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There are indications of a possible breakdown of the standard model, suggesting that z lepton interactions
violate flavor universality, particularly through B meson decays. BABAR, Belle, and LHCb report high ratios
of B — D™y, There are long-standing excesses in B — zv and W — zv decays and a deficit in inclusive 7
to strange decays. We investigate whether two Higgs doublet models with the most general allowed
couplings to quarks, and a large coupling to 7 leptons, can explain these anomalies while respecting other
flavor constraints and technical naturalness. Fits to B — D™ ¢y data require couplings of the new Higgs
doublet to down-type quarks, opening the door to many highly constrained flavor-changing neutral current
processes. We confront these challenges by introducing a novel ansatz that relates the new up- and down-
type Yukawa couplings, and demonstrate viable values of the couplings that are free from fine-tuning. LEP

+7= and H* — 7tv allow a window of

and LHC searches for new Higgs bosons decaying via H” — ¢
masses my = [100-125] GeV and m. ~ 100 GeV that is consistent with the predictions of our model.

Contamination of the W+ — t¥v signal by HT — t7v decays at LEP could explain the apparent W — v

excess. We predict that the branching ratio for By —

77 is not far below its current limit of several percent.

An alternative model with decays of B — D®)zy, to a sterile neutrino is also argued to be viable.
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I. INTRODUCTION

The origin of the Standard Model (SM) flavor structure is
a mystery, and any model predicting new patterns of flavor
violation must confront very strong experimental bounds.
This has given rise to the minimal flavor violation (MFV)
paradigm [1-4] as a guide for constructing new physics
beyond the SM that has been highly influential in recent
years. MFV is extremely effective for suppressing flavor-
changing neutral currents (FCNCs). In this work we
confront some hints of new physics for which MFV seems
generally too strong to accommodate the observed devia-
tions. We are thus motivated to consider an alternative that
can allow for larger nonstandard flavor effects.

Several recent experiments indicate possible deviations
from the SM in some flavor-specific observables involving
7 leptons. BABAR, Belle, and LHCb report the ratios R(D)
and R(D™), defined as

B - Xtw
RO = g0 =X, m

(B — X¢D)
where £ = e, u. The summary of the SM predictions and
the measurements is shown in Table I. The reported
measurements are consistent with each other and with
previously reported results [5—7]. The measurements are
also consistent with e/u universality. However, the naively

There have been other hints of a breakdown of lepton
flavor universality between 7 and e/u. The measured decay
rate of B — tv displays some tension with the SM
prediction. Although a recent measurement by Belle [8]
has reduced the discrepancy to the level of 1.7, the current
world average measurement remains a factor of 1.5 higher
than the SM prediction (see Ref. [9] for a recent review).
The observed rate of W — zv is also in tension with the
standard model predictions: the LEP measurement is ~10%
above the SM value, at 2.4¢ significance. The inclusive
decays of 7z to strange quarks yield a value of the CKM
matrix element V, significantly lower than that required
for unitarity [10].

A number of authors have studied B — D)7y in the
context of type-III two Higgs doublet models (2HDMs), in
which the most general couplings of fermions to both
doublets are allowed, as well as model-independent analy-
ses that include this framework [11-17]. There are two

TABLE I. Summary of experimental and predicted values for
R(D) and R(D").

R(D)
SM 0.297 £ 0.017

R(D*)
0.252 + 0.005

Belle [6] 0.375£0.0644+0.026  0.293+£0.0384+0.015
combined experimental value for the ratio R(D™)) differs  BABAR [5] 0.44040.058+0.042  0.33240.024+0.018
from the SM prediction by more than 3o. LHCb [7] 0.336+0.027+0.030

Experimental 0.408 £ 0.050 0.321 £0.021
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possible operators contributing to the hadronic part of these
processes, mediated by charged Higgs exchange, propor-
tional to CgiELbR and CglL’ERbL, respectively. (For sim-
plicity we assume that the coefficients are real in the present
work.) Some studies [11,13-15,17] found that Cg’L’ by itself
is sufficient to get a good fit to the observed decay rates.
However, several recent analyses [16,18] obtain best-fit
regions requiring Cgﬁ ~ —CglL’. In particular, these studies
use not only the total rates but also the differential decay
distributions as inputs to their fits, finding that Cglz by itself
does not fit the decay spectra.

This difference is crucial for model building, since
having Cgf #0 only requires that the new up-type
Yukawa matrix p, (which couples mainly to the nonstand-
ard Higgs doublet) is important, while keeping the down-
type couplings p,; = 0. If Cg’; is also large, then p,; ~ p,,,
making it much more challenging to satisfy constraints on
FCNC:s. The purpose of this paper is to see how far one can
go toward overcoming these challenges, within the context
of 2HDMs, if the indication for Cgﬁ ~ —Cg’z persists in
future analyses.

We will show that some of the flavor challenges can be
addressed if p, and p,; are related to each other in a
particular way that involves the CKM matrix. This is a new
ansatz for helping to give flavor protection to type III
2HDMs, which might be of interest more generally than for
the particular applications that motivated us here. It is quite
different from MFYV, yet it appears to facilitate adequate
control over FCNCs to make the theory viable, especially in
the down-quark sector where the constraints are strongest.

The model is strongly constrained by LEP and LHC
searches for the new charged Higgs decaying into zv and
the neutral one decaying to 77z~. We find a window
~[100-125] GeV of allowed masses for the new scalars
that passes the collider constraints while allowing for an
explanation of the B decay anomalies. Scalars of these
masses are just beyond the kinematic reach of LEP, while
being in a region of low efficiency for LHC searches, if
their couplings to quarks are sufficiently small.

The outline of the paper is as follows. In Sec. II we define
the model. In Sec. III we derive constraints on the new
Yukawa couplings p,, p,., pq arising from fits to R(D) and
B — v, and a few key flavor-sensitive decays. Section IV
examines the collider constraints determining the allowed
mass range of the new ~100 GeV Higgs bosons. In Sec. V
we present a novel ansatz relating p, and p, that allows
these constraints to be satisfied in a controlled way. It is a
linear relation involving the Cabibbo-Kobayashi-Maskawa
(CKM) matrix V, a diagonal unitary matrix U, and an O(1)
parameter #: pZV =nUVp,.

In Sec. VI we calculate observables from meson oscil-
lations that most strongly constrain the scenario, while in
Sec. VII we show that rare decay processes that might
challenge it are within the experimental limits. Section VIII
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obtains a numerical fit to the couplings p'/ that determine p,
through our ansatz. In Sec. IX we estimate the size of loop
contributions to the nonstandard Yukawa and Higgs cou-
plings to establish technical naturalness of the model. In
Sec. X we outline a microscopic model that naturally
implements the “charge transformation” mechanism for
relating p, and p, in the manner of our ansatz. We outline
an alternative version of the model in Sec. XI, where the
leptonic coupling p, is replaced by a coupling p, to
neutrinos, assuming a light sterile neutrino in the anoma-
lous decays of B, rather than v,. This model is less
constrained by LHC searches for the neutral Higgs.
Conclusions are given in Sec. XII. Details of the sterile
neutrino version of the model are given in the Appendix.

II. THE MODEL

We begin with the most general two Higgs doublet
model, where H| and H, are the doublets, each coupling to
all the fermions. They have the conventional decomposition

1 ( V2H{ >
H = ,

V2 \ v+ Hj + iH]

1 ( V2H; )
Hy=— _

V2 \ Hj + iH}

in terms of the real and imaginary parts of the neutral
components. The Yukawa coupling Lagrangian is

(2)

Ly= —§L9uﬁ1u1e — 0, 9qH\dg =L .Heg
— Q1P Houg — Q1 pyHrdg—Lip Hreg +He.,  (3)

where flavor, color, and SU(2); indices have been sup-
pressed,and H{ = e,, H?*. The scalar Lagrangianis givenby

Ls = |D*H\|* + |D*H,|* = V(H |, H,), (4)

where the potential is defined as
i VN2
V—/1<H1Hl _3> + m5(HyH,)

+ (mdy(HHy) + Hee.) + A (H{Hy ) (H3H,)

+ My (H{Hy)(H3H ) + [A3(H{H,)? + H.c]

+ [4(H{Hy)(H}H,) + As(H3H ) (H{H}) + Hc]

+ Ao (H H,) . (5)

In this basis of fields, H, has no vacuum expectation value,
requiring the condition m?, + A2v?/2 = 0. This is just a
choice of field coordinates, which in general can always be
achieved by doing a rotation (conventionally denoted by
angle /3 as well as a possible rephasing) between H; and H5;
however, in Sec. X we will argue that the Yukawa couplings
were generated directly in this basis, so that the y and p
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matrices can naturally have very different magnitudes and
structures.

For simplicity we will assume that the potential (5) is
CP-conserving, so that there is no mixing between scalars
and the pseudoscalar. The rotation between the Higgs basis
fields and the CP-even mass eigenstates is

Hg Cﬁ —Sﬁ h
()= (o o)a) @

1 Spa Cpa H
Here we have used notation that is conventional in 2HDMs,
such that for s, = 1, the SM-like Higgs boson £ is mostly

HY. For small [cg,|, the mixing angle is approximately
determined by

/15 ’U2
x>, 7
W= 3o~ ) 7
where the SM-like, new neutral, and charged Higgs boson
masses are, respectively,

my & 2002,

1
m¥ = m3 + 5(,11 + Ay + 23)0?,

mt = m3 + = 0% (8)

These approximations are valid for small mixing. We will
also require that the splittings between masses of the neutral
scalars H, A (CP-even and CP-odd, respectively) are small,
so that they can be regarded as components of a complex
neutral field for most purposes. This not only simplifies the
model but also proves useful for suppressing some FCNC
effects as we will show. Small splittings are consistent with
|cse| << 1 and | 45| < 1, since it can be shown (without any
approximation) that

my = = G, =) + 2 (9)

(see, for example, [19]). We will therefore assume that
|43] <1 in addition to [cg,| < 1. Although 4, could
a priori be relatively large, in this work we will be
interested in  masses of order my Sm;, and
my ~ 100 GeV, corresponding to 4, < 0.2. Electroweak
precision data [see Eq. (10.26) of Ref. [20]] would allow
for larger splittings, with my as large as 175 GeV for
my ~ 100 GeV. The couplings 44, 4¢ play no direct role for
our predictions but can be relevant for understanding the
expected size of radiative corrections to the 4; couplings, as
we will discuss in Sec. IX. Vacuum stability requires that
Ve [2 > =1y if 2y < 0.

