constraint, by a
factor of 3, is advocated in Ref. [60].

We summarize these results in Fig. 1. In the left panel
we consider the constraint on gg which arises solely from
satisfying R(D) at the 20 level and appears as the blue
ring. The black ring shows the effect of approximating the
BABAR detector effects as suggested by Refs. [30,57]. The
central panel shows the constraints on gp: the red ring
arising from satisfying rp- at the 2o level and the green
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Left panel: The blue ring indicates the region allowed by R (D) at the 26 level and the black ring shows how this region is

modified following the prescription of Refs. [30,57] described in the text. Center panel: The red ring indicates the region allowed by
R(D*) at the 20 level and the green circle results in B(B,. — 7v) < 30%. The small crescent region where these two intersect is the
constraint of gp that we use for our predictions. This region is magnified as the red crescent on the right panel where it is also compared
with the larger orange region which uses the CCQM form factors for R(D*) and with the black region which shows the intersection

between R(D*) at the 3¢ level and B(B, — tv) < 10%.

circle from B(B, — tv) <30%. The small combined
allowed region shows the tension between these two
requirements. On the right panel we illustrate these
combined constraints on gp as the red crescent shape.
If one adopts the condition B(B. — ) < 10% [60]
instead, there is no allowed region that also satisfies
rp- at the 20 level, but there is one at the 3¢ level and we
show this in black. As mentioned above, the expression
for rp+ with the CCQM form factors is slightly different
but with larger errors which allow a larger overlap with
B(B. — ) <30% and this is shown as the orange
crescent. The tension revealed by this figure implies that
the model’s viability requires rp- to come down from its
current value and predicts B(B, — 7v) much larger than in
the SM. For our predictions in the next section we will
use the blue ring in the left panel and the red crescent in
the right panel. Some, but not all, of these results have
appeared before in the literature. For example the authors of
Refs. [66,67] do not include a constraint from B(B,. — tv)
in their results.

B - D tv(CCQM)
0.25

0.20+ T
”’ ~

(GeV~2)
o
T

1.dr
I dg?

q%(Gev?)

II1. PREDICTIONS

A. Differential decay distributions for
B - DM

In Fig. 2 we compare the distributions dI"/dg* for B —
D™z using the CCQM form factors with parameter
values from Ref. [66]. The results indicate that the
predicted spectrum is in good agreement with the mea-
surements within the CCQM uncertainties (which the
authors of Ref. [66] estimate at about 10%). The mod-
ifications to these predictions from gp and gg as con-
strained above are indistinguishable from the SM within
this level of accuracy.

B. R(J/w)

As already mentioned, there is also a more recent
measurement of R(J/y) given in Eq. (4), which can be
used as an additional test of the model. Using the form
factors shown in the Appendix with CCQM values from

B - D* v (CCQM)
0.25

0.20f ‘ ‘q
& ’ \
L o015 e
S 4 5
YT 1
4
/ \
/
I, i
i
2 4 6 8 10

a*(GeVv?)

FIG. 2. Normalized distributions dI'(B — Dzv)/(T'dq?) (left) and dI'(B — D*wv)/(I'dg*) (right) as measured by BABAR [2]
compared to the predictions in the SM with form factors from the CCQM of Ref. [66].
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FIG. 3. Predictions for r;/,, compatible with the measured

R(D*) at 20 as well as B(B. — tv) < 30%.

Ref. [68], this can be written in terms of generic scalar
coefficients as

_ R(J / l//) ~ 2

Ty = RO 1 4 0.09Re(gp) + 0.03|gp|*. (13)
Note that this result is almost identical to that for rp. when
the CCQM form factors are used for that case as well. The
differential distribution dI"/dg?* for B, — J/ytv receives
tiny corrections from gg p as constrained above, making it
indistinguishable from the SM one. In Fig. 3 we show the
prediction for R(J/y) that is consistent with the measured
R(D*) at 26 as well as B(B, — tv) < 30%. The largest
prediction (~1.075) is about 1.5¢ away from the LHCb
measurement thanks to its present large uncertainty, which
in terms of this ratio is r;,, = 2.5 & 1.0. A confirmation of
a large value for r;,, can potentially rule out (pseudo)scalar
explanations of these anomalies.

