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BABAR, Belle, and LHCb Collaborations report evidence for new physics in B — Drv and B — D*7v of
approximately 3.8¢. There is also the long lasting discrepancy of about 3¢ in the anomalous magnetic
moment of the muon, and the branching ratio for 7 — uvv is 1.86 (2.40) above the standard model
expectation using the HFAG (PDG) values. Furthermore, CMS Collaboration finds hints for a nonzero
decay rate of 7 — puz. Interestingly, all these observations can be explained by introducing new scalars. In
this Letter we consider these processes within a lepton-specific two-Higgs doublet model (i.e., of type X)
with additional nonstandard Yukawa couplings. It is found that one can accommodate 7 — uvv with
modified Higgs—7 couplings. The anomalous magnetic moment of the muon can be explained if the
additional neutral CP-even Higgs boson H is light (below 100 GeV). Also R(D) and R(D*) can be easily
explained by additional —c—Higgs couplings. Combining these #—c couplings with a light H the decay rate
for + = Hc can be in a testable range for the LHC. Effects in & — ur are also possible, but in this case a
simultaneous explanation of the anomalous magnetic moment of the muon is difficult due to the
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unavoidable 7 — uy decay.

DOI: 10.1103/PhysRevLett.116.081801

Introduction.—In addition to direct searches for new
physics (NP) beyond the standard model (SM) performed at
high energies at the LHC, low-energy precision flavor
observables provide a complementary window to NP. The
anomalous magnetic moment of the muon (g—2), is a
prime example as it is very sensitive to physics beyond the
SM entering via quantum corrections. Also, tauonic B
meson decays and 7 — pwv are excellent probes of NP: they
test lepton flavor universality and are sensitive to new
degrees of freedom that couple proportional to the mass of
the involved particles (e.g., Higgs bosons [1]) because of
the heavy 7 lepton involved. The observation of flavor-
violating decays of the SM Higgs boson, e.g., h — ur,
would prove the existence of NP.

Let us briefly review the current experimental and
theoretical situation in these processes. The world average
of the measurement of a, = (g—2),/2 is completely
dominated by the Brookhaven experiment E821 [2] and
is given by [3]
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a® = (116592091 54 £33) x 10711, (1)

where the first error is statistical and the second is
systematic. The current SM prediction is [4—12]

as™M = (116591855 + 59) x 1071, (2)

where almost the whole uncertainty is due to hadronic
effects. This amounts to a discrepancy between the SM and
the experimental value of a;" —ay™ = (236 + 87)x
1071, ie., a 2.7¢ deviation. It is not yet clear if this
discrepancy is due to NP or rather underestimated hadronic
uncertainties; there are ongoing efforts to reduce the model
dependence in the hadronic light-by-light estimate based on
dispersion relations [13—-16] or lattice QCD [17-20].
Possible NP explanations besides supersymmetry (see
for example Ref. [21] for a review) include very light Z’
bosons [22-29], leptoquarks [30,31], and additional
fermions [32] but also new scalar contributions in two-
Higgs-doublet models (2HDMs) [33,34], also within the
lepton-specific 2HDM [35-37].

Concerning tauonic B decays, BABAR Collaboration
performed an analysis of the semileptonic B decays B —
Dzv and B — D*rv using the full available data set [38].
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Recently, these decays have also been reanalyzed by Belle
Collaboration [39,40], and LHCb Collaboration measured
the mode B — D*zv [41]. These experiments determine the
ratios

R(D*)) =BR(B - D" w)/BR(B = DW¢v), (3)
where £ = e or u. Combining the data, one finds [42]

R(D),, =0.388+£0.047, R(D*),,,=0321+0.021.

exp exp

Comparing these values to the SM prediction [38,43,44]

R(D)gy =0.297+£0.017, R(D*)gy =0.25240.003,
we see that there is a discrepancy of 1.8¢ for R(D) and
3.30 for R(D*); combining them gives a 3.8¢ deviation
from the SM (compared to 3.4¢ taking into account the
BABAR results only [38]). Models solving the R(D) puzzle
have been discussed extensively in the literature [45-59],
including the possibility of charged scalars [46,48,49,60].

For 7 — puwvv, the dominant uncertainty in the SM
prediction for the branching ratio comes from the 7 lifetime
7,. Using the PDG [3] values for the 7 lifetime,
7, = (290.3 £ 0.5) x 1015 s, and branching ratios

B, =BR(7 = piv)., = (17.41 £0.04)%,
B, =BR(7 — ev),,, = (17.83 £0.04)%, (4)

exp

exp

we can determine the deviations A, = B,/B3M —1 [61]
from the SM prediction to be
APPG = (0.69 £ 0.29)%. A, = (028 £0.28)%. (5)
There is a deviation of about 2.4¢ in the muon data,
whereas the electron channel is compatible with the SM
prediction. HFAG finds essentially the same value for the 7
lifetime, but a slightly lower BR(z — uiv),,, = (17.39 £

exp —

0.04)% [62], alleviating the deviation to approximately 2o:
AJFAG = (0.59 £ 0.32)%. (6)

Again, charged Higgs bosons [61,63,64] but also neutral Z’
bosons [65] affect this decay.