As usual, biunitary rotations on the quark fields in Ly
diagonalize y,, y,, 9., with the scalar doublets still in the
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Higgs basis. The subsequent rotation (6) then brings Ly to
the form

1 _
Ly= A Z VhiifiPrf;+ He., (10)
¢=h,HA
f=u.d.e
V2mi y
yhij:Sﬂanéij‘f'Cﬂapf], (11)
V2mi y
Yhij = C/ian(Sij - S/}(zpf] ) (12)
T +i, f=u
oo ij
ij = P X ) 13
yAlj pf {_17 f:d,e ( )

where Pr = (14 y5)/2 is the usual chiral projector and
v =246 GeV (see, for example, the discussion in [21]).
The matrices p}j with f = e, u, d are in general complex

and can induce tree-level FCNCs. They are given explicitly
by

Pu = LI];/A)MRM’
Pa = LZﬁde’
Pe = LzﬁeRev

where the unitary matrices transform between the weak
and mass eigenstates, and determine the CKM matrix

V = L} L,. The charged scalars couple to the fermions as

L =-o(Ulp,)H' Pge
—W(VpyPr —piVP, )H d +He.,  (14)

where U, = LiLe is the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) neutrino mixing matrix. Since neutrino
oscillations are unimportant in the processes under con-
sideration, we henceforth replace U,v — v with the under-
standing that v refers to the initially emitted flavor
eigenstate.

III. EXPLAINING THE ANOMALIES

Our primary motivation is to present a framework
that is able to simultaneously explain the excess signals
in processes with final state 7 leptons: B = D*)zv, B — 1w,
and W — zv. In addition, we consider the hint of a deficit in
7 — K~v decays. In this section we will show how these
can come about at tree level due to exchange (or decay) of
the charged Higgs H*, for appropriate choices of the new
Yukawa couplings in p,, pg, and p,. The decays of B, By,
and & into t77~ provide immediate constraints on the
scenario, which we therefore also consider in this section.
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A.B->Dw,B ->D¥w

New contributions to B — Dzv can be mediated by the
tree-level exchange of the charged Higgs H* if piF is
nonzero, as can be seen from Eq. (14). The matrix element
pf turns out to be the optimal choice for satisfying the
combined constraints from LHC searches for the neutral
boson H° and rare leptonic decays of B and B, mesons. We
will therefore assume that pZ* # 0, while the remaining
entries in pij are very small or vanishing.

Integrating out the H* then produces the effective
Hamiltonian

pe”
H = )
+

1
A2

[ZPLv,)[¢(VpaPg — phVPL)"b]

(TPLv,)[CS, (cPrb) + C§ (cPLb)]  (15)
that is relevant for b — crv at the quark level.
Reference [16] performed a fit to the B — D™z rates
and decay spectral using the two operators in (15), which
interfere with the standard model contributions. Two viable

solutions for the Wilson coefficients were found there, of
which the smaller ones correspond to

CSy _ (p) (Vpa)™® _ 1.25 (16)
AT m>. T TeV?’

G5 () (V) 102

AT WA T Tev?

(17)

There is an intriguing relationship between the couplings,

(Voa)® = (puV), (18)
about which we will say more below.

B.B - w

The contribution of the new charged Higgs to BT — 7o
decay modifies the branching ratio (BR) as [13,22,23]

G2 74 2 2\ 2
B(B* - ttv) = F|“b|mﬂBmeB(1 _m,)
m

2
87 %

2

ub ub
m3 (Cy) —CY)) (19)

X |14+ —=
my,m; Cgﬁ,[

where 77, is the b-quark MS mass, C? and C'¢” are defined
analogously to C§” and C§’ in Eq. (15), and Cg; =
4GEV i/ V2.

To estimate the possible allowable size of the new
physics (NP) contribution, we take the enhancement factor
in the second line of (19) to be less than 2.6, the ratio
between the 3¢ maximum allowed value of the world
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average measurement (1.1440.27) x 107, and the
CKMfitter prediction [24] 0.76 x 10™* of the BR. This
gives the bounds

B 0.02 < por

e ((vp,)ub I";V ub
Tevzwmzi ( pd) +(/) ) )

< 0.05 '
~ TeV?

(20)

Curiously, this suggests a relation similar to (18), but with
the opposite sign,

(V)" = —(piV)". (1)

In Sec. V we will present an ansatz that combines these two
conditions in a concise way.

If the indication for a factor of 1.5 excess in the observed
versus SM predicted partial width is interpeted as evidence
for new physics, then the condition (21) is not a strict
equality, and we should replace (20) with the condition

(Vpa)"™ + (ph V)"

~8x 1073, (22)
(Vpa)™ + (V)

where we used (16) and (17) to eliminate pZ*/ mi

C.W->w
The branching ratios for W — £v were measured by the
LEP experiments for the individual lepton flavors, from the
production of W+W~ pairs. The averaged results are [20]
B(W — ev) = (10.71 £ 0.16) %,
B(W — uv) = (10.63 £ 0.15)%,
B(W — ) = (11.38 £ 0.21)%. (23)

The ratio of decays to zv versus the first two generations is

B(W—1v)
TB(W = ev) + BW =)

Ryp= =1.066-£0.028, (24)

which deviates from 1 by 2.35¢. It was suggested by
Refs. [25,26] that the excess could be due to contamination
of the W decay signals by charged Higgs bosons with mass
close to my, decaying to zv. In a detailed reanalysis of data
reported by DELPHI, it was found that the discrepancy
could be reduced to 1.03 for a charged Higgs mass of m, =
81 GeV and B(H — ) = 0.7, B(H — qq) = 0.3, values
ruled out by the more recent LEP study [27].
Reference [25] found that for B(H — 7v) = 1, which is
the appropriate limit for our model, the observed R, could
be explained if m, = 94f§ GeV in the 26 region. This is
marginally compatible with the combined LEP limit of
my < 94 GeV [27].

More recent LHC measurements of W — zv [28] do not
see evidence for any excess, but this does not contradict
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having an observable effect at LEP since the production
mechanism for H* in this case depends upon its coupling to
quarks, which is very small in our model. The same remark
applies for the Tevatron, where no such effect was observed
either.

We do not attempt to reanalyze the LEP signal here, but
point out one potentially important difference between our
model and those considered previously in this context. We
will require a sizable coupling pZ = 2.5 leading to a large
width for the charged Higgs,

7|2
Ty = e my =12 GeV (25)
167

for m;. = 100 GeV. This could allow for a greater effect on
R, with m, > 95 GeV than would be possible in the

usually assumed case where H* width effects are ignored.

D.z—-Kv

Decays of 7 into strange particles are among the
processes used to determine the CKM matrix element
V.s- The HFAG collaboration recently noted that the
inclusive decays of this kind lead to a determination that
is 3.40 below the value consistent with unitarity, while the
average from all 7 decays is 2.90 too low [10]. This
discrepancy could be explained if the contributions from
charged Higgs exchange interfere destructively with the
SM amplitudes.

Focusing on the specific decay 7 — K~ v, the new
contribution to the amplitude is given by

PE(Vpy + puV) s xm¥
2m3 (my, + my)

MT—»KI/ = (ﬁrPLuv)' (26)

Taking the central values of |V, | =0.2211 £ 0.0020
determined from 7 — Kv and |V,,| = 0.2255 £ 0.0010
from CKM unitarity [10], we estimate that

(Vpa +piV),, = —42 x 107 (27)

(assuming fiducial values pZf = 2.5 and m. = 100 GeV
that will be preferred below). The minus sign is necessary
to get destructive interference between W+ and H*
exchange, given that the relative signs of pI’ and Vp,
are fixed by requiring constructive interference in B —
D*zv decays.

We will find that there is some mild tension between (27)
and other observables (notably » — sy) in the numerical fit
to be described in Sec. VIII, so that we do not insist on this
potential anomaly in our fits. However, it can plausibly fit
into the general pattern of deviations in 7 interactions that
are addressed by our model.
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E. Constraint from & — 777~

Because of mixing in the scalar sector, the SM-like
Higgs acquires small additional couplings cg,p, to fer-
mions. They contribute to the partial width of / as

_ — my, .
Ch— fif,+fifi) = Ncﬁ(hﬂa)’ij + cpapijl* i j})
(28)

for all kinematically accessible final states (with N, colors),
where y;; = \/Emiéij/ v. In our model, p7 is the largest
new coupling.

New contributions to the decays into "7~ are con-
strained by ATLAS and CMS observations [29]. Deviations
from the SM expectation are characterized by a coupling
modifier k, = [1 + ¢4, /.| € [0.64,1.14] at 26, where
v, is the SM Yukawa coupling. We get the least restrictive
constraint if cg,pg" is negative, in which case there are two
solutions,

lesap?| < 3.7 %1073,
~0.022 < cpupf* < —0.017, (29)

at 95% confidence level. Later we will adopt a fiducial
value of p7F = 2.5. In that case the central value of (29)
implies ¢4, = —7.8 X 1073. This region corresponds to the
amplitude for & — 77~ having the opposite sign relative to
the SM value.

F. Constraints from B,B,.Y — 717~

The considerations leading to (16) fix only a linear
combination of the p,; couplings, namely
Veap? + Vopsh + Veppl?. Tt is useful at this point to
notice that p is strongly constrained by the upper limit
of 4.1 x 1073 [20] on the BR for B® — z+7~. In our model,
this decay is mediated by H° exchange, with rate
PPy o = 22

I(B—ttr) = ,
(B=e'e) Gdaiim’y

(30)

where fp = 0.19 GeV is the B decay constant [30]. If we
tried to satisfy the constraint in (16) with only p4” non-
vanishing, anticipating that m, ~my ~ 100 GeV (see
Sec. IV), Eq. (30) would then imply that I'(B — 777) is
as large as the total measured width of B®. We find the upper
limit

25
P

(31)

2
db 1.0 x 1073 _Mu
P’ < 1.0 <100 GeV

Similarly, trying to use pf to saturate (16) results
in a branching ratio of 0.1 for B, — t7z~. However,
the current limits on this decay channel are very weak,
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Left (a): CMS constraints [34] on a charged Higgs decaying to zv in the m < m, and m, > m, regions. Left (a): upper

limit on B(t —» bH") - B(H" — ttv) versus m. in the low mass region. Right (b): upper limit on production cross section times
B(H" — t*v) for my > 180 GeV. Assumed values of the p’? coupling from Eq. (33) are indicated.

B(B, » t"17) < 5% [3132]. Using fj = 0225 GeV,
this gives a bound on |p%?| of

2.5

lpsP| < 2.8 x 10_3( —
Pe

_omy\?
100 GeV 5x 1072

(32)

It follows that we must rely upon p4” to provide at least part
of the contribution to the Wilson coefficient Cg,, if we
insist on its central value from (16). This gives the
constraint

| bb|<100 GeV>2
P I\ ———

my

T
Pe

~ [0.05 — 0.12
55| =005 -0.12],

(33)

where the lowest value in the interval corresponds to
saturating the limit (32).

With p5” # 0, neutral H® exchange also leads to the
decays of the bb bound state y,, — 777~ at tree level. In the
SM such decays are dominantly electromagnetic, which
greatly suppresses the BR of the H’-mediated process. No
bounds on leptonic decay modes of y,, are given by the
Particle Data Group. For Y the branching ratio for 7z~
final states is (2.60 £ 0.10)% but since it is a vector, H°
cannot mediate the decay at tree level. Rather it proceeds at
one loop with virtual H° and photon exchange. We estimate
that it contributes less than 10~!* to the branching ratio.