C. Polarizations

In general, we can define normal, longitudinal and
transverse polarizations of the 7z lepton as a function of
g* in terms of the vectors [64],

- ﬁ‘[ - p_)TXﬁD(*>
[ i eN =75 S5 >
|pr |PT S pD(‘>|
ET:ENXEL' (14)

Of particular interest is the normal polarization, P%, (D*)),
which is generated by CP-violating phases that arise
from extended scalar sectors or Yukawa flavor-changing

couplings.] This observable is very small in the SM,
where it can only arise due to unitarity phases in
electroweak loop corrections [20,21,61-65].

With the numerical CCQM form factors of Ref. [64],
we find that new (pseudo)scalar complex couplings
lead to

P (D)~ 0.33 + 1.47Re(gs) + 0.98|gs|?
1 + 1.47Re(gs) + 0.98]gs|?
Pt (D) ~ —0.5 + 0.1Re(gp) + 0.03|gp|?
L 1 +0.1Re(gp) + 0.03|gp|?
_ 0.84+ 1.0IRe(gs)
~1+ 1.47Re(gs) + 0.98]gs
Pr(D") ~ 0.46 + 0.18Re(gp)
1 +0.1Re(gp) + 0.03|gp|*

. —1.01Im(gy)
Py (D) ~ 2 3
1 + 1.47Re(gs) + 0.98|gs|

. —~0.18Im(gp)
Py (D*) ~ L .
1 + 0.1Re(gp) + 0.03|gp|

’

P;(D) 3

(15)

Figures 4-5 show Eq. (15) in the allowed parameter
regions obtained above. In particular we see that P (D*)
as measured by Belle [5] is consistent with all the
predictions given the current large uncertainty. The figures
also indicate that a large CP-violating P} (D) polarization
is possible.

D. A, = A v decays

As mentioned in the Introduction, there is one more ratio
in the b — ctv family that is expected to be measured soon
by LHCb, namely R(A.). In terms of the CCQM form
factors we show the differential decay rate [67,69] in the
Appendix.

From the partial decay width Eq. (A19), we first obtain
the A, — A uv, normalized spectral distribution for the
SM and compare it with the one measured by LHCb [70] in
Fig. 6. The green and yellow shaded areas indicate the
estimated 10% and 20% errors in the prediction according
to [64]. Once again, this figure serves to calibrate the
performance of the CCQM form factors in this case.

We also find in this case that the spectral distribution
with new ggp couplings constrained as above cannot
differentiate between the models. We turn to a prediction
for R(A.) which is defined analogously to the previous
ratios,

F(Ab i ACTl_/)
F(Ab i ACZD) ’

_ R(A)
) =g (16)

R(A.)

'In the absence of absorptive phases as discussed in the
literature.
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FIG. 4. Average tauonic polarizations P} N,T(D) for the allowed parameter space.
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FIG. 5. Average tauonic polarizations Pj y (D*) for the allowed parameter space.
With the form factors in the Appendix this leads to
Ap = Acpty (CCQM)
0.14 - - - - - r(A.) = (1 + 0.08Re[gp] + 0.43Re[gs] + 0.03|gp|?
0121 ] )
+0.33|gs]?). (17)

. oa0f =gt e — ]

o 10 - e .

Z 008 SOt S N ] It also leads to R(A.)gy = 0.295, which compares well
. e 006 —— S W with other values found in the literature R(A.)gy = 0.33 +
= | S \ 0.01 [69]. Figure 7 shows R(A,) with new contributions
-] = . .

T= 004} ‘\‘ ] from gg or gp in their allowed ranges. As Eq. (17) shows no

0.02} V] 11.1terference between gg and gp, the two new contributions
! simply add.
0'00 1 1 1 1 1 'l
0 2 4 6 8 10

¢*(GeV?)

FIG.6. Normalized distribution dI'(A;, — A ub,)/(Tdg*) with
the CCQM form factors. The points are the LHCb data [70]. The
dashed black line, green and yellow areas mark the central
CCQM results and a 10% and 20% deviation respectively.

