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Scalar doublet models confront 7 and b anomalies
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There are indications of a possible breakdown of the standard model, suggesting that 7 lepton
interactions violate flavor universality, particularly through B meson decays. BABAR, Belle and
LHCDb report high ratios of B — D™ 7. There are long-standing excesses in B — 7v and W — 7v
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™ data require couplings of the new Higgs doublet to down-type quarks, opening the
door to many highly constrained flavor-changing neutral current (FCNC) 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 and
LHC searches for new Higgs bosons decaying via H® — 777~ and H¥ — 7%v allow a window
of masses my = [100-125] GeV and m4 ~ 100 GeV that is consistent with the predictions of our
model. Contamination of the W' — 7+ signal by HY — 77v decays at LEP could explain the
apparent W — Tv excess. We predict that the branching ratio for B, — 7777 is not far below
its current limit of several percent. An alternative model with decays of B — D™ 7v, to a sterile

neutrino is also argued to be viable.

“You will not apply my precept,” he said, shaking
his head. “How often have I said to you that when
you have eliminated the impossible, whatever

remains, however improbable, must be the truth?”

Arthur Conan Doyle, The Sign of the Four

1. 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 Vio-
lation (MFV) paradigm [IH4] as a guide for constructing
new physics beyond the SM, that has been highly influ-
ential 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 deviations. We are thus motivated to con-
sider 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(B — X 10)
B(B — X ()

where ¢ = e, u. The summary of the SM predictions and
the measurements is shown in table[] The reported mea-

R(X) = 1)
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surements are consistent with each other, and with previ-
ously reported results [0H7]. The measurements are also
consistent with e/p universality. However, the naively
combined experimental value for the ratio R(D™)) dif-
fers from the SM prediction by more than 3o.

There have been other hints of a breakdown of lepton
flavor universality between 7 and e/u. The measured de-
cay rate of B — 7v displays some tension with the SM
prediction. Although a recent measurement by Belle [§]
has reduced the discrepancy to the level of 1.7 o, the cur-
rent 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 — 7v is also in tension
with the standard model predictions: the LEP measure-
ment is ~ 10% above the SM value, at 2.4 ¢ significance.
The inclusive decays of 7 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™ 7v in the
context of type-III two Higgs doublet models (2HDMs),
in which the most general couplings of fermions to both

- R(D) R(D™)
SM 0.297 +£ 0.017 0.252 £+ 0.005
Belle [6] 0.375 +0.064+0.026 | 0.293 +0.038+0.015
BaBar [5] 0.440 +0.058+0.042 | 0.332 +0.024+0.018
LHCbD [7] 0.336 +0.027+0.030
Expt. avg.: 0.408 £ 0.050 0.321 £+ 0.021

TABLE I: Summary of experimental and predicted values for
R(D) and R(D").
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doublets are allowed, as well as model-independent anal-
yses that include this framework [IIHI5]. There are two
possible operators contributing to the hadronic part of
these processes, mediated by charged Higgs exchange,
proportional to Cgl;EL br and CgbL Cr by, respectively.
The early studies [ITH14] found that Cg’ by itself is suffi-
cient to get a good fit to the observed decay rates. How-
ever more recent analyses [15, [I6] obtain best-fit regions
requiring Cgf; ~ = gbL In particular, these studies use
not only the total rates but also the differential decay
distributions as inputs to their fits, finding that ng; by
itself does not fit the decay spectra.

This difference is crucial for model building, since hav-
ing C’gbL # 0 only requires that the new up-type Yukawa
matrix p, (which couples mainly to the nonstandard
Higgs doublet) is important, while keeping the down-
type couplings pg = 0. If C’gf;2 is also large, then pg ~ p,
making it much more challenging to satisfy constraints
on FCNCs. 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 Cg’; ~ = chbL
persists in future analyses.

We will show that some of the flavor challenges can
be addressed if p, and py 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 I11
2HDMs, which might be of interest more generally than
for the particular applications that motivated us here. It
is quite different from MFV, 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 7~ and
the neutral one decaying to 777~. 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 section [2] we
define the model. In section B we derive constraints on
the new Yukawa couplings p,, pu, pq arising from fits
to R(D) and B — 7v, and a few key flavor-sensitive
decays. Section [4] examines the collider constraints de-
termining the allowed mass range of the new ~ 100 GeV
Higgs bosons. In section [5| we present a novel ansatz
relating p, and pg4, that allows these constraints to be
satisfied in a controlled way. It is a linear relation in-
volving the CKM matrix V, a diagonal unitary matrix
U, and an O(1) parameter n: plV =nUV p,.

In section l6l we calculate observables from meson oscil-
lations that most strongly constrain the scenario, while
in section [7] we show that rare decay processes that might
challenge it are within the experimental limits. Section
8 obtains a numerical fit to the couplings p., that de-
termine p,, through our ansatz. In section [J] we estimate

the size of loop contributions to the nonstandard Yukawa
and Higgs couplings to establish technical naturalness of
the model. In section [I0] we outline a microscopic model
that naturally implements the “charge transformation”
mechanism for relating p, and pg in the manner of our
ansatz. We outline an alternative version of the model
in section [TT} where the leptonic coupling p, is replaced
by a coupling p, to neutrinos, assuming a light sterile
neutrino in the anomalous decays of B, rather than v,.
This model is less constrained by LHC searches for the
neutral Higgs. Conclusions are given in section De-
tails of the sterile neutrino version of the model are given
in the appendix.