Moving from lepton nonuniversality to outright lepton
flavor violation, we are drawn to the recent CMS excess of
240 in h - ut [66]:

BR(h — pr) = (0.847037)%. (7)

Possible explanations naturally require an extended Higgs
sector [34,67-73].

As we see from the previous discussion, all of the
discrepancies outlined above can be solved by additional
scalars. A 2HDM is a good candidate since it introduces a

charged scalar H" and two neutral states H and A beyond
the SM. 2HDMs have been studied for many years with a
focus on the type-II models [74-76]. However, there are
also other models without flavor-changing neutral currents
at the tree level, i.e., type I, type X (lepton specific) and the
flipped 2HDM (see Ref. [77] for a review). More general
models with flavor-changing neutral Higgs couplings at the
tree level are named type-III models. Here, the focus has
been on minimal flavor violation [78-80], alignment
[81,82], or natural flavor conservation [79,83], but generic
2HDMs of type III have also been studied [49]. In these
models type II is recovered in the absence of flavor-
changing neutral Higgs couplings. While the type-II model
cannot explain R(D) and R(D*) simultaneously [38], this
can be achieved by supplementing the model with addi-
tional nonholomorphic couplings [46]. However, this
model (as the normal type-II model) is under pressure
from b — sy data [84] and LHC searches for A — 77 [85].
Furthermore, no sizable effect in the anomalous magnetic
moment of the muon can be generated [49], and also
explaining & — pz is challenging.

Therefore, we choose to consider here the 2HDM of type
X (lepton specific), where the heavy Higgs couplings to
quarks are suppressed by tanf compared to the type-II
model and the bounds from b — sy and LHC searches are
much weaker, leaving more space for effects in (g —2) u
and tauonic B decays. Furthermore, the sign of the coupling
of heavy Higgs bosons to the 7 lepton can be reversed,
allowing for constructive interference in 7 — uvv. Large
effects in h — pz are possible, compared to the type-1I-like
model, as the Barr—Zee contributions to ¢ — uy involving
quarks are suppressed.

2HDM-X.—We will study a lepton-specific 2HDM
(2HDM-X), defined by the Yukawa couplings in the
Lagrangian

’CY = —QLYM(izuR - QLqu)ZdR - Z‘LYf(DIeR + H.C.,
with additional couplings that break the type-X structure
ALy = -0, 8P ug — 0, 80 dg — L & Dreg + Hee.

For arbitrary matrices Y4 and &4 this parametrizes the
(type-11I) 2HDM with the general Yukawa interactions. We
will however assume the coupling structure to be close to
type X, i.e., the £ matrices to be perturbations. After
electroweak symmetry breaking the following field rede-
finitions are necessary in order to render the fermion mass
matrices diagonal
dp — Dihdp,

up — U;”Pa Zp— L;fp, (8)

where P = L, R. We define the (nondiagonal) matrices

“=U&Ug, €'=D;EDy, =L, &Ly, (9)
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FIG. 1. Allowed regions in the ¢, plane from R (D) (blue) and
R(D*) (yellow) for tan f = 50, my+- = 200 GeV, and €§3 =0.
€" is given at the matching scale my-.

and express the Yukawa couplings in terms of the physical
masses and the couplings ¢ (the 2HDM-X model is
recovered in the limit € — 0).

We are not concerned with the issue of neutrino masses
in this Letter, and hence do not introduce, e.g., right-handed
neutrinos. The explicit expressions for the Higgs inter-
actions with fermions are given in the Supplemental
Material [86]. Note that for €%; > m,/v, where v =
174 GeV is the vacuum expectation value, the sign of
the couplings of A, H, and H™ to taus is reversed. This will
be important later as in this way the sign of the contribution
to 7 — uwv can be flipped. In our notation, 4 is the SM-like
Higgs boson, and H and A are the additional CP-even and
CP-odd Higgs bosons; due to the mainly leptophilic
couplings of H and A, collider bounds on their masses
are quite weak and they can be even lighter than the SM-
like scalar boson. In particular, sin(f—a) =1 always
corresponds to the SM-like limit in our notation, even
for my < my,

In the following, we will assume €4 = 0 and take €* and
€’ to be of the form

0 0 O 0 0 O
e“=10 0 0|, €&=]0 0 0], (10

0 x x 0 x x
where x denotes a (sizable) nonzero entry. Our structure for
€" and €? is motivated by the hierarchy of the Yukawa
couplings and the CKM matrix in the SM. Since the top
coupling is large and left-handed rotations are known to be
small, we assume only €%, and €%, to be sizable. We do not
consider effects in €/ as also the down-type Yukawa
couplings are small. This agrees very well with phenom-
enology: off-diagonal elements in €/ are bounded by
flavor-changing neutral currents [49] and €5 (€;) is
severely constrained from b — d(s)y [105]. In the lepton

sector, this structure avoids lepton-flavor violation involv-
ing electrons (i.e., bounds from y — ey, y — eee, and
1 — e conversion in nuclei), but still allows for effects in
Ay, T = PLU, and even h — ur.