IV. GENERAL TWO HIGGS DOUBLET MODEL

The most general type-IIl 2HDM, unlike the type I and
type II more common versions, allows flavor-changing
neutral currents (FCNC) at tree level which are then sup-
pressed with family symmetries, minimal flavor violation, or
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FIG. 7. Predictions for r(A
show separately the contributions from gy and gp.

specific patterns for the Yukawa couplings, for example.
The most general renormalizable quartic scalar potential is
commonly written as [71]

V(q)lv (I)Z)
= i} (D]®)) + p3(DJD,) — (43,(®]®,) + H.e.)

1 1
+ 5/11 (@) + 5,12(q>;q)2)2 + 23 (D] @ ) (D) D,)

. |
+a(@] ) @10 + (is(0]@:) + i(e]o)

+ 27 (DS D,)) (D] D,) + H.c.) (18)
where the two scalar doublets are
oF )
(jj(vi+§i+l§i) (19)

Discrete symmetries in 2HDM type I and II force the
parameters 4, and A¢ 7 to vanish. The charged Higgs bosons
that appear in the mass eigenstate basis correspond to the
combinations

ﬁ}ifj(/) —
=1
f¥)

=+ (YmuL il — \/—

+7 (Zmzﬁij - % \/—ml—mlﬂ?f]) (L+7)H + H-C-]

) compatible with the measured R (D

¢—mu,x,,)<vcm>,]<

a,

0.6F
1.0871

0.4t

0.2¢

1.0633
0.0t

Im(ge)

-0.2¢ 1.0664

-0.41

_0'67| L L
040 045 050

055 060 065 0.70 0.75

Re(gp)

*) at 20 as well as B(B, — tv) < 30%. The left and right panels

H* = —spby + cpbs (20)

with the rotation angle given by tanf = 15 =2 and

L/; vy
v3 + 03 = v? with v =246 GeV. There are three neutral
scalars that are not CP eigenstates as the parameters y, and
A¢7 can be complex and violate CP. These, however, will
not play any role in our discussion beyond the occasional use
of existing constraints on the mixing amongst the neutral
scalars.

The most general Yukawa Lagrangian in the 2HDM-III
without discrete symmetries is given by

£Y = _(QLY’i{uR&)I + QLYguRéZ + QLdeR(DI
+ QL Y§dp®; + L Y{Ig®) + L Y5 1z®,) + Hec.
(21)

where @, , = io,®7,; Oy and L; denote the left-handed
quark and lepton doublets; ug, dp and I, denote the right-
handed quark and lepton singlets; and Y ’fjg'l denote the
(3 x 3) Yukawa matrices.

After spontaneous electroweak symmetry breaking
(EWSB) and in the fermion mass basis, the charged
Higgs couplings to fermions can be written as

_ﬁ [i i, [(VCKM)ﬂ <de,5,j N \/—mm,> (1+7)

Pl
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TABLE 1. Parameters X, Y and Z defined in the Yukawa
interactions of Eq. (22) for four versions of the type-III 2HDM.
Type-11I 2HDM X Y V4

Model I —cotf cotf} —cotf
Model II tan cot tan
Model X —cotf cot tan
Model Y tan cot —cotf

where f(x) = v/1 + x?. This form follows the notation of
Refs. [72—74] in which the first term in each line in Eq. (22)
is the coupling in one of the four 2HDM without FCNC and
the second term is a flavor-changing correction that makes
it a type III model. Furthermore, the Cheng-Sher ansatz
[75] has been implemented to control the size of the FCNC,
but also allowing a CP-violating phase:

q.l ql

VI (23)

with ¥/ = VT Y'V . The additional parameters that occur

as a consequence of allowing flavor-changing couplings

I
are ;.

The parameters X, Y and Z given in Table I are the ones
that occur in each of the four types of 2HDM with natural
flavor conservation.