IV. COLLIDER CONSTRAINTS

We next consider LEP and LHC searches for charged
and neutral Higgs bosons with decays principally into =
leptons, as predicted in our model. The charged Higgs can
also have an indirect signature through its effect on the
h — yy partial width.

<B(Bs R T+¢—)> 2

A. Charged Higgs searches

ATLAS [33] and CMS [34] have recently reported on
searches for charged Higgs particles decaying into 7v,
which is the principal decay channel of H* in our model.
These searches constrain our scenario in the mass ranges
m € [80, 160] GeV and [180, 1000] GeV, complementing
previous LEP studies that excluded m, < 95 GeV [27] for
H™ decaying with a branching ratio of 100% into 7~ as is
the case in our model.

Atlow masses m, < 160 GeV, the product of branching
ratios B(t - H'b) - B(H" — 7"v) is bounded, since the
dominant production process is through top quark decays
into H*b. Our model predicts that

(1+ '72)(P3b)2 ( 2 _m2 )2
327miT, ! =
BUH* > ) = (1+ 3 o) 2 1,

B(t —» H'b) =
(34)

ignoring m,, where I', = 1.4 GeV is the measured width of
the top quark.' The prediction is plotted along with the
CMS limit in Fig. 1(a), using the upper and lower values of
pb consistent with R(D) from Eq. (33). For the smaller
value of pb?, there is almost no restriction on the allowed
mass m_. The DO collaboration finds a much weaker limit
on B(t - H'b) - B(H" - 7"v) £ 0.2 in this mass range
[35]. CDF obtains the stronger limit of 0.06 [36], which,
however, is still not competitive, and we do not show the
Tevatron limits on the plot.

At higher masses m, > 180 GeV, the H* is produced
by its coupling to b, either through gg — Hib or
gb — H*1. In Fig. 1(b) we compare the CMS bound to
the model predictions taking the lower value of p%?

'The NP contribution to I, must be less than 1% in the
experimentally allowed region.
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: 19.7 lfb': (l: TeV) ¢ CMS Preliminary 19.7 fb (8 TeV)
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FIG. 2. Left (a): predicted bb fusion cross section versus neutral Higgs mass for p%? = 0.05 and 0.11, and CMS preliminary upper limit
[39]. Right (b): allowed regions in the plane of bb fusion versus gg fusion cross sections, for my = 90, 100 GeV. Theoretical predictions for
0.07(0.05) < p%? < 0.10 are indicated for my = 90(100) GeV, having negligible 6(ggH ). The figure was adapted from Ref. [39].

indicated in Egq. (33)2 A charged Higgs mass up to
220 GeV could be consistent with this search.

B. Neutral Higgs searches

ATLAS and CMS searches for the neutral H° decaying
to 7z~ [37-39] put much stronger constraints on our
model, forcing us to consider low values of both mj and
m_. Since the pi’ coupling scales as m3 to fit R(D)
[Eq. (33)], H® typically has a larger coupling to b quarks
than does the SM Higgs boson. As a result, neutral H°
production by gluon-gluon fusion [40-42], which is the
dominant process for the SM Higgs, can be small compared
to bb fusion, leading to strong constraints on the o(bbH)
cross section. These limits are weakest at low my, and also
at low m_ due to the scaling of pf’ib o m?.

In Fig. 2(a) we plot the predictions of our model for
o(bbH) versus my [note that B(H — t777) = 1 to a very
good approximation], using the values p5” = 0.05 and 0.11
suggested by Eq. (33). To compute ¢(bbH), we rescaled
the cross sections obtained in Ref. [43] (which are
computed for a range of my) by the more accurate recent
results (computed at a few values of my) in Ref. [44]. Only
for the lower value of pZ” are there any regions consistent
with low my. Large values of my cannot be reconciled with
pb as small as assumed (~0.1) because of the p5? o« m%
scaling, and the need to keep |my —my| <75 GeV to
respect electroweak precision constraints. In the optimistic
case of pgb = 0.05, we find an upper limit of my <
125 GeV.

The CMS search has marginal evidence for excess events
at my = 90-100 GeV, as shown in Fig. 2(b). There is a
slight preference for nonzero values of the two production
cross sections o(ggH) and o(bbH). Our model predicts

*We thank Grace Dupuis for computing this production cross
section using MADGRAPH.

very small values of the former, ~0.1 pb, but significant
values of o(bbH). We show the range of predictions
corresponding to p5? = 0.05 to 0.10 by the vertical arrows.
The lower value corresponds to saturating the limit on
B, — "7~ in Eq. (32) in order to make pf}b as small as
possible in Eq. (33). The higher value corresponds to a
branching ratio for B, — t+7~ of 5%/+/2 = 3.5%. There is
a strong correlation between B(B, — t77) and the pos-
sibility to satisfy the CMS constraint, leading to our
prediction that B(B; — t77) cannot be much smaller,
unless the evidence for C, from R(D) [Eq. (16)] becomes
weaker.”

LEP also constrained the neutral Higgs boson mass in the
case of interest for our model, where H — t7~ almost
exclusively [45]. The statistic Sos is defined as the
95% C.L. upper bound on the production cross section
of H° pairs, in units of the theoretical cross section for
ete” - Z* - HH*. In the LEP analysis it was assumed
that both neutral Higgs bosons are nearly degenerate, which
is the same assumption that we make in our model. The pair
production cross section is model independent, since it
depends only upon the SU(2) gauge interactions of the
extra scalar doublet. Sys5 versus my is listed in Table II,
showing that my must be greater than 95 GeV. For
my > 100 GeV, the allowed cross section is more than
5 times greater than predicted, allowing for overlap
between the LEP- and CMS-allowed regions.

CDF constrained the gluon fusion cross section ¢(ggH)
times B(H — t77) to be less than 1.7 pb for my =
115 GeV [46], while the SM prediction is 6(ggH )gy =
1.07 pb [47]. In our model 6(ggH ) /o (ggH )y = (0 /y:)* =
2 x 1073, far below the CDF limit. Similar to LHC, searches

At my = 125 GeV, with pI¥ = 2.5, we can obtain p5? = 0.07
with B(B; — t777) = 2%. Lower values of my = 125 require
larger B(B, — 7777).
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TABLE II. LEP limits [45] on the production cross section of
neutral Higgs bosons from pair production ete™ - HH* —
7777, as a function of their mass my in GeV. Sys is the
95% C.L. upper limit on the ratio of the observed cross section to
the predicted one.

my 90.0 92.5 95.0 91.5 100.0
Sos 0.39 0.70 1.07 2.88 5.29

for H — 77z~ in association with » quarks are more
sensitive. DO  constrained o(bbH)-B(H — t777) <
0.8 pb for my = 115 GeV [48]. The SM cross section is
o(bbH) ~ 6 fb near this mass [49], which gets scaled by
(P52 /y,)? =5 in our model, again much smaller than
the limit.

In summary, m_. = 100 GeV and my = [100-125] GeV
are the favored mass ranges for satisfying the combined
limits from LEP and LHC, subject to the constraints from
flavor physics discussed in Sec. III. A large value p¥ = 2.5
is also needed, which we will show is allowed by lepton
flavor universality of Z — £¢ decays, in Sec. VII A. Larger
values of m.. require larger values of p% to explain R(D),
making it more difficult to respect searches for the
neutral Higgs.

C. Charged Higgs contribution to & — yy

The charged Higgs contributes to 7 — yy at one loop,
with an amplitude that is proportional to

A~30FA (1) + Ay (Tw) + g2Ao (7).
Ay(t) = —t72(7 — arcsin(/7)?) (35)

(see, for example, Ref. [50]) where the first two terms are
from the top quark and W boson loop, giving —6.5, while
7y = (m;,/2m%) and g. = 4,v*/(2m?%) in the last term.
The effective coupling strength is therefore x, = |A/6.5| €
[0.72, 1.14] using constraints from ATLAS and CMS [29].
We then find that the Higgs potential coupling 4; is
bounded by

07 <A <14 (36)

for m, = 100 GeV.

V. CHARGE TRANSFORMATION
FLAVOR ANSATZ

Two Higgs doublet models have had a long history
of proposed mechanisms to control FCNCs, starting with
that of Glashow and Weinberg [51], where up and down
quarks are restricted to couple to different Higgs doublets.
More recent ideas include the Cheng-Sher texture [52],
MFV [1-3], and alignment [14,53]. The ansatz we suggest
is distinct from these and takes the form

PHYSICAL REVIEW D 93, 075017 (2016)
pZV =nUVpy, (37)

where # < 1 and U is a diagonal unitary matrix, whose first
element is U;; = —1, while the second is U,, = +1. The
third element Us; is not yet determined by experimental
constraints. We note that if Us; = —1, then U would be
special unitary. The structure (37) must, of course, be
supplemented by a choice of entries for p,; from which p,
can be computed, or vice versa.

Let us comment on the general utility of this ansatz for
the B decays of interest. The signs chosen for U;; and Uy,
are such that the relations (18) and (21) are satisfied. The
effect of the sign difference between U;; and U,, can be
understood by using (37) to eliminate pZ V from the charged
current interactions of the quarks with H ™, which then take
the form

L =—-H"u;(Pg —nU;;PL)(Vpa);d; + He.  (38)
If nU;; = —1, the projection operators combine as

Pr+ P; =1 for the coupling to up quarks, forming a
pure scalar ub that cannot interpolate between the pseu-
doscalar B™ meson and the vacuum, hence giving no
contribution to B — v decay. For nU,, = +1, the combi-
nation P — P; = y5 is pure pseudoscalar, in agreement
with the sign difference in the fit result C§> = —C§" [16]

for B — Dzv.

The value of 7 is independently determined by either of
the two anomalous measurements. Using (16), (17), and
(22), respectively, we find that

()
- {0.78, R(D ) (39)

0.83, B - v
It is encouraging that these two estimates are consistent
within the experimental errors. We adopt the compromise
n = 0.8 in the following. We note that in the limit n = 1,
the excess in B — D*)zv is completely in the vector D*
channel and absent from the D final states, because of the
parity of the ¢ysb pseudoscalar coupling. By letting n # 1,
this charged current coupling acquires a scalar component
interpolating to pseudoscalar D final states as well. The
current data are consistent with most of the anomaly being
in the D* channel since the error bars are smaller there (see
Table I).