2. THE MODEL

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

g L VRHT a— L[ V2H
V2 \ v+ H] +iH} |’ V2 \ HY +iH}

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

Ly = —QriyuHiug — QriaHidr — Ly je Hier, (3)
—Qr puHour — Qr pa Hadr — Li, pe Hy e + h.c.

where flavor, color and SU(2), indices have been sup-

pressed, and H® = e, H’*. The scalar Lagrangian is
given by

Ls = |DVMH,|* + |DVHy|* — V(Hy, Hy) (4)
where the potential is defined as
U2
2
+ (m?y (HIHy) +h.c) + A\ (H Hy) (H} Hy)
+ Ao (HIHy) (HLHy) + [AB(HITHQF + h.c.}

2
Vo= <HIH1 ) +m3 (Hj Hy), (5)

+ [N Ho) (B H2) + A5 (H HL)(HH) + e
+ Ao(HSHa)%

In this basis of fields, Hs has no vacuum expectation
value, requiring the condition m?2, + Afv?/2 = 0. This is
just a choice of field coordinates, which in general can al-
ways be achieved by doing a rotation (conventionally de-
noted by angle 3 as well as a possible rephasing) between
H; and Hs; however in section [L0| we will argue that the
Yukawa couplings were generated directly in this basis,
so that the § and p matrices can naturally have very
different magnitudes and structures.
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For simplicity we will assume that the potential 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

HS \ | csa —Spa h
)= ) ()

Here we have used notation that is conventional in
2HDMs, such that for s,, = 1, the SM-like Higgs bo-
son h is mostly Hi. For small |cg,|, the mixing angle is
approximately determined by

~ )\5 'U2
o = 2z —mi) @

where the SM-like, new neutral and charged Higgs boson
masses are respectively

1%

202

m3 + L\ + A2 + 2)3) 02

m¥ = m3 — 2\30°

mi = mj+ A0’ (8)

1%

2

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 |cs,| < 1 and |A3] < 1, since it can be
shown (without any approximation) that

2 2 2

my —my = cﬁa(m%[ — m%) + 22502 (9)

(see for example [I7]). We will therefore assume that
|[A3] < 1 in addition to |cs.| < 1. Although Ay could a
priori be relatively large, in this work we will be inter-
ested in masses of order myg < mp and m4 ~ 100 GeV,
corresponding to A\ < 0.2. Electroweak precision data
(see eq. (10.26) of ref. [I8]) would allow for larger split-
tings, with mpy as large as 175 GeV for my ~ 100 GeV.
The couplings A4, Ag play no direct role for our predic-
tions, but can be relevant for understanding the expected
size of radiative corrections to the A; couplings, as we
will discuss in section [9] Vacuum stability requires that

\/)\>\6/2 > =X if Ay < 0.

As usual, biunitary rotations on the quark fields in Ly
diagonalize 9., 94, Je, with the scalar doublets still in the
Higgs basis. The subsequent rotation @ then brings Ly

to the form

1 _
Ly = —— ! fidPaf; +he. (10
Y \/iﬁg;mwaaﬁ »fj +he (10

f=u.,d,e
V2m' .
y;{ij = s[fanéij+C{iap?7 (11)
V2ms -
f
yI{Iij = Cpa™ 6ij_sﬁap}]a (12)
vhy = o < { (13)

where P, = (14 v5)/2 is the usual chiral projector and
v =~ 246 GeV (see for example the discussion in [I9]). 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 = LL Pu Ry,
pa = Ll paRa,
pe = LZ p/\e Re7

where the unitary matrices transform between the weak
and mass eigenstates, and determine the CKM matrix
V = LI Ly. The charged scalars couple to the fermions
as

L = —v(Ulp)H" Pre (14)
~u (VpaPr — plVP,) H"d + h.c.

where U, = Lj, L. is the PMNS neutrino mixing ma-
trix. Since neutrino oscillations are unimportant in
the processes under consideration, we henceforth replace
U,v — v with the understanding that v refers to the
initially emitted flavor eigenstate.

3. EXPLAINING THE ANOMALIES

Our primary motivation is to present a framework that
is able to simultaneously explain the excess signals in pro-
cesses with final state 7 leptons: B — D®7u, B — v
and W — 7v. 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 de-
cay) of the charged Higgs H*, for appropriate choices of
the new Yukawa couplings in p., pq and p,. The decays
of B, B, and h into 777~ provide immediate constraints
on the scenario, which we therefore also consider in this
section.

3.1. B— Drv, B— DWry

New contributions to B — D7v can be mediated by
the tree-level exchange of the charged Higgs H* if pi7
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is nonzero, as can be seen from eq. (14). The matrix
element pl” turns out to be the optimal choice for sat-
isfying 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 pl7 # 0, while
the remaining entries in p%/ are very small or vanishing.

Integrating out the H* then produces the effective
Hamiltonian

T T %

H:PeQ

m3

(7P, v, ] [5 (VpaPn — phvP,)" b]

G (FPu) [CE(EPab) + O, @P.b)] (15)
that is relevant for b — c7v at the quark level. Ref. [15]
performed a fit to the B — D*)7v rates and decay spec-
tral using the two operators in , which interfere with
the standard model contributions. Two viable solutions
for the Wilson coefficients were found there, of which the
smaller ones correspond to

Cs o~ () WVpa)® 125 y
Az mi - TeV? (16)
cb TT\* c

Cs, o )" (V) 102 )
A? mi TeV?

There is an intriguing relationship between the couplings,
(Vpa)® = (plV)* (18)

about which we will say more below.

3.2. B— 171U

The contribution of the new charged Higgs to BT —
7Tv decay modifies the branching ratio (BR) as [12] 20,
1]

G%|Vub|2

B(BT = 1ty) = Sn

m2\ >
m,Te feme (1 — —5
m

2
my (C4, —C§)

X (14
Célr

(19)

my M

where 1y, is the b-quark MS mass, C% and C¥ are
defined analogously to C¢’ and Cg in eq. (15) and
C¥, = 4GF Vi /V2.

To estimate the possible allowable size of the new
physics (NP) contribution, we take the enhancement fac-
tor in the second line of to be less than 2.6, the ratio
between the 30 maximum allowed value of the world av-
erage measurement (1.1440.27) x 10~* and the CKMfit-
ter prediction [22] 0.76 x 10~* of the BR. This gives the
bounds

002 _pr”
TeVZ ™~ mZ

0.05
TeV?

(Vpa)™ + (pEV)™) < (20)

4

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

(Vpa)"* = —(plV)" (21)

In section |5 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 ob-
served versus SM predicted partial width is interpeted
as evidence for new physics, then the condition is
not a strict equality, and we should replace with the
condition

(V)" + (ph V)"

~ -3
Voo vy |

where we used (16117) to eliminate pI7/m3..