We now turn to the question of the scalar coefficients in
Eq. (8) within the context of the 2HDM-III considered here.
Tree-level exchange of the charged Higgs produces
-1 -1
Cih = m%]i rcL‘bFLIin C;?b = m?_]i

[yq'l]zj =

thrllfr’ (24)

and Eq. (22) implies that
3

FiLj_\/;WWZ(Ym” = \(/—)m)(,l)(VCKM)l/’

=1

3
R_ 9
sz—m;( CKM):I(de,(SZJ \[ \/7;0])
3

e o ).

i=1

Assurmng that the parameters j;'; are of the same order and
that the j )(l ; are also of the same order as we expect in the

context of the Cheng-Sher ansatz, the contributions from the
heaviest fermions dominate the sums and Eq. (25) reduces to

VR )

m Vch ?: <Y

Cb_\/_W
et ()

The allowed parameter regions of Fig. 1 then imply

constraints on the parameters my=, tan 3, and ;(“ ! which

we discuss next in some detail. The general result is that it is
possible to reach the allowed regions in Fig. 1 with
parameters of the model. The authors of Ref. [76] found
solutions for generalized models which can be written in
terms of our Eqs. (26) with the factors X, ¥, Z being arbitrary
parameters, independent of tan 3. The solutions they find
occur for points with X ~ O(10), ¥ ~ 0(100), Z ~ O(100)
and my < 550 GeV.
Once we allow for FCNC, all four cases of 2HDM-III can
be mapped into the allowed regions in Fig. 1. In Figs. 8-11
we illustrate the results in two-dimensional projections of
parameter space. In all cases we present three figures. In the
first one we consider the plane tan # — my= and scan over all
the real and imaginary parts of the ¥ parameters, looking for
points that satisfy the primary constraints R(D*) at 2¢ and
B(B, — t) <30%. In the second and third plots we
illustrate regions of the parameter space of the 7’s where
the constraints are satisfied; in particular we specifically
show solutions in the vicinity of g, = —0.5 + 0.7i and gp =
0.63 as these two points lie well inside the allowed regions of
Fig. 1. With solutions in this region of parameter space we
find X, ¥, Z are O(10) to O(1000). It is important to
emphasize, however, that these are only illustrations and that
there are infinitely many solutions. Looking at the four
models then, we have the following:
(i) Model I. We present numerical results for this case in
Fig. 8. In the left panel we illustrate the region where
solutions exist in the tan f — my= plane. We see that
a lower value of tan f# and/or m - is needed to obtain
solutions with smaller values of [7*4|. The region
shown is dominated by low values of tan  which are
compatible with constraints from LHC and LEP on
the flavor-conserving version of this model as seen
in Fig. 4 of Ref. [76]. Figure 9 of the same reference
indicates that values of tan # < 2 are ruled out by B
decay constraints. These constraints, however, can
be significantly modified by flavor-changing param-
eters such as 74 . We are not aware of any global fit
to the full set of parameters in the general 2HDM.
(i) Model II. We present numerical results for this case
in Fig. 9. In the left panel we illustrate the region
where solutions exist in the tan f — my: plane. We
see that in this case a higher value of tan # and/or a
lower value of my: is needed to obtain solutions
with smaller values of |*/|. The tanf3—m - region
of solutions in this case is consistent with the
constraints on the corresponding flavor-conserving
version of this model in Ref. [76]. The center and
right panels illustrate that solutions consistent with
the Cheng-Sher ansatz exist in this case.

(iii) Model X. We present numerical results for this case
in Fig. 10. In the left panel we illustrate the region
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Model | Model |, tang=0.1, m;:=400 Model I, tanB=0.1, mj: =400

030f-. .
R |%]1<15, |¥%|<8

Im(gp)

400 500 600 700 800 014 0_‘6 018 1_‘0
my Re(gs) Re(gr)

FIG. 8. Left panel: Region where R (D)) agrees with experiment at 26 and B(B, — 7v) < 30% in the tan  — m,,+ plane. Center and
right panels: We map solutions with 79, = 7., = 7'e*8 74 = 7?¢*, tanf = 0.1 and my+ = 400 GeV onto the allowed regions of

Fig. 1 shown in green.

Model Il Model Il, tanB=15, m;z=500 Model Il, tanB=15, m;:=500

10.5

0.55f

0.50f
E $
E £
0 0.45;
5:
0.40
Ix1<10, |%<5
0 : : : ‘ ‘ -1.8 s : ‘ : : ‘
350 400 450 500 550 600 650 09 -08 -07 -06 -05 -04

myx Re(gs)

FIG.9. Left panel: Region where R (D)) agrees with experiment at 26 and B(B,. — 7v) < 30% in the tan # — m, plane. Center and
right panels: We map solutions with 7%, = 7., = 7'e 0%, 74, = 7?¢~1% tan = 15 and my+ = 500 GeV onto the allowed regions of
Fig. 1 shown in green.