The relation (37) at first sight looks peculiar, since it
relates two flavor symmetry breaking effects, associated
with quarks of opposite charges. For convenience we give it
the name of “charge transformation” (CT) mechanism. In
Sec. X we will show that such a structure can reasonably
arise from a more fundamental theory of flavor. For now we
will take it as a working hypothesis and check whether it is
sufficient to help control FCNCs, in conjunction with some
specific choices of p; couplings.
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In Sec. VIII we will allow for all elements of p, to be
nonzero, consistent with a wide variety of experimental
constraints. Here we make the approximation of real-valued
pq (as well as CKM matrix) so that there are only nine
parameters in p,. The fact that there exists a solution that
can satisfy many more than nine constraints (not all of
which are upper bounds because of the anomalies) is
striking. Moreover, we will show that there is no need
for fine-tuning of the parameters.

VI. FCNC CONSTRAINTS: MESON MIXING

Although the anomalies in question can be accounted for
with only the p’’ element dominating in p, (and
PSP ~0.02p5"), naturalness demands that we consider non-
vanishing values of the other entries. Neutral meson mixing
(K =K%, D°—-D° B°-B° B,-B,) provides strong
constraints on their sizes. In this section we determine
the tree-level and one-loop predictions of the model in the
presence of general couplings.

A. Neutral meson mixing: Generalities

The new Higgs bosons induce contributions to neutral
meson oscillations. At the quark level, they can be
described by an effective Hamiltonian in which the bosons
have been integrated out. In general it can contain a number
of operators with different Lorentz and color structure.
Even though tree-level exchanges only produce two of
these operators, at one loop two additional ones are also
generated.

The most general effective Hamiltonian for neutral
meson mixing is

=3 (Yl

ij \k=15

[+ >oE0r). @
k=13

where the flavor indices run over ij = sd, cu, bs, bd (also
denoted K, D, B, B, respectively) and the operators are

U = (CIL ,Y”CIZ,A;)(QZ,-V”QZ,;)» (41)
Y = (%48 ) (@hidl ) (42)
ng = (ﬁﬁ,iqlz.j)(ﬁfe,iqi,j), (43)
0f = (75,97 ,)(@) 4k)- (44)
Y= (q%.490 )@ q%))- (45)

Here a, p are color indices, and Qk are related to Q; by
taking R<>L. The coefficients of the latter are experimen-
tally constrained at the same level as the ones without
tildes.

PHYSICAL REVIEW D 93, 075017 (2016)

Integrating out the neutral scalars, we obtain the

coefficients
i )
Ci = = (46)
(/):hgi,A 2my,
2
gy el 47)
pimra 2
N CARCAN
ij @l ij\VP)ij
ci = Z — (48)
¢=h.H.A ¢

If H and A are nearly degenerate as we envision in our
model, then there is strong destructive interference between
their contributions to C,, 6’2. This can be understood in
terms of the original complex fields H & iA from the fact
that the ((H =+ iA)?) propagator vanishes when H and A are
degenerate. On the other hand, there is no such cancellation
for Cij , so it provides the most stringent constraints, unless
one of (yg); or (y;), ; vanishes. However, naturalness
favors roughly symmetrlc Yukawa matrices, as we will
show, so that C; i/ is not suppressed in this way.

B. Tree-level constraints on mixing

New tree-level contributions to neutral meson mixing are
mediated by the neutral Higgs bosons. The C2 coefficients
get contributions of opposite signs from the CP-even and
odd boson exchanges. Using the mass relation (9), they can
be reorganized into the form

2 2 o2
i _ d) [Ga _ G | G = 2
2 mp omd mim3 ’
h A A""H
Ji2 2 2
cli — (P2 )" [Sba _ Cha ChaMi, = 2307 49
2=, - 2.2 - (49)
my  m3 mim3,

The terms proportional to céa are negligible if 45 is not too
small. Later we will find that A; = 1073 can be consistent
with technical naturalness, so we adopt this value in what
follows. For my = m4 = 100 GeV, the constraints on the
coefficients become [54,55]

i {1.3 x 10—4} o {5.1 x 10—4}

9 < 9
P8 =\ 93106 P 1.2x 107
bd < 1.1 %1073, bs < 9.6 x 1073, (50)
where ﬁfij stands for either |pg| or |pfij. For K (sd)
and D (cu), we show the separate limits from the real
(upper) and imaginary (lower) parts of C5'. In our fits we
will impose the more stringent ones. These limits scale
as (my/100 GeV)(45/1073)71/2,
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In the limit of small Higgs mixing and nearly degenerate
H and A, the CY/ 4 coefficients take the form

ij jix
PqPq
CV ~ (51)
4 m%,

where g = d for K, B, B; and g = u for D mixing. Unlike
C,, they are not suppressed by cg, or A3. Again for
my = 100 GeV, we have the upper limits

\/ﬁ {6.Ox10‘6} i < {2.4)(10_5}
PaPil=\4ax107f" VPP = 1ox105 )
pd P <4.6x107°, \/Ip P <4.0x107  (52)

They scale as my /(100 GeV). By comparison of (50) and
(52) we see that C,4 gives more stringent constraints than C,
if the coupling matrices pf,j are symmetric, which will be
approximately true in our later determination.

C. One-loop contributions to mixing

At one loop, the charged and neutral Higgs bosons give
contributions to neutral meson mixing that are higher order
in p,, 4, except for loops involving W* exchange. We start
with box diagrams involving the exchange of two scalars,
followed by exchange of one H* and a W boson. For
mesons containing down-type quarks we find

gL (el (pap)}
Ci= 2 7 T 2 )
1287 mi my

C,ij_(pdpd)lj 1 +— 1
1 O
128722 \m%  m3

g =L i )]mt(m%_m
Cy =CJ =-Cl =1(Vpa),,(Vpa) ) —=5——
1 =6 =4 ' Y 6dnmd
$ f i
Cg,:(pdpdz)u (/’dﬂzd)u +(/’d/’2d)u . (53)
32x myy my

while for D° mesons

T 12877 m2i m%, '
”uc:(vpdpdv+)lztc L L
: 12872 m% my)’
cue — (VpdijVT)ﬁc (Vpdpjlv-r)uc(vpjipdvf)uc 54
5 — 7 2.2 2,2 (54)
32n°my 32n°my

We omit the C5¢ coefficients that are suppressed by mi.
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The box diagrams containing H*W¥ exchange give rise to

Cij _ g2V th(Vpd)tj(Vpd) m12 nm_% —2).

12872 m. ;
ij g%(;”ji)i'(ﬂd)i'
C) =——-5~ (55)
647 m
for down-quark type mesons, while for D° mesons
VpVH),.(Vp,VT

CZC _ g2( pd )uc( Pd ) ’ (56)

64n’m?,

and we neglect the m3-suppressed contribution to C%°.

These loop contributions turn out to be much smaller than
the tree-level ones previously considered; in the numerical
fit of Sec. VIII they are at most a factor of ~1073 below the
upper limits. But since they depend upon different combi-
nations of the p couplings, which are hierarchical, it was not
a priori obvious that they should be negligible.

VIL. RARE DECAYS AND (g —2),

Our model predicts a variety of rare decays beyond those
already considered in Sec. III, and a new contribution to the
anomalous magnetic moment of the z. Although they are
potentially constraining, most of them turn out to be less so
than tree-level meson mixing. The loop enhancement of
Z -ttt (and Z — v,7,) is the most important of these
since it sets the limit on how large the pZ* coupling can be,
which is central to the explanation of the r anomalies. The
prediction for ¢ — z7v is close to the experimental limit for
this decay, while the NP amplitude of b — sy is the next
most significant, a factor of 4 below the experimental limit.

A.Z >ttt

The coupling pZ* introduces lepton universality violation
in I'(Z » £¢), when comparing £ = 7 to £ = e, u. Such
deviations are constrained by LEP, which has reported [20]

I(Z—tt7)

Rete =Fz=ere)

= 1.0019 +£0.0032.  (57)

The new contributions from exchange of the heavy charged
and neutral scalars are shown in Fig. 3. These one-loop
diagrams give the effective interaction term for the right-
handed component of = coupling to Z,
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Lefizp = =9z, +69:,) (TrY,TR)Z,
e
Gep = 9285%. 9z = :
CWSW
AR
6 - )
Gr 02
1
F., == (F)—(1-2s%)F) + 53, F)

2

1
3 (=(1 = 23)F5 + F + $FE), (58)
where cy = cosfy and sy =sinfy. In the limit of
vanishing lepton masses, the loop integrals involving the
neutral Higgs H° are given by

1 1-x 2 _ 2
Fg — 2/ dX/ dy <1n (X-F)’)mz Xymz>’
M

x M2
F°—2/ dx/ dy< M ymz+1>
[with M3 = (1 — x — y)m%, — xym%],
2
FO=1-2In"# (59)
e

while those involVing H* (denoted by F7°) are the same but
with m2%, — m?. We have neglected terms of order cﬁa in
the Higgs mixing. Dependence on the renormalization scale
u drops out in F and F, (below).

The analogous expressions to (58) for the couplings of 7,
are given by

Eeff.TL = _(gTL + 5gTL)(?Ly/47L)ZM’

1
9, = —592(1 - ZS%V),

AR
6gTL = 32 2 FTL’

1 1
Fo = =3 Fot syF) =7 (1-253)F%. (60)

L

Writing R;/, = 1 + AR/, the predicted value of the
deviation is

92,09z, + 92,09,
AR
g (253 Fey + (1= 25%)
872 4st, + (1 —2s%,)?

AR, =2

F) (61)

We take the 1o experimental upper limit which gives
—0.0013 < AR < 0.0051 (62)

to obtain the upper bounds on [p77| shown in Fig. 4.
(A similar calculation for more general boson masses was
carried out in Ref. [56].)
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z
HEHO. g i
1 “ N //,

(a) (b) (©)

FIG. 3. Diagrams contributing to Z — 77"

B.Z->vy,

Similar diagrams to those in Fig. 3 contribute to the
amplitude for Z — v,U, decay. We find that the perturbation
to the tree-level coupling in analogy to (58) and (60) is
given by

'Ceff,v, = _(gy, + 59»,)(D77/4U1)Zﬂ’
1
gu, - 2.gZ’
|p’[’[ 2

5 - 5

I EaL

1 1
F, = 5(1 — 2} )Fi + sy Fy +4Fi. (63)

The branching ratio to invisible decays is changed by

Al—‘inv _ Zgb,égu, o

_lpEPF,
Iﬂlinv 3912/,

2472

(64)

For the fiducial values pZF = 2.5, my = 100 GeV that we
will adopt, this leads to an increase Al';,, = 1.1 MeV in the
invisible width of the Z. This is close to but consistent with
the combined LEP upper limit AL, <2 MeV [57]
at 95% C.L.