Phenomenological analysis.—Using the formulas col-
lected in Ref. [86] as supplemental material, we study the
phenomenology of our 2HDM and show that it can indeed
resolve the anomalies outlined in the Introduction.

R(D) and R(D*): Let us first consider R(D) and
R(D*). From Fig. 1 we see that R(D) and R(D*) can
be explained simultaneously for negative values of €%, with
a small or vanishing imaginary part. Note that sizable
values of €%, are required, i.e., of the order of 10~!. This is
important for + — Hc to be considered later.

7 — fwv: The tree-level charged Higgs contribution
interferes destructively with the SM for €§3 =0.
However, for €§3 > m,/v the interference is constructive,
allowing for an explanation of the PDG data, which is in
more than a 2¢ tension with the SM. The one-loop
contributions interfere again destructively (independently
of €33) and are important for nondegenerate A and H
masses. Nonetheless, even if my =30 GeV and
my =200 GeV, the values mpy- =200 GeV, €5 =
2m,/v, and tanf > 60 are consistent with data (see
Fig. 2). Furthermore, as one can also see from Fig. 2,
for €4, = 0.1 also R(D) and R(D*) can be brought into
agreement with the measurements. Therefore, the possibil-
ity to flip the sign of the H, A coupling to taus allows us to
have smaller values of tan # than in the 2HDM-X model.

Anomalous magnetic moment of the muon: In (g —2),
the one-loop and the two-loop Barr—Zee contribution have

my-=200GeV

25

2.0}
1.5}

1.0}

¢
€33V/M;

0.5}

0.0}

-05— .  AEE L
20 40 60 80 100

tan(B)

FIG. 2. Allowed regions in the tanf-v/ m,e_;f3 plane from
R(D™) and 7 — v at the 26 level. The yellow region is
allowed by 7 — pwvv using the HFAG result for my = 30 GeV
and m, = 200 GeV, while the (darker) blue one is the allowed
region using the PDG result. The red, orange, green, and magenta
bands correspond to the allowed regions by R(D*)) for different
values of €4,. The gray region is excluded by Z — 7z and
7 — evv. For my = my, the allowed regions from z — pvv would
be slightly larger.
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opposite sign for 6§3 = 0 (neglecting flavor-violating cou-
plings). However, the interference is constructive for
€55 > m,/v, allowing for an explanation with smaller values
of tan f# and/or heavier scalars. Note that for €§3 > m,/v the
H contribution has the same sign as the SM contribution
while the A one has the opposite sign, so in our scenario it is
a light H that can solve the Aa, anomaly, as opposed to a
light A in the standard 2HDM-X model. We show in Fig. 3
that my must be smaller than m, for e§3 > m,/v. As seen
above, €5; > m,/v is preferred by 7 — uvv.

h — pt and 7 — uy: So far, we have worked in the large
tan f limit with « = 0. However, the decay 7 — uz can only
appear for nonzero values of cos(a —f). In this case
additional Barr—Zee diagrams with gauge bosons or top
quarks can contribute to 7 — uy (see Ref. [86]). Therefore,
the analysis is more involved than the one for the
anomalous magnetic moment of the muon. However, we
have checked in the case of (g —2), (where the contribu-
tions are directly related to 7 — uy) that cos(a — ) # 0 has
actually only a small effect on the result.

To explain the CMS excess in h — pt [Eq. (7)], one
needs a coupling strength of approximately

sinatan ffle%,| = 3.7 x 1073. (11)

Nonzero values of e§2 then give rise to 7 — uy. The
experimental upper limit for 7 — py is given by [106,107]

tan(B) = 50

200F

my [GeV]

100 150 200
my [GeV]

FIG. 3. The red, green, and yellow regions are the allowed
regions in the m,—my plane from (g—2), at the 20 level for
tan f = 50, mpy+ =200 GeV, cos(a—f) = 0.1, and different
values of €%;. The blue region is the allowed region (again at
26) from t—uy and h-pur for €;=2m,/v and
cos(a — f) = 0.1; light blue corresponds to cos(a — ) = 0.2.
The allowed region for Aa, covers the three possibilities €5, #0,
€5, = €5, # 0, and €5, = —€%; # 0, since the latter ones can give
m./m, enhanced one-loop contributions. However, the effects
turn out to be small, as €§2‘32 is stringently constrained from
7 — uy. In addition, we checked that the effect of 1y is very
small. The white regions are not compatible with experiment at
the 20 level.