Model X Model X, tanfB=15, my:=400 Model X, tanf=15, my:=400
14F" ‘ ‘ ‘ ‘ ‘ - ‘ ‘ ; ——— ‘

tang
Im(gs)
Im(gp)

IX1=20, |x|=<8
350 400 450 500 550 600 650 -12 -10 -08 -06 -04 -0.2 0.0

M Re(gs)

FIG. 10. Left panel: Region where R (D)) agrees with experiment at 26 and B(B. — 7v) < 30% in the tan # — my: plane. Center
and right panels: We map solutions with 79, = 7., = 7'e™4 7!, = 7’¢~"% tan = 15 and my» = 400 GeV onto the allowed regions

of Fig. 1 shown in green.
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sl : %1520, |%|=15

Model Y

Model Y, tanfB=20, m;:=400

Model Y, tanf=20, m;:=400

Im(gp)

350 400 450 500 550 600 650

my:

04 05 06 07 08 09
Re(gr)

FIG. 11. Left panel: Region where R(D(*)) agrees with experiment at 26 and B(B, — 7v) < 30% in the tan # — my plane. Center

and right panels: We map solutions with )”(fb =j. =7e

~1,0.7i

Fig. 1 shown in green.

(iv)

where solutions exist in the tan f — my: plane. We
see that in this case a higher value of tan # and/or a
lower value of my- is needed to obtain solutions
with smaller values of [7*!|. This scenario is
similar to Model 1II in that the tan 8 — my+ region
of solutions is consistent with the constraints on its
corresponding flavor-conserving version as per
Ref. [76] (called type IV in that reference). The
region illustrated in the center and right panels needs
ly%!| values larger than what the Cheng-Sher ansatz
would suggest are natural. However, the left panel
indicates that there are other solutions which are also
consistent with this ansatz.
Model Y. Finally, we present numerical results for this
casein Fig. 11. In the left panel we illustrate the region
where solutions existin the tan f — m = plane. We see
that in this case a higher value of tan f and/or a lower
value of my: is needed to obtain solutions with
smaller values of |7*%|. The tan # — m- region of
solutions is once again consistent with its correspond-
ing flavor-conserving version [76] (called type III in
that reference), although the overlap region mostly
lies in the upper range of both tan £ and m = shown in
the left panel. This panel also suggests that, in this
case, the 7 parameters are required to be larger than
expected in the Cheng-Sher ansatz.

|

|h£’1|2 -1~

—2cos(f — a) (cotﬂ + Jﬁn/}) for models 1, Y

2cos(f—a) (tanﬂ - \/§~c1r;s/3)

7Y = 72e%, tan f = 20 and m= = 400 GeV onto the allowed regions of

Additional considerations that may restrict the parame-
ters in the general model arise from Yukawa couplings to
the neutral (SM-like) Higgs defined as

__9 f
9nsit; = apg Mo (27)

Once we introduce nonzero couplings 7%, 7%, and 7. as in
Eq. (26), they also appear in ¢.;, 95 and g, and are
given by

cosa + cos(f—a) 7',

for models I, Y

hl - sin sinf 2

. - % + °°§f,’§,§”> f/—li for models II, X

— U
h¢y = —Cos(fﬁia)@ ™ for all models
sin 2\ m,
=d

v °°Z§f;“) % Z—ﬁ for models I, X o)

sb — . ~d .

°°Zf,’£;“)% ak for models IL Y

These expressions simplify in the alignment limit, defined
as cos(f — a) — 0, in which case the couplings of & tend
to the SM Higgs couplings. To linear order in cos(f — a)
we obtain

The first constraint arises from the process 7 — t77z~, for which the measured signal strength is [77]

_ Bh-t)
He =B > o0 )su

. (29)
for models II, X
= L1503, (30)
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which leads to

-032< AL -=1<0.58 (31)
at the 95% confidence level.

In addition, if the flavor-changing couplings get too large
they will conflict with the nonobservation of t — ch and
with indirect limits on & — bs. For B(t — hc) < 0.22% at
95% C.L. [78] one finds

cos(ff — a) .