3.3. W—r1v

The branching ratios for W — v were measured by
the LEP experiments for the individual lepton flavors,
from the production of WTW ™ pairs. The averaged re-
sults are [18]

B(W = ev) = (10.71+0.16)%
B(W — ) = (10.63 +0.15)%
B(W — v) = (11.38+0.21)% (23)

The ratio of decays to Tv versus the first two generations
is
B(W — 1v)

= 1.066 £ 0.028
[B(W = ev) + B(W — uv)]

RT/Z =1
2

(24)
which deviates from 1 by 2.35 0. It was suggested by refs.
[23, 24] that the excess could be due to contamination of
the W decay signals by charged Higgs bosons with mass
close to my decaying to 7v. In a detailed reanalysis of
data reported by DELPHI, it was found that the discrep-
ancy could be reduced to 1.03 for a charged Higgs mass of
my =81GeV and B(H — 7v) = 0.7, B(H — qq) = 0.3,
values ruled out by the more recent LEP study [25]. Ref.
[23] found that for B(H — 7v) = 1, which is the appro-
priate limit for our model, the observed R,/ could be
explained if my = 94f§ GeV in the 20 region. This is
marginally compatible with the combined LEP limit of
my < 94GeV [25].

More recent LHC measurements of W — 7v [26] do not
see evidence for any excess, but this does not contradict
having an observable effect at LEP since the production
mechanism for W 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 be-
tween our model and those considered previously in this
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~

context. We will require a sizable coupling pI7 = 2.5
leading to a large width for the charged Higgs,
_ el
T+ = —2—my 2 12GeV (25)
167

for m4 = 100 GeV. This could allow for a greater effect
on R;/, with my > 95 GeV than would be possible in the
usually assumed case where H* width effects are ignored.

3.4. 71— K v

Decays of 7 into strange particles are among the pro-
cesses used to determine the CKM matrix element V.
The HFAG collaboration recently noted that the inclu-
sive decays of this kind lead to a determination that is
3.4 0 below the value consistent with unitarity, while the
average from all 7 decays is 2.9 ¢ too low [10]. This dis-
crepancy 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"(Vpa + pLV)uS K m%{
2m3 (my + ms)

Mok = (aTPLu’V) (26)

Taking the central values of |V,s] = 0.2211 £ 0.0020
determined from 7 — Kv and |V,s| = 0.2255 £ 0.0010
from CKM unitarity [I0], we estimate that

(Vg +plV)us = —4.2 x 1074 (27)

(assuming fiducial values pI™ = 2.5 and my = 100 GeV
that will be preferred below). The minus sign is neces-
sary to get destructive interference between W+ and H*
exchange, given that the relative signs of p™ and V p4 are
fixed by requiring constructive inteference in B — D*71v
decays.

We will find that there is some mild tension between
and other observables (notably b — sv) in the nu-
merical fit to be described in section [§] 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
T interactions that are addressed by our model.

3.5. Constraint from h — 777~

Because of mixing in the scalar sector, the SM-
like Higgs acquires small additional couplings cs.ps to
fermions. They contribute to the partial width of h as

T(h— fi fy + f3f;) = Ne—on

h
T (ISsayij + Coapij|®

+i e} (28)
for all kinematically accessible final states (with N, col-

ors), where y;; = v/2m;8;;/v. In our model, pI7 is the
largest new coupling.

New contributions to the decays into 777~ are con-
strained by ATLAS and CMS observations [27]. Devi-
ations from the SM expectation are characterized by a
coupling modifier kK, = |1 + ¢z pl" /y-| € [0.64, 1.14] at
20, where gy, is the SM Yukawa coupling. We get the
least restrictive constraint if c,,p77 is negative, in which
case there are two solutions,

lcsn pi7| < 3.7x 1073
—0.022 < ¢y plT < —0.017 (29)

at 95% confidence level. Later we will adopt a fiducial
value of p]™ = 2.5. In that case the central value of
implies ¢z, = —7.8 x 1073, This region corresponds to
the amplitude for h — 777~ having the opposite sign
relative to the SM value.

3.6. Constraints from B,B,, T — 777~

The considerations leading to fix only a linear
combination of the py couplings, namely Vcdpgb—i—Vcs pfbib—i—
Vcbpgb. It is useful at this point to notice that pg is
strongly constrained by the upper limit of 4.1 x 103 [1§]
on the BR for B® — 7777, In our model, this decay is
mediated by H® exchange, with rate

T odbj2 §2 002 (02 o,2\3/2
P12 fEm% (mf —2m3)
a| JpMp My (30)

-2
64w mi my

I'(B — T+T_) = P

where fp = 0.19GeV is the B decay constant [28]. If
we tried to satisfy the constraint in with only pgb
nonvanishing, anticipating that m+ ~ mpgy ~ 100 GeV
(see section [4]), eq. ([30) would then imply that I'(B —
7777) is as large as the total measured width of B®. We
find the upper limit

2.5

myg 2
pTT
e

db -3
< 1.0x 10 (7
i % 100 GeV

(31)

Similarly, trying to use pgb to saturate results
in a branching ratio of 0.1 for B, — 777~. However
the current limits on this decay channel are very weak,
B(Bs — 7777) < 5% [29, B0]. Using fp. = 0.225 GeV,
this gives a bound on |ps| of

2.5

mg 2
i
(&

B(Bs — 7777) 1/2
100 GeV

sb —3
2.8x10 (
Pa'| < 2.8x 5 x 10~2

(52)
It follows that we must rely upon pfib to provide at least
part of the contribution to the Wilson coefficient C'g,,, if
we insist on its central value from . This gives the
constraint

o (100 GeV>2
ooy (1D 5eV

m+

TT
Pe

2.5

~[0.05—0.12]  (33)

where the lowest value in the interval corresponds to sat-
urating the limit .
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FIG. 1: Left (a): CMS constraints [32] on a charged Higgs decaying to 7v in the m+ < m; and m+ > m, regions. Left (a):
upper limit on B(t — bHT) - B(H" — 77v) versus my in the low mass region. Right (b): er limit on production cross
33)

section times B(H't — 77v) for m+ > 180 GeV. Assumed values of the p% coupling from eq. (

With pf}b # 0, neutral H° exchange also leads to the
decays of the bb bound state xso — 777 at tree level.
In the SM such decays are dominantly electromagnetic,
which greatly suppresses the BR of the H’-mediated pro-
cess. No bounds on leptonic decay modes of x4 are given
by the Particle Data Group. For Y the branching ratio
for 777 final states is (2.60%0.10)% but since it is a vec-
tor, H® cannot mediate the decay at tree level. Rather
it proceeds at one loop with virtual H° and photon ex-
change. We estimate that it contributes less than 10714
to the branching ratio.