C.W->w

Distinct from the tree-level H* decays that might have
faked W — v events at LEP, discussed in Sec. III C, there
is an actual perturbation to the amplitude for W — zv from
loops analogous to those in Fig. 4. In this case, diagrams of
type (b) do not contribute because they require a chirality
flip leading to suppression by m,, since W couples only to
left-handed particles. The remaining diagrams give a frac-
tional correction to the Wzv coupling of

59W‘w _ |,DZT|2 2Fi— +1
Iwr 6471' 2

(F2+F%) (65)

with the loop functions in brackets evaluating to ~ — 0.1 for
the Higgs boson masses of interest. For pi* = 2.5, this leads
to a fractional increase in the branching ratio of 0.2%,
which is the same as the experimental error [20]. This
contribution, while not enough by itself, goes in the right
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FIG. 4. Contours of upper bound on |p7| from lepton flavor
universality of Z — #7¢~ decays, in the plane of neutral versus
charged Higgs boson masses.

direction and could work in combination with the H*
decays to explain the observed excess.

D. 7 anomalous magnetic moment

The anomalous magnetic moment of the 7 is at present
only weakly constrained, —0.052 < Aa, < 0.013 [20]. At
one loop, the leading contribution in our model comes from
neutral H exchange (see, for example, Ref. [58]),

100 GeV' 2
F<m> E2x10_5<e> . (66)

my my

T7(2,,,2
AR
Aa,

)
8w my

where the loop function evaluates to F' = 7. The analogous
contribution from charged Higgs exchange has a much
smaller loop function = —0.2.

Frequently the dominant contribution to such processes
in 2HDMs is the two-loop Barr-Zee (or Bjorken-Weinberg)
[59,60] diagram with a top quark or other particle in one of
the loops. We find that indeed the contribution from the top
quark loop exceeds the one-loop contribution, giving

apg’

Aa,
83

It
LF[(m,/my)?) <Tx 1074, (67)

where F[(m,/my)?] = —1.14 for my = 100 GeV, using
the notation of Ref. [58], and we took p! <0.08 from
Egs. (33) and (39). Although this is much smaller than the
current experimental bound, it is 2 orders of magnitude
larger than the SM prediction [61]. We find that the other
Barr-Zee diagrams are smaller, contributing 107 from the 7
loop analogous to (67) and 10~ from the diagrams with

t,b,v, H*, W* in the loops (Aa§4) in the notation of [58]).

E. Hadronic decays t - 77v, K"v and D, — v

Charged Higgs exchange contributes to hadronic
decays of the , the simplest of which are 7 — 7z~ v with
branching ratio B = (10.83 +£0.06)% and 7 — K~ v with

PHYSICAL REVIEW D 93, 075017 (2016)

B = (7.00£0.10) x 107 [20]. The amplitude for
7 — K~v was already given in Eq. (26). Using the CT
flavor ansatz (37) we have (Vo +piV) s = (1=1)(Vpy) -
For © — 7~ v, one replaces (Vpy),s = (Voa),a» Ms = My,
Mg — My, ande _>fﬂ'

In both decays, the NP contribution interferes with that
of the SM. If we assume that the hint for new physics in
7 — Kv discussed in Sec. III D is just due to a statistical
fluctuation, then by demanding that the extra contribution
to the branching ratio does not exceed the experimental
error, we find the constraints

[(Voa)usl <7 x 1074 [(Voa)ual <1x 1073, (68)

assuming that p¥ = 2.5 and m, = 100 GeV. We note that
this constrains couplings p% and p?' different from those
sb and pb?) required to explain the B decay anomalies. In
the fit to be described below (Sec. VIII), we obtain
(Vpa)us =2 x 1074, (Vpg)ya = 95 x 107, The NP con-
tribution to 7 — #~v is therefore close to the limit.
The matrix element for D, — v is

pZT(VPd>cstxm2D\_

M -t 1+
v = U G+ m)

(ETPLMD)’ (69)

where fp = 0.248 GeV [62]. Using the observed branch-
ing ratio (5.55 4+ 0.24)% [20] we obtain the bound

[(Vpa)eal < 1% 102, (70)
The value from our fit, (Vp,).;, = —2 % 1074, is consistent.
F.b - sy

The off-diagonal couplings in p,; and Vp, introduce new
contributions to b — sy at one loop, which is encoded by
the effective Hamiltonian [63]

4G
H= —T;Vzhvz*s(c7o7 + C07),
em, _
07(017) = F”bzs<6ﬂyPR(L))bFﬂy' (71)

Because of operator mixing, one should also consider the
analogous operators Og, Og for the chromomagnetic
moments. These have been computed for type I and II
2HDMs [64,65] but not (as far as we can tell) for a general
type III model. A full computation for this case might be
interesting for future study. However, most of the contribu-
tions appearing in our model can be inferred from the earlier
calculations by transcribing the right- and left-handed
couplings of the charged Higgs from the type I/II models,

L = (4Gp/V2)\2u(Em, VP, — EVmyPr)d, (72)
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where m, , are the quark mass matrices. The dominant
contributions to the one-loop charged Higgs diagrams in our
model can be estimated by taking

52 — 1 (pzv)ts (p:iV)tb
zm%GF Vis Vb
= 45Utt(Vpd)ts(Vpd)th’ (73)

55/_) 1 (p;V)ts (V/)d>tb
2mmyGp Vi, Vip

=23x10°(Vp))s(Vrd)w (74)

in the Wilson coefficients [65,66]

)
5§/< 3y? +2y1 L= 2)
6(y—1)° 12(y—1)
—3y3 4+ 2y —8y% —5y* + Ty
2 1
e (12(y—1)4 VTR -y )

L y y2 -3y
G <2(y— DT 1)2>

2 3 2
5 y | =y’ +5y°+2y 75
e (4(y—1)4 e 24(y—1)* )¢ 75)

where y = (m,/m)?. In (73) we have indicated the expres-
sions following from our flavor ansatz (37) that involve the
undetermined sign U,, = £1. In the type /Il models, C% is
smaller than C by a factor of m,/m,, but we do not expect
that in our model since there is no suppression of the right-
handed couplings by m,;. Instead, the primed coefficients are
given by (75) after interchanging pZ V<Vp, in (73). With
our flavor ansatz (37), this implies that £ becomes larger by
the factor 1/5* = 1.56 while £’ remains the same.

Recent constraints on C; and C} (by which we always
mean the NP contributions) at the scale of m,; have been
determined by Ref. [67],

C;(my) € [=0.055,0.02],
C!(my) € [=0.03,0.065] (76)

at 2¢. The coefficients (75) evaluated at the weak scale must
be run down to m, [64],

8
Cy(my) = R3¢, + 3 (,714/23 _ ’716/23)C8
~0.6C; +0.1C;, )
at leading order in QCD corrections, where

n = as(my)/as(m,) = 0.5. The primed coefficients run
in the analogous way. The numerical fit of Sec. VIII yields
C7(my) = Ch(my) = 4.9 x 107, 4 times below the limit
for Cs.
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There are also Barr-Zee two-loop contributions that we
find to be much smaller. For example, the diagram with a
top quark loop and neutral H° exchange generates [19,68]

V2N,.Q,Q?apstptt

C; = 2
! 8amym,GpV,V f(mt/mH

) <1074, (78)

where the loop function f(m?/m?%) = —1.

G.s > dy

For the radiative decays of lighter quarks, it is not
necessarily a good approximation to assume that the top
quark contribution in the loop dominates, because the
relevant coupling (Vp,),, is CKM suppressed, and for
¢ — uy the dominant graph is from an internal » quark. For
these decays we content ourselves with an estimate based
upon the analogous treatment of leptonic processes 7 — py
studied in 2HDMs [68], which obtains the separate
contributions from neutral as well as charged Higgs
exchange. Defining the operator coefficients in the effective
Hamiltonian as

Her = Qsems_ (A PR + AJPPL)bF™,  (79)
we find
Asd _ (A‘Yd)* _ quq (Vpd):;d(vpd)qsf E
k L St Qs 1672m>% m,)’
dq qé[( qd qs ) }
AM[AY] = MqPa Pal\Pq Pa f<@>
™ ]677:2171%{ my
pd ysc/}awd yvcﬁa] my
Asd Asd ), 30
Azl = 167%m? U my (80)

where the loop function is f(x)=Inx?—3/2. Our
numerical fit values of the couplings implies |Aj%| =
-2 x 1073 TeV~2.

The dipole operator gives rise to a hadronic matrix
element

Velis

(z°[50"d|K°) =
mg +m,

(Pep% — PPy (81)

with fX7 = 0.4 [69]. It vanishes for on-shell photons in the
decay K — zy, but gives a nonvanishing contribution to
leptonic modes mediated by the off-shell photon. Because
A3d = A3 it does not contribute to the CP-violating decay

K, —» nft¢~, but it does contribute to K¢ — nf "¢~
whose measured branching ratio is (3 + 1.5) x 107 [20].

075017-13



JAMES M. CLINE
Adapting results of Ref. [70] for K; decay, we find

AB(Kg—nete™) (20e2Q,mBrRe(A¥)*(Ky)
B(Kt—n'e¢"y,)

VusGFmK) T([(Jr)7

where ET = 1.2 and ¢ accounts for the renormalization
of A3 between the scale my and u =2 GeV where the
lattice matrix elements are computed. Assuming that the
chromomagnetic moment gﬁaﬂyG’”s gets generated
with the same coefficient as the electromagnetic one
QseEJWF’“’s at the scale my and accounting for the
mixing of these operators under renormalization,
C=n*(1-3x8(1l—n7)) =27, where 5= (a,(my)/
a,(my))? 3 (ay(my,) /o, (1))>* = 0.9. Equation (82) then
gives the new physics contribution AB(Kg — nete™) =
3 x 10713, far below the measured value.

H. ¢ > uy

Proceeding similar to the case of s — dy, the dipole
operators for ¢ — uy get contributions to their coefficients
given by

A?eu — (Azu)* _ quq (Vpd)uq(vpd)iqf<ﬁ>’

q=d.s.b Q"m" ]6ﬂ2mi mq
g — N Ml o8 (my
R [ L ] - Z 16 2.2 f ’
q=u,c,t me My mq
. pzcycc/fa LOgu*ycc/fa] my,
AcuAcu] — Mh. 83

The second of these (mediated by H in the loop) is the
largest, contributing A% 2 x 10~ TeV~2. It is difficult
to put precise constraints on this quantity because of
highly uncertain long-distance contributions to the observ-
able amplitudes. Here we content ourselves with a com-
parison to the SM short-distance contribution, estimated to
be AgYy = 0.02G;V,V./(2V27%Q,) =2 x 1073 TeV~2
[71,72]. On this basis the new contribution appears to be
sufficiently small, especially since the observed Ac =1
decays are dominated by the long-distance contributions.