<14, 32
Sinﬁ ct| ~ ( )

The process & — bs has not been constrained yet, but it has
been argued in the literature that a branching ratio as large
as B(h — bs) ~36% can remain consistent with other
flavor results in these types of models [79]. Adopting this
number and with the 95% C.L. I'y < 0.013 GeV [78] we
find

w%fb <17 for models I, X,
sin

w;{g}) <17 for models II, Y. (33)
cos 3 ’

The constraints in Egs. (31)—(33) depend on cos(f — «) and
disappear in the alignment limit. The authors of Ref. [80]
presented upper bounds on cos(f—a) of O(0.1) that
depend on tanp for the four types of flavor-conserving
models, so they do not automatically extend to our case.

V. SUMMARY CONCLUSIONS

We have revisited the 2HDM-III as a possible explan-
ation for the R(D™)) anomalies. We first summarized the
constraints known in the literature in terms of generic
(pseudo)scalar couplings and discussed the possible con-
flict between R(D*) and B(B. — tv) < 30%. We found
that the parameter space that can explain these two
anomalies at the two-sigma level is limited to the region
B(B. — ) > 23%. The bound B(B,. — wv) > 10% advo-
cated in Ref. [60] in turn restricts the possible explanation
of R(D*) to the 3¢ level within these models. The model in
general predicts a value of B(B,. — tv) significantly larger
than the SM and its ultimate viability requires R(D*)
to come down from its current central value. Explicitly,

|

(D(py)|cy*b|B(py)) = Fi(q*)P* + F_(q*)q",
(D(p>)|cb|B(py)) = (m1 + m2)F5(g?),

+

(D*(pa)er* (1 F v°)b|B(py)) = ﬁ

(D*(p2)|er°b|B(p))) = €5,P*GS (%),

B(B. — wv) < 30% is compatible with an enhancement in
R(D*) of at most 10% over its SM value.

Armed with these constraints we predicted the ranges of
other observables in b — ctv reactions, including R(J/w)
and R(A.). We find that the large central value in the
current measurement of R(J/y) is consistent with this
model at about the 20 level with the currently large
experimental error, but that a more precise measurement
of this quantity could also place it in conflict with R(D*).

We found that the distributions dI'/dg* in B — D1v,
B — DYWzvor B, — J/wrv cannot distinguish between the
SM or models with new (pseudo)scalar couplings.

We presented predictions for the tau-lepton polariza-
tion in B — D"zv in the presently allowed region of
parameter space. In particular we find that phases in the
Yukawa couplings can produce substantial T-odd normal
polarizations.

We considered four versions of the 2HDM-III which are
constructed by extending the four flavor-conserving 2HDM
with the addition of flavor-changing couplings that we have
limited in size with the Cheng-Sher ansatz. We mapped the
allowed regions in gp — gg into the parameter space of these
four models. We found that the allowed (m =, tan §) ranges
also satisfy the LHC and LEP constraints found in the
literature for the flavor-conserving versions of these mod-
els. We also found that the allowed regions of parameter
space are not further constrained by h — 77, t — hc,
or h — bs.
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APPENDIX A: HELICITY AMPLITUDES

The invariant form factors describing the hadronic
transitions B — D and B — D* are defined as usual

[F9'“PqAo(g?) £ P*P*A.(¢%) + ¢"P*A_(g?) + ie"“PqV (q”)].

(A1)
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where P = p| 4+ p,, ¢ = p; — p», and €, is the polariza-
tion vector of the D* meson which satisfies 62 p2 0. The
particles are on their mass shells: p1 = m% and p2 = méw.
All the expressions are written in terms of helicity form
factors, which are related to those in Eq. (Al) for the

B — D transition by [64]

PqF . + q*F_
H, = +72 (A2)
V4
2 F
H() — mB|p22| + , (A3)
V4
Hj = (mp +mp)F>, (A4)

+q*)/2mp is the momentum

of the daughter meson w1th A= (mp—ml. —q*)—

4m q For the B — D* transition [64]

where [p,| = 2'/2(mp, m2

mp|p2|(Pg(—Ag +A,) + ¢*A_)