4. COLLIDER CONSTRAINTS

We next consider LEP and LHC searches for charged
and neutral Higgs bosons with decays principally into 7
leptons, as predicted in our model. The charged Higgs
can also have an indirect signature through its effect on
the h — ~~ partial width.

4.1. Charged Higgs searches

ATLAS [3I] and CMS [32] 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
my € [80, 160] GeV and [180,1000] GeV, complement-
ing previous LEP studies that excluded m4 < 95GeV
[25] for H* decaying with branching ratio of 100% into
777 as is the case in our model.

At low masses m4 < 160 GeV, the product of branch-
ing ratios B(t — Hb)- B(H* — 7%v) is bounded, since
the dominant production process is through top quark

are indicated.

decays into H*b. Our model predicts that

(1+9%)(p%)?
32w m3 f.‘lt (m% B mi)Q

TT 71{\/
BH* =) = (1+3) /T ) =1 (34)

B(t — Hb) =

ignoring my, where I'y = 1.4 GeV is the measured width
of the top quark.! The prediction is plotted along with
the CMS limit in fig. a), using the upper and lower
values of p%’ consistent with R(D) from eq. (33). For the
smaller value of p%, there is almost no restriction on the
allowed mass m4-.

At higher masses m4 > 180 GeV, the H* is produced
by its coupling to tb, either through gg — H*tb or gb —
H*t. In fig. b) we compare the CMS bound to the
model predictions taking the lower value of pgb indicated
in eq. (33)2 A charged Higgs mass up to 220 GeV could
be consistent with this search.

4.2. Neutral Higgs searches

ATLAS and CMS searches for the neutral H decay-
ing to 777~ [33H35] put much stronger constraints on
our model, forcing us to consider low values of both my
and m. Since the p% coupling scales as m3 to fit R(D)
(eq. ), HY typically has a larger coupling to b quarks
than does the SM Higgs boson. As a result, neutral H°
production by gluon-gluon fusion [36H38], which is the
dominant process for the SM Higgs, can be small com-
pared to bb fusion, leading to strong constraints on the
o(bbH) cross section. These limits are weakest at low

my, and also at low m4 due to the scaling of pf’ib x mi.

1 The NP contribution to 'y must be less than 1% in the experi-
mentally allowed region.

2 We thank Grace Dupuis for computing this production cross sec-
tion using MadGraph



10

\\ ~
— \ 'Q
g s
. bb
= 1 — p, =011 J -
= bb e
1 ' © py =005 T
. . o S
T NS CMS limit an
o 0.1r NS EE
T =
& 001t T
el
a
= el
s} =
| | | | | ‘ b
100 200 300 400 500 600
(a) m,, (GeV) (b)

19.7 fb' (8 TeV)

CMS Preliminary
= SR T
m,=90 GeV

: 19.7 fb! (? TeV)
[Jos% cL
[esx cL
=+ Best fit

n CMS Preliminary . :
[ m,=100 GeV |:|95% cL
Oes% cL
+ Best fit

1 ¢

+ predi tion

| 2\

NI Y I

o(ggH) - BH—TT) (pb)

FIG. 2: Left (a): predicted bb fusion cross section versus neutral Higgs mass for P8 = 0.05 and 0.11, and CMS preliminary
upper limit [35]. Right (b): allowed regions in the plane of bb fusion verus gg fusion cross sections, for myg = 90,100 GeV.
Theoretical predictions for 0.07 (0.05) < p% < 0.10 are indicated for mg = 90 (100) GeV, having negligible o(ggH). Figure

adapted from ref. [35].

In fig. [2a) we plot the predictions of our model for
a(bbH) versus my (note that B(H — 7777) = 1 to a
very good approximation), using the values pgb = 0.05
and 0.11 suggested by eq. . To compute o(bbH ), we
rescaled the cross sections obtained in ref. [39] (which
are computed for a range of my) by the more accurate
recent results (computed at a few values of my) in ref.
[40]. Only for the lower value of pfib are there any regions
consistent with low my. Large values of my cannot be
reconciled with p? as small as assumed (~ 0.1) because of
the p%? o« m3 scaling, and the need to keep |my —mp| <
75 GeV to respect electroweak precision constraints. In
the optimistic case of p%’ = 0.05, we find an upper limit
of myg < 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 very small values of the former, ~ 0.1 pb,
but significant values of o(bbH). We show the range of
predictions corresponding to pgb = 0.05 to 0.10 by the
vertical arrows. The lower value corresponds to satu-
rating the limit on B, — 777~ in eq. (32)) in order to
make plo’lb as small as possible in eq. (33). The higher
value corresponds to a branching ratio for B, — 777~
of 5%/+/2 = 3.5%. There is a strong correlation between
B(Bs — 7777) and the possibility to satisfy the CMS
constraint, leading to our prediction that B(Bs; — 7777)
cannot be much smaller, unless the evidence for Cg,, from

90.0
0.39

92.5
0.70

95.0
1.07

97.5
2.88

100.0
5.29

MH
595

TABLE II: LEP limits [4I] on the production cross section of
neutral Higgs bosons from pair production ee™ — HH* —
T+7'77'+77, as a function of their mass my in GeV. Sos is the
95% c.1. upper limit on the ratio of the observed cross section

to the predicted one.