BR(7z — uy) <44 x107% at90%C.L.  (12)
It is interesting to see if one can explain & — ur and a,
simultaneously without violating bounds from 7 — uy. As
the loop contributions to 7 — uy are governed by the same
Wilson coefficients as a,, this turns out to be challenging.
In Fig. 3 we show in blue and yellow the allowed regions
in the my—my plane for 7 — py, h — pr, and a, for
€53 = 2m,/v. As one can see, there is no overlap among
all regions. There is an m,/m, enhanced contribution to
(9—2), in the case €53 # 0 and €5, # 0. Even though we
restricted ourselves in Eq. (10) to vanishing values of 653,
we checked that also for €4, = €25 the effect in a, is small,
taking into account the upper limit on €%, = €%; from
7 — uy while aiming at an explanation of h — ur.

In principle, one might increase the coupling strength
F,If,,‘A’m with the help of €%,. This would soften the tight
relationship

0 0

e )R = l"Zk/l"Z}' =el,v/m, (13)
originating from the dominant Barr—Zee diagram with a =
loop, which causes the incompatibility of a, and 7 — uy. For
the precise definitions of the Wilson coefficients ¢, and ¢’
related to the Barr—Zee contributions we refer the reader to
the Supplemental Material [86]. However, a large shift in
A from €, < m,, /v would mean fine tuning and also
strongly affect 7 — uvw. Therefore, we conclude that
explaining a, and h — pz simultaneously is not impossible,
but rather difficult and would involve fine tuning.

t - Hc: For light values of my, as preferred by the
anomalous magnetic moment of the muon, and nonzero
values of €%, as required by an explanation of R(D™), the
flavor changing top decay ¢ — Hc can have sizable
branching ratios. In fact, as shown in Fig. 4 the branching
ratio can easily be of the order of 1072,

Br[t->cH]x100
160
140 - s
S S
— 120 8 8
% = 2
8 100 =il S
-—- 1l ]
< o !
& % ‘M
ol QQ
60 Sie 5
40
e
0.00 0.05 0.10 0.15 0.20 0.25 0.30

u
€32

FIG. 4. The contour lines denote BR(# — Hc) x 100 as a
function of €%, and my. The colored regions are allowed by
R(D) and R(D*) for different values of tanf/m?,. .
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Conclusions.—In this Letter we addressed the measured
anomalies in R(D™) (3.80), a, (~30), T — v (2.40),
and h — pt (2.40) within a simple two-Higgs-doublet
model. The Yukawa structure of our model is close to
the lepton-specific 2HDM (type X), but with some addi-
tional Yukawa couplings involving third-generation fer-
mions that give rise to the b—c [necessary for R(D*))] and
pu— transitions (relevant for 4 — ur) as well as corrections
to 7z couplings (important for 7 — pwv).

Let us summarize the logic of the Letter. (i) 7 — pwv
prefers €§3 > m,/v. If one wants to account for the PDG
average, also tan 8 > 50 is desirable. (ii) a, favors small
values of my for €5, > m,/v as in this case the Barr-Zee
contribution with a 7 loop has the correct sign and the
diagrams involving a Higgs self-coupling can be relevant.
(iii) R(D) and R(D*) point towards quite large negative
values of €%, (of order —0.1). (iv) In the case of a light H (as
preferred by a,), sizable decay rates for ¢ — Hc are
possible if R(D) and R(D*) are explained via €%,. This
decay could be observed at the LHC in the process
pp — it, t > He, H - 77. (V) h = ut can be explained
using egz. In this case a # 0 and constraints from 7 — uy
arise. As the Barr—Zee contributions in 7 — py are directly
correlated to the ones in a,, a simultaneous explanation is
difficult. (vi) If one attempts to explain & — pz (disregard-
ing a,), the exotic process pp — it, t - Hc, H — pt can
occur at the LHC.

Therefore, the future prospects are very promising: the
decay h — ut implies rates for ¢ — uy in the reach of future
experiments. More data on tau leptons are necessary to test
our model, in particular 7 - fvv, T — uy, and h — 77.
Furthermore, the light H and the flavor-changing couplings
required for R(D™)) lead to the decay ¢ — Hc, followed by
H — t7 (oreven H — put), which can be searched for at the
LHC. While we did not attempt to find a symmetry
realization of the pattern assumed for the e{] structures,
it would be very interesting to find appropriate flavor
symmetries to generate them dynamically, as the model
works very well phenomenologically. An additional venue
of interest would be the inclusion of dark matter in order to
explain the Galactic center gamma-ray excess [108].
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