VIII. NUMERICAL DETERMINATION
OF COUPLINGS

We now demonstrate numerically that it is possible to
find values of the parameters consistent with all observ-
ables. We continue to assume that my = m, for the new
neutral Higgs bosons, and we adopt the benchmark choice
my = 115 GeV, while taking m, =100GeV and p* =2.5,
consistent with a Higgs mixing angle cp, = —8 x 1073
from Eq. (29). These values also satisfy collider constraints
as long as pbP, p! are sufficiently small, as we will verify,
and Z — £¢ universality.
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The best-fit values of the quark couplings p, are
determined using a y? statistic that incorporates the most
constraining observables (in addition to the anomalies we
set out to address), namely the tree-level contributions to
meson mixing. We minimize y? with respect to the
elements of p,;, with p, determined by the CT ansatz
(37), requiring that the upper limits on the Wilson coef-
ficients CY! not be exceeded for any meson M. Minimizing
x> leaves some degeneracy in the fit with respect to

products of the form p/pl', which generally must be small
to satisfy the mixing constraints. We partially resolve this
degeneracy by trying to enforce |p£,j| ~ |péi| as much as
possible, to avoid having matrix elements that are unnatu-
rally small, as we will discuss in Sec. IX.

We make the simplifying approximation of real-valued
pq and pu.4 This requires ignoring the phase of the CKM
matrix as well since p, = nVp ViU according to (37),
where we take n=0.8 and U = diag(—1,1,—1) for
definiteness. We therefore approximate V as an SO(3)
matrix using Egs. (12.3) and (12.4) of [20] with the
replacement p + i — (p* + 717)'/2, leaving for future work
to incorporate phases into the analysis.

Using this fitting procedure, an example of couplings
that are consistent with all constraints is

83x10*  1.1x1077 13x10™

pa=| 38x107 77x107* 28x1073 |, (84)
—12x1075 =2.1x1075 55x%x102
—-6.6x107* 35x10° 14x10™*

pu=| -21x107° 78x10* 18x1073 |, (85)
—76x107% 40x1073 44x1072
8.1x10™* 1.7x10™* 9.5x10™*

Vps=1-1.9x10"* 7.5x10™* 5.0x1073 (86)

—-6.8x107° —53%x 1075 5.5x 1072

Recall that only p, is independent; p,, is determined, and
the charged Higgs couplings Vp, are shown for conven-
ience. Other solutions can be found with smaller values of
the matrix elements not needed for the B decay anomalies
(P4 and psP); we have allowed the former to be nearly as
large as is consistent with meson mixing constraints.

In Fig. 5 we show the predicted values versus exper-
imental limits on the magnitude of the Cf'D‘B’B’ Wilson
coefficients corresponding to the tree-level contributions to

“However, we do not assume that phases are small when
applying the limits on Wilson coefficients from meson mixing,
where the bounds on imaginary parts can be orders of magnitude
stronger than on the real parts. We allow for the possibility that
the phases are O(1) for the interpretation of these bounds, by
imposing the more stringent imaginary part limits.

075017-14



SCALAR DOUBLET MODELS CONFRONT 7 AND b ...

T T T T T T T

B
e

s vl el il sl
le-18  le-17 le-16 le-15 le-14 le-13  le-12  le-11

1 (Gev?)

FIG.5. Summary of meson mixing limits and predictions (dots)
for the Wilson coefficients that are most constraining for our
model. Allowed ranges for Im(C?) are shown as solid lines, while
those for Re(C?) are dashed lines, for the cases where there is a
distinction. The new neutral Higgs boson mass is assumed to be
115 GeV.

meson mixing from the H exchange. For K and D° we
satisfy the more stringent constraints on the imaginary part
of C4, noting that Im(C?) comes from the phase of

(VoI (Vo VH)iu = (VipVislph? 1), which is of the
same order as the real part.

For the values of p%? and p5? given in (84), the cross
section o(bbH) = 1.2 pb for production of H by bb
fusion, not far below the CMS upper limit of 1.8 pb, while
the branching ratio for B, — 777~ is predicted to be 2.9%,

close to the current upper limit of 5%.

A. Including 7 — Kv deficit

In the preceding fit we did not try to obtain the negative
value of (Vp,),, favored by Eq. (27) for explaining the low
7 — Kv determination of V,,. Doing so introduces some
tension with the limit on » — sy. We are able to obtain
(Vpa)us = =1.8 x 1073, s0 that (Vpy + piV),, = (1 =n)
(Vpa)us = =3.6 x 1074, close to the target value of (27),
while respecting all other constraints except for a marginal
violation of the 2¢ limit on b — sy. The fit gives
C’7 = —0.036, which is still in the 30 allowed region
of Ref. [67].

IX. ONE-LOOP CORRECTIONS TO COUPLINGS

A texture present in the p matrices at tree level gets
modified by loops involving products of p, ; as well as the
CKM matrix V. Rather than estimating all possible loop
corrections, it is more efficient to use a spurion analysis in
which the Yukawa matrices are taken to transform under
the full SU(3), x SU(3), x SU(3),, flavor symmetries,
constructing all combinations that transform in the same
way as the couplings of interest. This generates a large
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+V—X—’»
. ', . ‘ '
(a) (b) (c)
FIG. 6. (a), (b) One-loop corrections to couplings captured by

the spurion analysis. (c¢) Correction requiring a chirality flip,
which is not explicitly included in the spurion analysis.

subset of the complete set of flavor structures that should
arise from the loop corrections.

The procedure captures the contributions from loops
carrying momenta between the fundamental scale down to
the scale of electroweak symmetry breaking. In particular,
it accounts for one-loop diagrams of the type shown in
Figs. 6(a) and 6(b). Diagrams of the type 6(c) require a
mass insertion in the fermion line, which needs a more
detailed computation. We defer such a study to the future,
hoping that the terms included are reasonably representa-
tive of the full corrections. It is also possible that they give
an overestimate of the true corrections, as the example of
Z — 177~ in Sec. VII A showed. In that process, the
perturbation to the vertex turns out to be considerably
smaller than a naive estimate of the loop diagrams
suggested.

It is clearest to think initially in the unbroken phase,
using the couplings $, 4. and p,, 4. of the Lagrangian (3) in
the original field basis before diagonalizing 3, ;.. The
spurious transformation properties of the Yukawa matrices
under the flavor symmetries are

BurPu) = Vg G D) Voo
(Fas Pa) = VTQ(.)Ald’/A)d)Vd,
(j\)e’pe) - VZ(j}e’pe)Ve’ (87)

where V; denotes an element of the SU(3), flavor
subgroup.

At one loop, corrections that are cubic in the couplings
are generated. Purely on the basis of the symmetries, we see
that the following matrix structures would be allowed (now

considering only the quark couplings):

([ GRAD) - Gudi)
0 wsPu) ™~ s
(i) { HGaPa) - G Gu)
~ ~ [(yu’pu) (LI! )] (ydﬁ)
oy, ~ . 88
(a2 { HGwpa) - Gopbl- Gap Y

Hence flavor symmetry alone allows 16 possible combi-
nations as corrections to each kind of coupling. In practice,
not all of these are realized by the diagrams in Fig. 6, as we
will explicitly check. Moreover, for a coupling to a given
external Higgs field, half of these are suppressed by the
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small mixing angle cg,, since, for example, the product of
the two vertices associated with a loop involving H goes
like p* + cpop § +¢j,9°, while those connected to h give
$% 4+ Cpal Y —1—620”52. Finally, it is convenient once the
appropriate structures are identified to transform to the
basis where the fermion mass matrices are diagonalized,
and express the results in terms of y; (the diagonalized
version of ;) and p;. This introduces factors of the CKM
matrix V wherever there is a mismatch between u- and
d-type indices. These come from diagrams with charged
Higgs exchange.

A. Corrections to quark couplings

Beyond tree level, we can no longer characterize the
nonstandard couplings by just p, and p, because the simple
relation between the nonstandard couplings of the light
Higgs h and the couplings of the heavy Higgs bosons is not
preserved. The nonstandard Yukawa couplings get correc-
tions of the form

==Y qL< Y g + H5qu> ar

q=u,d

— Hu(8(Vpy) o Pr — 8(plV) P )d +He.,  (89)

where H = (H° +iA®)/+/2. From examination of the
diagrams in Figs. 6(a) and 6(b), we estimate the corrections

8Yun = ENYuYWYu + EXPuPLYL + EXVuPIPu
+ ebpuyipu + VPV ipu + €VpapiViy,
+ Cpalelpupbipy + ESYupiy + EWpuyiya
+ely,yhpu + elVpapiVip,}. (90)

8yan = €Wayiya + Epapiya + €yapipa
+ebpayipa + €V YVoa+ €V Pt Vyy
+ cpalelpapipa + €Syapiya + €payiva
+eyayipa + € VipuplVoa}. (91)

8Vt = CpalMhYuYiyu + MePubuYu + MYuPipu
+1apuyapu + MV Pay)Viou +n3VpaphViva}
+ NLPuPIPU A+ Y uPEY i + TP ViV
+ 00y Yo + 0 VpapiVipa. (92)

8yan = Cpalniyayiya + mipapiya + miyapipa
+ngpayipa + MV pyiVpa + 1V pupiVya}
+ MLpapyPa + MYaphya + NPy e
+n0vayipa + ni VipuplVpa. (93)
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3(Vpa)s = CpupiVpa + CyuphVya + CyuyiVpa
8V papipa + EVpayiva
+ cpa{CSyupiVpa + ChpupiVya + CpuyiVpa

+EVpaplya + E0Vpayipa}, (94)
S(piV) 1 = ChpiVpaph + CviVpayl + CopiVyay)

+ ChpupupiV + CoyiyupiV

+ cp{LSPiVPayh + CIViVpapl + CpiVyaph

+ EyipupiV + C0phyuph VY. (95)

Here the coefficients e}-, 11}-, 14 ’f are all assumed to be of

order 1/167°. The contributions that are suppressed by Cpa
can be understood as having an odd or even number of p or
y insertions, respectively. For completeness, we include
two corrections that exist also within the standard model,
namely e, , We omit them from the following analysis
since they do not involve the new physics we are
investigating.

To test the degree of tuning required by our numerical fit,
we have computed the maximum of each of these estimates
using the numerical values of the couplings in (86). The
magnitude of correction to each coupling, relative to its
tree-level value, and the correction responsible for the
largest effect in each matrix, is given by

5 108 107¢ 1074
iff’ =110 107 10°|. 5 (%)
¢ 105 104 10
107 104 102
Puttl — [ 10+ 1075 1072 |, AF0. (97)
Pu
102 102 1072
5 105 02 02
cyif =001 10* 102 |. &, (98)
pad 01 06 02
S 10 09 2
Z%ng =] 03 005 08]. €. (99)
Pl 02 02 04
s 107° 1077 1073
—gvfili =107 107 107 |, . (100)
P 102 102 102
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S(olv 107 107> 1073
‘(p‘;v)i_ 106 10 107 &, (101)
pu 102 102 1072

The most potentially worrisome elements are the cor-
rections to nyh and y,,, which can increase the tree-level
contributions to D and B mixing mediated by light Higgs
exchange. The relatively large corrections to y, ,, namely
Sy, Oy, ~ 1, are harmless since they only affect flavor-
changing decays of the top quark, which are weakly
constrained by observations. The other corrections can
perturb the predictions for the C, mixing coefficients in
Eq. (49) by factors of at most O(1). But these coefficients
are less constraining than the C,’s in our fit. The one that
comes closest is Cg" which is 0.06 of the experimental
limit. Thus there is plenty of room for the tree-level
couplings to receive corrections of the order we find
without violating any experimental constraints.