R(D) (eq. ) becomes weaker.3

LEP also constrained the neutral Higgs boson mass in
the case of interest for our model, where H — 77~
almost exclusively [4I]. The statistic Sgs is defined as
the 95% c.1. upper bound on the production cross section
of HO 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. Sgs versus myg is listed in
table [T, showing that my must be greater than 95 GeV.
For mpy > 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 counstrained the gluon fusion cross section o(ggH)
times B(H — 7177) to be less than 1.7pb for myg =
115 GeV [42], while the SM prediction is o(ggH)sm
1.07pb [3]. In our model o(gg9H)/o(99H)sm
(pft/y)? =2 2 x 1073, far below the CDF limit. Sim-
ilarly to LHC, searches for H — 777~ in associa-
tion with b quarks are more sensitive. D@ constrained
o(bbH)-B(H — 7777) < 0.8 pb for my = 115 GeV [44].
The SM cross section is o(bbH) ~ 6fb near this mass
[45], which gets scaled by (p%/yp)? = 5 in our model,
again much smaller than the limit.

In summary, my = 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 section [3] A large value
pi” = 2.5 is also needed, which we will show is allowed
by lepton flavor universality of Z — ¢¢ decays, in section

3 At mg = 125GeV, with pI™ = 2.5, we can obtain pzb = 0.07
with B(Bs — 7777) = 2%. Lower values of my = 125 require
larger B(Bs — 7777).



Larger values of my require larger values of pgb to
explain R(D), making it more difficult to respect searches
for the neutral Higgs.

4.3. Charged Higgs contribution to h — v

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

A~ 3Q7A1)a(me) + A1 (w) + g+ Ao(T2)
Ao(1) = —772 (1 — arcsin(y/7)?) (35)

(see for example ref. [46]) where the first two terms are
from the top quark and W boson loop, giving —6.5,
while 74 = (my/2m4)? and g+ = A\v?/(2m3) in the
last term. The effective coupling strength is therefore
ky = |A/6.5] € [0.72, 1.14] using constraints from AT-
LAS and CMS [27]. We then find that the Higgs potential
coupling A; is bounded by

—-07T< M <14 (36)

for m4 = 100 GeV.

5. 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 [47], where up and down
quarks are restricted to couple to different Higgs dou-
blets. More recent ideas include the Cheng-Sher texture
[48], MFV [IH3] and alignment [I3, 49]. The ansatz we
suggest is distinct from these, and takes the form

PV =nUVpqg (37)

where n < 1 and U is a diagonal unitary matrix, whose
first element is U;; = —1, while the second is Uy =
+1. The third element Uss is not yet determined by
experimental constraints. We note that if Usz = —1 then
U would be special unitary. The structure must of
course be supplemented by a choice of entries for pg 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 Uiy
and Uss are such that the relations are satisfied.
The effect of the sign difference between Uj; and Uss
can be understood by using to eliminate plV from
the charged current interactions of the quarks with H™,
which then take the form

L= —H+ﬂi (PR -7 UiiPL)(Vpd)ij dj + h.c. (38)

If nU;; = —1, the projection operators combine as
P, + P, = 1 for the coupling to up quarks, forming a

pure scalar ub that cannot interpolate between the pseu-

doscalar BT meson and the vacuum, hence giving no con-

tribution to B — 7v decay. For nUss = +1, the combi-

nation Pr, — P, = 5 is pure pseudoscalar, in agreement

with the sign difference in the fit result C = —C¢ [15]
R L

for B — Drtv.

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

[ 0.78,
=083,

It is encouraging that these two estimates are consistent
within the experimental errors. We adopt the compro-
mise 7 = 0.8 in the following. We note that in the limit
n = 1, the excess in B — D™ v 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 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 section [[0] we will show that such a structure can rea-
sonably 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 FCNC’s, in con-
junction with some specific choices of pg couplings.

R(D(*))

B — T1v (39)

In section [8] we will allow for all elements of pg 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 py. The fact that there exists a so-
lution that can satisfy many more than nine constraints
(not all of which are upper bounds because of the anoma-
lies) is striking. Moreover we will show that there is no
need for fine tuning of the parameters.

6. FCNC CONSTRAINTS: MESON MIXING

Although the anomalies in question can be accounted
for with only the p% element dominating in p; (and
psP ~ 0.02 p%), naturalness demands that we consider
nonvanishing 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.
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6.1. Neutral meson mixing: generalities

The new Higgs bosons induce contributions to neu-
tral 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 con-
tain 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 addi-
tional ones are also generated.

The most general effective Hamiltonian for neutral me-
son mixing is

H-y (¥ ovey

ij \k=1,5

+ > CRY (40)

k=1,3

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

7= @) (@5 dh ) (41)
¥ = (@haat ) (@haar,) (42)
Y o= (Gt ) (@ aat ;) (43)
jij = (Q?%,iqg,j)(qg,iqg,j) (44)
Y= (ahal ) (@ %) (45)

Here «, 3 are colour indices, and Q) are related to Qy
by taking R <> L. The coefficients of the latter are ex-
perimentally constrained at the same level as the ones
without tildes.

Integrating out the neutral scalars, we obtain the co-
efficients

Cciio— Z (yl&)?j (46)
2 = 2
¢=h,H,A 2m¢>
~ij (Yo)3;
02] = 2m?: , (47)
b=h H,A
AV |
Cij _ Z (y¢)w (Y )ij (48)

é=h,H,A 2 mi
If H and A are nearly degenerate as we envision in our
model, then there is strong destructive interference be-
tween their contributions to Cy, Cy. This can be under-
stood in terms of the original complex fields H &7 A 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 C}’, so it provides the most strin-
gent constraints, unless one of (y4)i; or (y d>)?7 vanishes.
However naturalness favors roughly symmetric Yukawa
matrices, as we will show, so that Cy’ is not suppressed
in this way.