H[ - ) (AS)
mp-/q*(mg + mp-)
—PgAy£2 \%4
Hi _ 449 n p2| i (A6)
mpg + mpx
m
Hj = — |p,|G", (A7)
mD*
H() — _Pq< mD* - qz)AO + 4mB|p2|2A+ (Ag)

2myn/q*(mp + mp:)

For our numerical estimates we use the helicity ampli-
tudes calculated in the CCQM with the double-pole para-
metrization of Refs. [64,66]:

: 2
o J(0) _ 4
i) 1—as+b;s*’ T

Jj=Fi Ay . F5.G5V (A9)

Similarly, for the A, decay we need the vector and axial
current form factors [69,81]

Hflz,/lw = H/‘llz,zw - Hfz,z‘v’ (AlO)
HAVZ(?V)V = " (Aw) (A DalTr,(v,75)bIAp. A1), (A11)
which satisfy the parity relations,

H/‘l/z v H‘—/zz,—zw’ Hfz,/lw = _Héﬂz,—/lw’ (A12)
H_,, _,, =H), +H, (A13)

where 1, and Ay denote the helicities of the daughter

baryon A, and the virtual W boson respectively. In the SM

V(A)

the helicity amplitudes H; 7' are given by [81]

2
H'W = Qs <M FiW L L gy W), (A14)
z q M/\b
M
" = /205 (FY(A) £ “"), (AL5)
b
2
via) _ 9% 4 4 v
HY == 3 (MiF j:MAb Fy ) (A16)

with M. = M,, £+ M, and Q. = M?% — g*. The helicity
amplitudes for scalar and pseudoscalar operators needed for
2HDM are [67]

HiYo = H3, o= H o, (A17)
=20 my, —m, MAb
iL<M+FA——FA) (A18)
m, +m M,,

In this way, the partial decay width of the A, — Al
process is given by [67]

dr _ GHV [P

= == - =< (1= 5 H2 BNP
dg? 1927°M3 ( { HA Z 2
3ml Int
+ \/—7234 (A19)
q

where §; = m?/24?,
and

ij=(=3.-).(=3%0).(3.0), (3, +)

BY' = |HY), o) + [HE 5 o,

B}‘nt — Re(Hl/Z.t(Hl/z o) +H_ —1/2, (H (AZO)

M 20))-

APPENDIX B: POLARIZATIONS
Following Ref. [64], the ratios R(D!

2 _m2 N
(ZZ_mé)Htot(D( ))

*)) are given by

RO = s mr . ®
with
Hua(D) = [[HoP + 5.(|Fof? + 3[H, 2] + 2 s 52
+ 34/25.Relgs|HYH,,
HalD) = SIHL (64 1) + 3508 43 o
—3./26,Re[gp|HSH,, (B2)
and g5 = (€Y + C)/Cehy and gp = (CF = C)/Cihy. Tn

terms of Eq. (B2), the longitudinal differential polarization
will be
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dPj (D 3
Pl D) L) P (6,-1) 30, P+ Slas P3P
+3v 251Re(9S)H§>Ht] ,
dPT D*
H (D) —L52 [Z|H (6, —1)+36,|H,|?

2 lgnlr -3 za,Re<gp>HéH,]

(B3)
Similarly, the transverse polarization is given by
dPTT<2D) _ 3n\/5; (HOHt T Re(gs)H}iHo>’
dq 2\/§Htot (D) 26,
dP%(D* 37/,
M) A . P) + 20
dq 4V2H, (D)
2R HYH
_ e(gpz?é \4 0:| ) (B4)

Finally, in the presence of CP-violating phases in the NP
Higgs exchange amplitude, there is a normal differential
polarization that reads’

dPy,(D) -3z I
dq* 4H (D)

dP%,(D*) - 3z
dq* B 4H,(D¥)

m(gs)HiHo,

Im(gp) Hy H.

(BS)

To calculate the integrated, or ¢ averaged polarizations,
one has to include the g>-dependent phase-space factor

C(q*) = p2l(q* — m?)*/q* [64],

fqmax dq2C

(D™)
me U

Pi(D™) = (B6)

“Note that thereD is a typo in Eq. (41) of Ref. [64] where the
denominator of Py’ (¢?) should have a 4 instead of a 2. We thank
C.T. Tran for confirming this.
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