B. Lepton couplings

Unlike for the quark couplings, naturalness does not
require us to turn on any significant off-diagonal elements

PHYSICAL REVIEW D 93, 075017 (2016)

in péj . In the absence of neutrino masses, these are not
generated by loops. Charged Higgs exchange generates an
off-diagonal coupling of order

Apet mym,
27,2
167~ m’

en ™ (102)

which is negligible. This conclusion would also remain true
if we allowed for nonvanishing p¢¢ and p4" entries (with
smaller values than pZ7). We do not pursue a more complete
exploration of the allowed leptonic couplings here.

C. Higgs potential couplings

We can estimate the size of corrections to the Higgs
potential couplings A4; more definitely than those for the
quark couplings since the beta functions are known; see, for
example, Ref. [73]. Our scenario requires that A; < 1 and
As < 1, whereas the other 4; could be larger. Taking ¢ =
1/162% (which ignores possible logarithmic enhance-
ments), the dominant contributions to the one-loop correc-
tions are of order

9 9
Sh ~e|(A+26) (64 +24y) + 243 + A2+ 243 + 4 ((p;’)2 +3y? — Eg2> + gg4 - 6y,2(p’u’)2} ~3x1072,
: 9
82 ~ €222 (A+ Ag) + 44100 + 223+ 523 + 4, <(/)£’)2 +3y7 - 592> - 6y?(pi,’)2} ~9x 1077,

5
Sl e| 373 - 3y%<pzf>2] ~ 1% 1072,

4

5/15 ~ 6[14(311 + 2/12) - 6y

9 3 1
1206 + 34, +422—§gz+§y,2+§

] ~4x 107,

6/14 ~ €

3 1t

1Pu

5/16 ~ €

[ 1 9 9
1222 + 23 + A, + 5/13 +643+—g* - 5,1692 -

16

where g is the SU(2), gauge coupling and we have ignored
terms involving ¢ [the SU(1) hypercharge] and the small A5
and 45 couplings. We have included the effect of pZ* where
it is not suppressed by powers of the SM tau Yukawa
coupling. To obtain the numerical estimates, we chose
fiducial values of the other couplings that are consistent

with the assumed mass spectrum m, = 100 GeV,
my = 115 GeV,
Al :03, /12:0.1, /14:0.3, 16:07 (104)

The potentially worrisome corrections are those for the
smallest couplings, 45 = —6 x 10~* using ¢, = —8 x 1073
[see Eq. (29)] and Eq. (7), and 13 = 1073. Comparison with
the estimates in (103) indicates that these values are
relatively stable. Our choice of couplings in (104) allows

(pé’)z) —6yz(p€f)3] ~2x1072,

1t
u

6(p

for some accidental cancellation in 45 between the bosonic
and fermionic loops. Even without such a cancellation, the
contribution from the top quark by itself is ~315 which
requires only a mild coincidence between tree and loop
contributions to obtain the desired value. Although the
correction to Ag is relatively large, the phenomenology of
the model is largely insensitive to its value.

=208 ~-03, (103)

D. Landau pole

The large coupling pi* = 2.5 may be expected to give rise
to a Landau pole at a relatively low scale, indicating that
further new physics will be required to achieve a UV
complete description. To estimate this scale we consider
the renormalization group equations that depend most
sensitively on pZt,
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dig 1

din2 = 1622 (1226 = 2(p")").
dpe” 1w
dn = T2 Ve ). (105)

Numerically solving using the initial conditions A¢ = 0.7
[see Eq. (104)] and p7* = 2.5 at the scale p = 100 GeV, we
find that the couplings diverge at p = 55 TeV.

X. MICROSCOPIC ORIGIN OF CT ANSATZ

As an example of what kind of physics could give rise to
the CT ansatz (37), we construct a model where the
SU(3), x SU(3), x SU(3), flavor symmetry is spontane-
ously broken by bifundamentals ®,, ¢, &, M,, M,,
coupling to heavy SU(2)-singlet quarks Ug; and Dg; .
The charges of the fields under the flavor symmetries are
shown in Fig. 7. As in (3), H, is the SM-like Higgs field
and H, is the new doublet, before mixing of the neutral
mass eigenstates, and we take the Lagrangian at the high
scale to be

1 _ -
L= N (H1QQup + H1 0 Pydg)

+ H,0,Ug + H,0; Dy
—+ ULq)TuR + ELQdR

+U M, Ug+ D, M,Dg, (106)

which respects the full flavor symmetry. In Table III we
show the charge assignments under a Z, symmetry that
allows the interactions in (106) while forbidding those with
H; and H, interchanged. This symmetry gets spontane-
ously broken by Vacuum expectation value (VEVs) of the
bifundamental fields M, ;, allowing for subsequent gen-
eration of the terms in the Higgs potential (5) that break the
symmetry (i.e., the terms with coefficients 44 and A5). The

SU@B3), SUB3)oxSUB), x SUB)y

—_ W W
—_

—_ =W W] W
D = om0 = W = W

SUG) Dy

FIG.7. Moose diagram indicating the transformation properties
of the SM quark fields ug, dg, Q;, the heavy singlet quarks
U, D, and the bifundamental ¢, ¢,, ®,, M,, M, under the
SU(3), x SU(3), x SU(3), flavor symmetry.
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TABLE IIl. Z, charge assignments needed for the allowed
terms in the Lagrangian (106).

H H, © ®,, M,; Qp (ug.dg) (Up.Dp) (Ug,Dg)
1 -1 1 1 -1 i i i —i

m3,H IH » term that breaks it softly can be allowed from the
outset, to avoid cosmological problems from domain walls.

In (106) we have not specified a fully renormalizable
Lagrangian, but merely assumed that the SM-like
Yukawa couplings arise from the VEVs, §, ;= (®, ) /A
with somelarge mass scale A. Ourmaininterestisin the origin
of the new Yukawa couplings p, ;. Assuming the simple
symmetry-breaking pattern (M) = (M,,)/n = M times the
unit matrix in flavor space, after integrating out the heavy U,
D quarks the new Yukawas are given by p, = n(®")/M,
pa = (®)/M.However, this is in the basis where §,, ; are not
yet diagonalized. As usual, we must transform up — Riu R
dp — R;dR, u; — LZuL, d; — LZdL. In the quark mass
baSiS’ Pu = 77Lu<cb+>RE/Mv Pa = Ld<q>>R:1/M

With these results, we can now explain the origin of the
ansatz (37) by computing the two sides of that relation,

(®)

_ T
nUVpq =nUL,~ - Ry,

(@)

puV =R, WLL, (107)
where we have used V = LMLZ. Equality of nUVp, and
pr follows from taking

Ru — ULu, Rd — Ld' (108)
One recognizes the condition R; = L, as that which would
arise if y, is a symmetric matrix. The other relation R, =
UL, implies that $U is symmetric. This means that ¥, splits
into two pieces, one symmetric and the other antisym-
metric, having no nonvanishing elements in common. For
example, if U = diag(—1, 1, —1), then $, has the structure

a 0 b 0 e 0
9.,=10 ¢ O|+]| - 0 f (109)
b 0 d 0 —-f 0

We imagine that it is possible to find a potential V(®,)
whose minimum has this form. Then our ansatz, which at
first sight appears contrived, can be a simple consequence
of the SM-like Yukawa matrix y, being symmetric in the
underlying theory of flavor, while y, has the pattern (109),
along with the charge transformation bifundamental ®
whose VEV gives rise to both p, and p,; simultaneously.

Our focus has been to explain the initially peculiar-
looking relation between quark couplings p, and p,
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proposed herein, rather than the leptonic couplings p,.
From the flavor perspective the ansatz that p, is dominated
by the single element p7® is natural since no dangerous
FCNC:s arise even for large values of p7*. However, it may
be possible to accommodate p, into the UV model in the
obvious manner in parallel to the quark couplings, by
adding fields with interactions

H,L,Ex +E;®Ey + E; M Ey. (110)
We then predict that
(®)
= 111
Pe=p (111)

assuming that the mass matrix M, of the heavy vectorlike
leptons is proportional to the unit matrix. If (®) is strongly
dominated by the 33 elements, to explain the hypothesized
leptonic couplings, this would lead to quark couplings that
are also dominated by the 33 elements, and with other
elements generated from these by mixing with the approxi-
mate structure of the CKM matrix. Although we do not
pursue this quantitatively here, the values given in (84) and
(85) appear to be roughly consistent with this expectation.

XI. ALTERNATIVE MODEL

It is possible to design a similar model that is less
constrained by collider searches, if a light sterile neutrino v
exists. The R(D) anomaly could then be explained by the
new process B — D)zu, contributing to the observed
decays. Similarly B would get the new decay channel
B — tv,, and H* — 7v, could contaminate the W — tv
signal at LEP. However, the apparent rate for 7 — Kv could
only be increased in this model because of the lack of
interference with the SM amplitude. This same absence
would also change the fits to the Wilson coefficients for
explaining R(D): we estimate that

A 2
(C$.CP) = (2.14,-1.41) (ﬁ) (112)

by fitting to the decay rates, which are larger than (16) and
(17) to compensate for the lack of interference (see
Appendix A). It would require a dedicated analysis to
check whether this choice of coefficients significantly
degrades the agreement with the decay spectra.

This scenario has the advantage that the stringent collider
constraints from searches for H — ¢t~ are evaded, since
now H decays almost exclusively into v,v,. In Appendix A
we estimate that my can become as large as 175 GeV,
although it is still preferable to keep m . close to 100 GeV
to keep the new quark couplings small so that the predicted
branching ratio for B — v v, remains reasonably small.
Even though this decay mode is expected to be less
constrained than that for B — t77~, a theoretical
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understanding of the total width for B in the SM compared
to the experimental value limits how large it can be. We
give further details about this alternative model in the
Appendix.

XII. CONCLUSIONS

The model we have presented is admittedly unlikely,
requiring coincidences of several new particles and decay
modes that are just below the threshold of detection. It is
much more likely that some of the experimental anomalies
that motivated the model will disappear. However, if the
R(D) anomaly proves to be real and needs both Wilson
coefficients C§”, C” as indicated by several fits to the data,

then our scenario seems to be the only kind of two Higgs
doublet models that can be compatible with the observa-
tions. The simultaneous explanation of the other tentative
anomalies in B — 7v, W — 7v (and possibly 7 — Kv) is an
added bonus that requires little extra model-building input.

The most striking prediction is that new Higgs bosons of
mass ~100-125 GeV that may have been just beyond the
kinematic reach of LEP have couplings to b quarks that put
the neutral one just below the current sensitivity of CMS
searches. We expect that more data should soon reveal the
existence of the neutral H in the 77z~ channel at the LHC.
A further prediction is that B, — ttz~ will be observed
with a surprisingly high branching ratio of several percent.
The coupling of the SM-like Higgs boson to 7 should be
smaller than the SM expectation, possibly having the
wrong sign. Higher precision tests of Z — £ universality
should start to reveal an excess in Z — 777, and in the
invisible Z width due to extra Z — v,v, decays.