6.2. Tree-level constraints on mixing

New tree-level contributions to neutral meson mixing
are mediated by the neutral Higgs bosons. The Cy’ coef-
ficients get contributions of opposite signs from the CP-
even and odd boson exchanges. Using the mass relation
@, they can be reorganized into the form

ij\2 T .2 2 2 2 2
Gl (pi)? [csa _ Cha , ChaT 2A3v (49)
2 2 mi3  m3 m%4 m%
Jix\2 2 2 2 2 2
C’L] _ (pd ) Cﬁoz _ Cﬁa + cﬁamh _ 2)\31')
2 2 m2 m2 m2 m?2
h A AMy

The terms proportional to cﬁa are negligible if A3 is not
too small. Later we will find that A3 = 1073 can be
consistent with technical naturalness, so we adopt this
value in what follows. For myg = my = 100 GeV, the
constraints on the coefficients become [50] 5]

1.3-107% 5.1-1074

_sd ~cu

Pa- < {9.3~106}’ pd <{12~104}

o < 1.1-1073, P <9.6-1072 (50)

where p}j stands for either |p/| or |p}]|. For K (sd) and
D (cu), we show the separate limits from the real (upper)
and imaginary (lower) parts of C3’. In our fits we will
impose the more stringent ones. These limits scale as
(mp /100 GeV)(\3/1073)~1/2,

In the limit of small Higgs mixing and nearly degener-
ate H and A, the C} coefficients take the form

pg Py
2

i o~
c)y = -
H

(51)

where ¢ = d for K, By, Bs and ¢ = u for D mixing.
Unlike Cs, they are not suppressed by cgz, or Ag. Again
for myg = 100 GeV, we have the upper limits

6.0-10 2.4-107°
V0eE et < {4.2.10_7}, VIpuepst] < {1.0_ 10_5}
VI0p%phd] < 4.6 x 1075, /[p3Pp%| < 4.0 x 107* (52)

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

6.3. Omne-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

cii 1 (ph pa)} . (pa Ph%
! 12872\ mi m%
el (11
cy = L=+ — 53
! 12872 \m2 * m% (53)

ij o A 1 g f me(ln%—%
Gy =05 =3C¢ = [(Vpa)iy (V)| ———=—5—

6472 mi
i (phpa)is [ (paph)ss n (phpa)i;
> 322 m? m3

while for D% mesons

! 12872 m3 m?

A (Vpa PdVT) 1 1

CMJ.C = —-—r _— _ 54
! 12872 m3 * m2; (54)

cuve — _ (Vpa pLVT)%C _ (Vpa pj;VT)uC(thTi PaV e
5 32m2mi 32m2m?

We omit the C39 coefficients that are suppressed by mi.

The box diagrams containing H*WT exchange give
rise to

ij VtJ Vi (Vpd)tj (Vpa)i; m2 mi
o = 12872m my \In e =2
g 2( T)..( )is
cii = 92\Pa)ij\Pd)ij
64m2m3
(55)
for down-quark type mesons, while for D° mesons
oo = B2V DuclVpaV e (56)

6472 m>

and we neglect the mZ-suppressed contribution to C}*.

These loop contributions turn out to be much smaller
than the tree-level ones previously considered; in the nu-
merical fit of sectionthey are at most a factor of ~ 1073
below the upper limits. But since they depend upon dif-
ferent combinations of the p couplings, which are hierar-
chical, it was not a priori obvious that they should be
negligible.

7. RARE DECAYS AND (g-—2),

Our model predicts a variety of rare decays beyond
those already considered in section and a new con-
tribution to the anomalous magnetic moment of the 7.
Although they are potentially constraining, most of them
turn out to be less so than tree-level meson mixing. The
loop enhancement of Z — 777~ (and Z — v,u,) is
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the most important of these since it sets the limit on
how large the p]™ coupling can be, which is central to
the explanation of the 7 anomalies. The prediction for
7 — 7w~ v is close to the experimental limit for this de-
cay, while the NP amplitude of b — s is the next most
significant, a factor of four below the experimental limit.

1. Z o7t

The coupling p;" introduces lepton universality viola-

tion in T'(Z — £{), when comparing ¢ = 7 to £ = e, j1.
Such deviations are constrained by LEP, which has re-
ported [I§]

0(Z —7777)

Brye = [(Z —ete)

= 1.0019 £ 0.0032 (57)
The new contributions from exchange of the heavy
charged and neutral scalars are shown in fig. These
one-loop diagrams give the effective interaction term for
the right-handed component of 7 coupling to Z:

Loty = —(9rp +097) (TRYTR) Z" (58)
_ 2 __°€
9rr = 97 Sy, 9z Cor S
|P27|2 A
0Grp = T 3902 Frp,
Frp, = 2 (F2— (1-2s))F) + sL F?)

+ 5 (- =283 FF + B+ 5% F)

where ¢, = cosby and sy, = sinfy,. In the limit of
vanishing lepton masses, the loop integrals involving the
neutral Higgs H? are given by

1 11—z 2 2
F? 2/ dm/ dy (ln (z+ y)mHZ i mZ)
I

2
xymy

F / dw/ (ln+ —i—l)
M}

[with M7 = (1 —z — y) m} — zym}]
2
m
FO = 17211175 (59)

while those involving H* (denoted by Fl-i) are the same
but with m% — m%. We have neglected terms of order
c?  in the Higgs mixing. Dependence on the renormal-

(below).

Ba
ization scale p drops out in F,,

v4
/ v N /

(a) (b) (©)

and F,

FIG. 3: Diagrams contributing to Z — 777 7.
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FIG. 4: Contours of upper bound on |pI7| from lepton fla-
vor universality of Z — 74~ decays, in the plane of neutral
versus charged Higgs boson masses.

The analogous expressions to for the couplings of
Ty, are given by

‘CCH,TL = _(gTL + 6gTL) (’T__L’YHTL) ZH (60)
9r, = —%gz(l - 23%/)
Pl gz
6gTL = 3972 FTL?
Fry = —5F) + 53, F) = §(1-2s3,) F!

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

o I7n 0Grp + 97097,

ART/S = 92 +92 (61)
TR TL
|p‘£7|2 (_ZS‘QA/F‘FR + (1 _QSav)FTL)
82 4st, + (1 —2s2)2

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

to obtain the upper bounds on |[pI”| shown in fig. 4l (A
similar calculation for more general boson masses was
carried out in ref. [52].)