The framework also suggests that other observables
could be on the edge of revealing new physics: 7 — nv,
b — sy, and the neutral meson mixing amplitudes. These
are less definite predictions, since we have allowed the new
flavor-violating Yukawa couplings p;{ 4 lapart from those
directly involved in explaining R(D)] to be nearly as large
as possible while remaining consistent with experimental
constraints. It is possible that they are smaller, even though
there is no fundamental reason that they should be. By
studying the expected size of loop contributions to the new
couplings, we found that they could indeed be smaller in
many cases without requiring any fine-tuning.

Even if all the hints of new physics that motivated this
study should disappear, some of the ideas presented here
could still be of value. First, the flavor ansatz (37) reduces
the arbitrariness of the new couplings, allowing us to
parametrize everything in terms of p; alone. In the absence
of anomalous R(D), the need for sizable ps’ would

disappear and make a symmetric ansatz for pilj possible,
further reducing the number of independent new Yukawa
couplings. The primary motivation for our ansatz was to
give a more definite flavor structure to the charged Higgs
couplings than is generic if p, and p, are independent.
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Second, we have shown that it need not be a disaster to
allow generic new Yukawa couplings in two Higgs doublet
models, even in the absence of any particular mechanism
for suppressing FCNCs. It could be that the dangerous
couplings are simply small, even though there is no
symmetry principle to explain their smallness. Our model
presents a counterexample to the usual concern that small
values require fine-tuning. We estimated that the relative
corrections from loops to the Yukawa couplings of the new
Higgs fields are all less than 1072, Egs. (96), (97), (100),
and (101). The corresponding corrections to the nonstand-
ard couplings of the SM-like Higgs (98) and (99) can in
some cases exceed their tree-level values, but this does not
lead to any significant FCNCs from % exchange, since they
are still small enough to remain well below constraints from
meson oscillations, as long as the Higgs potential coupling
/5 that controls the splitting between my; and m, is <1073,

A variant model where the charged Higgs couples to ;7
(where v, is a light sterile neutrino) instead of Tpv, is
outlined in Sec. XI and Appendix A. It has greater freedom
in the allowed boson masses and couplings to quarks,
making it harder to rule out. Whether it can provide as good
a fit to R(D) requires further study.

Our original intent was to use a large p:’ coupling
instead of p* to explain the hint of & — u™zT decays
of the SM Higgs seen by CMS and ATLAS [74,75]. This
turns out to be much more difficult because of the H —
uttF decay (with 100% branching ratio) of the new neutral
boson. Even though no formal limits on my with this decay
channel have been published, we believe it would have
been seen in the searches for 7 — ur of the SM Higgs,
ruling out this model. Hence a further prediction of the
present model is that &7 — ur events will prove to be a
statistical fluctuation.
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APPENDIX: STERILE NEUTRINO MODEL

Here we provide some details relating to the alternative
model with the primary leptonic coupling of the new Higgs
fields being to the left-handed lepton doublets and sterile
neutrinos vg,

,Cya - zLj\/yI‘:IllJR - ZL[’[/FIZDR + H.C.

PHYSICAL REVIEW D 93, 075017 (2016)
There is also a Majorana mass term for the sterile

neutrinos,

N[ —

Without loss of generality, we can work in the basis where
Mp is diagonal,

My = diag(M,, M, my), (A2)
giving a sterile neutrino v, with Majorana mass m,,
assumed to be negligibly small for having an observable
effect on the decays of B mesons. For simplicity we will

assume that $* = 0 so that v, gets no Dirac mass from the
VEV of H,. After electroweak symmetry breaking, when

H, has obtained the VEV v/+/2, and when the heavy states
are integrated out, a Majorana mass matrix is generated for
the light neutrinos through the seesaw mechanism,

m, =5 SN, (A3)
where M, is the submatrix of M, containing the large
eigenvalues. Despite having only two heavy sterile neu-
trinos, the seesaw mechanism works as usual to explain the
small masses of the active neutrinos. The neutrino mass
matrix m, gets diagonalized by the unitary transformation
v; — L,v; where v; denotes the mass eigenstates.

In the mass eigenbasis for the fermions and scalars, the
new Yukawa couplings of neutral scalars to neutrinos take
the form

1
Ly =——— Z V4 UipPrug + Hec.,
v \/2 K i
p=h.HA
Yii = Cpabi
Vi = =SpaPl
yjf;i = ip}, (A4)

where p, = LZ,ﬁy is a vector in the neutrino flavor space.
The charged Higgs couples to the neutrinos via

L =—H"[o(Ulp,)Pre —s(piU,)Pre],  (AS)
where U, = LiLe is the PMNS neutrino mixing matrix.
We note that if §, was originally diagonal for some reason,
then pyU, = p,, so that having p! = 5,8, in the original
field basis would explain why (pjU,)? is the dominant
component of (pZ U, ) despite the large mixing angles in U,,.
We will make this assumption in the following, and for

simplicity p, = 0, so that the charged Higgs coupling to
leptons reduces to p,H " v;7; + H.c..
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1. Refitting R(D)

To fit the R(D) observations with this model, we must
take into account that the new amplitude for B — D)y,
no longer interferes with the SM contribution due to the
different neutrino flavor. To make the proper adjustment it
is useful to parametrize the interference effect that occurs in
the original model, where the ratios depend upon x, =

(Cgb;e + Cglz)/cglli/l with Cgy = 2V2GEV , as [13]

R(D) = R(D)gy (1 + 1.5x, + 1.0x%),

R(D*) = R(D*)gpr(1 4+ 0.12x_ + 0.05x2).  (A6)
The fit (16) and (17) of Ref. [16] corresponds to
(x;,x_) =(0.17,1.66). In the sterile neutrino model,
(A6) is modified by omitting the terms linear in x,. We
find that (x_,x_) — (0.53,2.59) to compensate for this
change, leading to the Wilson coefficients (112).

This rescaling ignores the effect of having no interference
on the decay spectra, where the NP contribution to the
amplitude multiplies ¢?, the invariant lepton pair mass
squared [76]. Therefore the decay distribution will have a
larger ¢* contribution and smaller ¢, hardening the spec-
trum. We leave to future work to quantify the effect of this on
the fits. Here it is mainly important that Cg’; remains
relatively large, which was the motivation for this study.

Then Eq. (15) implies

C5, _m(Vpg)® 2.1

~ ~ , A7
A? m% TeV? (A7)
A2 T mi T TeV%

Comparison with (16) and (17) implies that |p,p, 4| must be
larger than in our previous determination by a factor of 1.7,
while the parameter # becomes smaller, 7 = 0.67.

2.Z->ttand Z - v, 7,

In contrast to the case of the pJ* coupling, there are only
two diagrams contributing to Z — tt¢~ with the p,
coupling, shown in Fig. 8. They involve only an exchange
of H*, giving the effective interaction term

Z
T I Vg
(©)

FIG. 8. Diagrams contributing to Z — 7"z~ in sterile neutrino
model. Diagrams (a) and (c) correspond to the analogous ones in
Fig. 3, while the analog of (b) is not present.

(a)
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Lestr = —(g:, + 09, )Torie) 2"
. 1 e
with g, = —297(1=2s3), 9z = ——
|ﬁu|ng
o9, = — F,,
gTL 3272_2 Tr
1 1
F, = —5(1 —2s%) <F;F + 5F}). (A9)
Applying the limit (61) and (62), we find
_ my\?
P, <29(—), (A10)
myz

which is less restrictive than the analogous bound on pZ*.
For my = 100 GeV, we find |p,| < 3.5, and in general the
bound is closely numerically fit by |p,| < 2.9(m_/my)>.
Combining this with (A7) puts a lower bound on the p,
couplings,

(Vpg)t > 6.1 x 1073, (A11)

For the new contribution to Z — v,U,, the relevant
expressions are as in (63) with the replacements pi" —
p, and

1 1

F, =—F%+-FY

=3P (a12)

This evaluates to be 0.5-0.6 times smaller than F, in the
original model, leading to a smaller contribution to the
invisible Z width. In the alternative model, there is also a
new contribution Z — v,v,, but it does not interfere with
any SM amplitude so it is negligible.

3. Collider constraints

With H° decaying nearly 100% to v,v,, LHC constraints
from neutral Higgs searches are essentially removed. We
are free to take my = 175 GeV for example. Such a value
is just compatible with Electroweak precision data (EWPD)
constraints (the p parameter) on the mpy —m, mass
splitting if m, = 100 GeV. Then (32) is marginally sat-
isfied (taking it to now apply to B; — vv decays) with a
value that is compatible with (A11) even if p5* = 0. In this
limiting case we have

P =0.021. (A13)
Then pff’ is the dominant coupling in p; and does the job of
providing a large enough Cgi coefficient for fitting R(D).
With negligible p5’, the production of H° is nullified by
any other means than the subdominant electroweak
Z* — HA or W* — H*H processes. Moreover with p’?
very small, the branching ratio B(t — H'b) becomes
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negligible, since pZ” - Vmpf,” in Eq. (34), circumventing

the search for charged Higgs bosons.

The combination p,cg, is constrained by the invisible
width of the Higgs boson due to & — v,v,, limited to
B(h - vw,) <36% by CMS [77]. This implies
.| < 1.7x1072/|cg,|. A more stringent bound comes
from the degradation of the total Higgs signal strength p =
1.1 £ 0.1 [29] by invisible decays (not compensated by
any increase in production), which implies AB(h — wv) =
1 —pu=-0.1+0.1 [78]. The 2¢ upper bound implies
9x 1073

|C/ia|
Since (A13) is compatible with both B, — vv and R(D),
we are free to take a larger mixing angle and a smaller p,,
for example, cg, = 1072 and p, = 0.9, alleviating the mild
naturalness tension for keeping cg, very small, that we
encountered in the model with pZ*.

We have the freedom to deviate from the limiting case
(A13) by turning on p5” again, such that (A7) is fulfilled by
a linear combination of p$’ and p’’. This reduces the
branching ratio B(B; — vv) and increases that of t - H b
so that CMS searches for H* — 7v apply. The resulting

[RS
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upper limit
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FIG. 9. Upper limit on p% inferred from CMS search [34] for
H™ - as a function of charged Higgs mass m,, for
B(H* - w) = 1.

constraint on pzh , plotted in Fig. 9, prevents us from
attributing more than 70% of (Vp,)® (controlling the
Wilson coefficient C§?) to the contribution from V ,p}”. In
this other limiting case, the branching ratio for B, — vv is
reduced to the level of 0.5%. Thus while the alternative
version of the model is less constrained, it still predicts a
significant contribution to the invisible width of B,.
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