7.2. Z = v,

Similar diagrams to those in fig. [3| contribute to the
amplitude for Z — v, v, decay. We find that the pertur-
bation to the tree-level coupling in analogy to (5860 is
given by

Eeff,u.,. = _(gl/,- +5guf)(177'7,u41/7) s (63)
Gv, = 39z
B |pTT‘2
09, = 3271'2 ot
F,, = i1-28)Ff+sL FF+1Ft

11

The branching ratio to invisible decays is changed by

A]-—‘inv 2 v. 0 v o 2Fl’
— gq— gT:7|p6| T (64)

Tinv 392 2472

For the fiducial values p]™ = 2.5, m+ = 100 GeV that we
will adopt, this leads to an increase Al'j,, = 1.1 MeV in
the invisible width of the Z. This is close to but consis-
tent with the combined LEP upper limit ATy, < 2MeV
B3] at 95% c.l..

73. W —=>Ttv

Distinct from the tree-level H* decays that might
have faked W — 7v events at LEP, discussed in section
there is an actual perturbation to the amplitude for
W — 7v from loops analogous to those in fig. 4l 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 fractional correction to the Wrv coupling
of

) ry TT|2
gw — |pe | I:QFai
9w rv 6472

+3(FY+F)] (65)

with the loop functions in brackets evaluating to ~ —0.1
for the Higgs boson masses of interest. For pl” = 2.5,
this leads to a fractional increase in the branching ratio
of 0.2%, which is the same as the experimental error [18§].
This contribution, while not enough by itself, goes in the
right direction and could work in combination with the
H#* decays to explain the the observed excess.

7.4. 7 anomalous magnetic moment

The anomalous magnetic moment of the 7 is at present
only weakly constrained, —0.052 < Aa, < 0.013 [I8]. At
one loop, the leading contribution in our model comes
from neutral H exchange (see for example ref. [54]),

TT|2 2 2

Aa, = I (”“) ~2 %107 (mOGW>

81 miy myg myg
(66)
where the loop function evaluates to F' = 7. The anal-
ogous contribution from charged Higgs exchange has a
much smaller loop function 22 —0.2.

Frequently the dominant contribution to such pro-
cesses in 2HDMs is the two-loop Barr-Zee (or Bjorken-
Weinberg) [65 56] diagram with a top quark or other
particle in one of the loops. We find that indeed the con-
tribution from the top quark loop exceeds the one-loop
contribution, giving

TT tt

Aa, = a’;eﬂf“ FO[(my/my)2] STx 1074 (67)



where FM[(my/mp)?] = —1.14 for myg = 100 GeV, us-
ing the notation of ref. [54], and we took p%f < 0.08 from
eqs. . Although this is much smaller than the cur-
rent experimental bound, it is two orders of magnitude
larger than the SM prediction [57]. We find that the
other Barr-Zee diagrams are smaller, contributing 10~°
from the 7 loop analogous to @ and 1075 from the di-
agrams with ¢,b,v, HE, W* in the loops (Aa(f) in the
notation of [54]).

7.5. Hadronic decays 7 — n~ v, K" v and Ds; — v

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

= (7.00 & 0.10) x 10~3 [I8]. The amplitude for 7 —
K~ v was already given in eq. . Using the CT flavor
ansatz (37) we have (V pa+plV)us = (1—=1)(Vpa)us. For
7 — 7 v, one replaces (Vpi)us = (Vpd)ud, ms — Ma,
myg — my and fx — fr.

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 section is just due to a sta-
tistical fluctuation, then by demanding that the extra
contribution to the branching ratio does not exceed the
experimental error, we find the constraints

|(Vpa)us| <7 x107% |[(Vpg)ual <1 x 1073 (68)

assuming that pl” = 2.5 and mi = 100 GeV. We note
that this constralns couplings pd and pf’ different from
those ( and ,0 ®) required to explain the B decay
anomahes In the fit to be described below (section '
we obtain (Vpg)us = 2 x 1074, (Vpg)ua = 9.5 x 107%
The NP contribution to 7 — n~ v is therefore close to
the limit.
The matrix element for Dy — 7v is

pe” (Vpd)es fp, mQDS
2m% (me. + ms)

where fp, = 0.248 GeV [58]. Using the observed branch-
ing ratio (5.55 4+ 0.24)% [I8] we obtain the bound

Mp, s =(1+n) (U7 Pruy,) (69)

[(Vpa)eal <1x107° (70)
The value from our fit, (Vpg)eq = —2 x 1074, is consis-
tent.
7.6. b— sy

The off-diagonal couplings in pg and Vpg introduce
new contributions to b — sy at one loop, which is en-
coded by the effective Hamiltonian [59]

4G
i - -rvv cocon @
07(07) = e 5 (0w Prwy) b F*

1672
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Because of operator mixing, one should also consider the
analogous operators Og, Of for the chromomagnetic mo-
ments. These have been computed for type I and II
2HDMs [60, [61] but not (as far as we can tell) for a gen-
eral type III model. A full computation for this case
might be interesting for future study. However most of
the contributions 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,

= (4Gp/V2) U (Emy VP, — € VmgPr)d  (72)

where m,, 4 are the quark mass matrices. The dominant
contributions to the one-loop charged Higgs diagrams in
our model can be estimated by taking

f2 - 1 (pLV)ts (pLV)tb
thGF ‘/ts ‘/tb
= 45U (Vpa)is(Vpa)w (73)
, 1 (PiV)is (Vpa)uw
&= 2m, mpyGr Vi Vip
= 2.3 x10° (Vpa)is(Vpad)w (74)

in the Wilson coefficients [61, [62]

- 3y + 2y 3y — 5y?
cr = & (G e 12<y—1>2> (%)

e 3y + 2¢2 I —8y3 — 52+ Ty
12(y — 1)4 72(y —1)3

/ Yy y? — 3y
< (2(2/— 1)3 oy + Ay — 1)2)

2 3 2
2 Y -y’ +5y" + 2y
1
+ e (4(y—1)4 ny 24(y —1)3

+

Cy

where y = (m;/m+)%. In we have indicated the
expressions following from our flavor ansatz that in-
volve the undetermined sign Uy = £1. In the type I/I1
models, C% is smaller than C7 by a factor of ms/my, but
we do not expect that in our model since there is no sup-
pression of the right-handed couphngb by mg. Instead,
the prlmed coefﬁments are given by (75| after mterchang—
ing plV < Vpg in . With our ﬂavor ansatz (37)), this
implies that &2 becomes larger by the factor 1/n* = 1.56
while ££' remains the same.

Recent constraints on C7 and C% (by which we always
mean the NP contributions) at the scale of m;, have been
determined by ref. [63],

Cr(my) € [—0.055, 0.02],
Cl(my) € [—0.03, 0.065] (76)

at 20. The coeflicients (75)) evaluated at the weak scale
must be run down to my, [60],
Co(my) = n'%/28C; + %(7714/23 — 16/23)
= 0.6C7+0.1Cs (77)



at leading order in QCD corrections, where n =
as(mw)/as(mp) = 0.5. The primed coefficients run in
the analogous way. The numerical fit of section [§] yields
Cr(mp) = Ch(myp) = 4.9 x 1073, four times below the
limit for Cf.

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
[17, [64)

V2N, QthapZ”pfff

8mmymy G Vip Vis

2 /miy) = -1

Cr = (mi/m3) $107% (78)

where the loop function f(m

7.7. 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 (Vp4)ia is CKM-suppressed, and for
¢ — w7y the dominant graph is from an internal b quark.
For these decays we content ourselves with an estimate
based upon the analogous treatment of leptonic processes
T — py studied in 2HDMs [64], which obtains the sepa-
rate contributions from neutral as well as charged Higgs
exchange. Defining the operator coefficients in the effec-
tive Hamiltonian as

Heff — ME HV(A;dPR_‘_AidPL)bFHU (79)
we find
Asd Asd Z Qqmy Vpd)qd(VPd) mi
q=u,c th ms  16m*m Mg
dq qs qd qs
Asd [45d) — mq Py’ Py [(Pg Pd )l . (mu
R [ L] q:zd; bms ].67'('2 f mg
Asd [ASd] — pgs Ys Caa [Pzd* Ys Cﬁa] f % (80)
R 1672 m? M

where the loop function is f(z) = Inz? — 3/2. Our
numerical fit values of the couplings implies |Azd’R| =
—2 x 1075 TeV~2,

The dipole operator gives rise to a hadronic matrix
element

VEffT

Mmg + mx

(m°[50"d| K°) = (Phpk — Picry) (81)
with fEK™ = 0.4 [65]. It vanishes for on-shell photons
in the decay K — w7y, but gives a nonvanishing contri-
bution to leptonic modes mediated by the off-shell pho-
ton. Because A3 = A3d* it does not contribute to
the CP-violating decay K — w¢T{~, but it does con-
tribute to Kg — m¢T¢~ whose measured branching ratio
is (3 £1.5) x 10?2 [18§].
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Adapting results of ref. [66] for K decay, we find

AB(Ks — mete™)  [2¢e2QsmsBrRe(A%)\ 7(Ks)
B(K+ — m%ty,) VusGrmi T(K)
(82)

where By = 1.2 and ¢ accounts for the renormaliza-
tion of Ai—f between the scale my and pu = 2GeV

where the lattice matrix elements are computed. Assum-
ing that the chromomagnetic moment gSJUWGWs gets
generated with the same coefficient as the electromag-
netic one Qsecia,wF “Ys at the scale my and account-
ing for the mixing of these operators under renormal-
ization, ¢ = n?(1 —3-8(1 —n~1)) = 2.7, where n =
(s (mar) fevs (my)) 2/ (g (i) Jus (1)) = 09, Eq.
(82)) then gives the new physics contribution AB(Kg —
mlete™) =3 x 10713, far below the measured value.

7.8. c—uy

Proceeding similarly to the case of s — dv, the dipole
operators for ¢ — w7y get contributions to their coeffi-
cients given by

A%" _ (Acu Z Qj 2;} (Vpd)uq(vid)Zq f (Tnj:)

2,2
eadeb 1672 m mg
3 mq puP% [(pdpt")"] . (mu
Abs Acu — g Pu u Fu
% [A7] Me 1672 m?, / mg
g=u,c,t
P’ Ye Coo (PG Ye Coal o (T
ACTL ACTJ. — u u 83
¥ (A" el g () s

The second of these (mediated by HY in the loop) is
the largest, contributing A%' = 2 x 1074 TeV~=2. It is
difficult to put precise constraints on this quantity be-
cause of highly uncertain long-distance contributions to
the observable amplitudes. Here we content ourselves
with a comparison to the SM short-distance contribution,
estimated to be A%4, = 0.02 G Vs Ves [ (2V/21%Q.) =
2 x 1073 TeV~2 [67, [68]. On this basis the new contri-
bution appears to be sufficiently small, especially since
the observed Ac = 1 decays are dominated by the long-
distance contributions.

8. NUMERICAL DETERMINATION OF
COUPLINGS

We now demonstrate numerically that it is possible
to find values of the parameters consistent with all ob-
servables. We continue to assume that myg = my4 for
the new neutral Higgs bosons, and adopt the benchmark
choice mH = 115GeV, while taking m4 = 100GeV
and pl”™ = 2.5, consistent with a Higgs mixing angle
Cpo = —8 x 107 3 from eq. . These values also sat-
isfy collider constraints as long as pd , ptt are sufficiently
small, as we will verify, and Z — ¢¢ universality.
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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(CY) are shown as solid
lines, while those for Re(C?) are dashed, for the cases where
there is a distinction. The new neutral Higgs boson mass is
assumed to be 115 GeV.

The best-fit values of the quark couplings pg are de-
termined using a x? 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 x2? with respect to the el-
ements of pg, with p,, determined by the CT ansatz ,
requiring that the upper limits on the Wilson coefficients
CM not be exceeded for any meson M. Minimizing 2
leaves some degeneracy in the fit with respect to prod-
ucts of the form pi pJ*, which generally must be small to
satisfy the mixing constraints. We partially resolve this
degeneracy by trying to enforce |pi/| ~ [pJ'| as much as
possible, to avoid having matrix elements that are un-
naturally small, as we will discuss in section [9]

We make the simplifying approximation of real-valued
pa and p,.* This requires ignoring the phase of the CKM
matrix as well since p, = anJ;VTU according to ,
where we take n = 0.8 and U = diag(—1,1, —1) for defi-
niteness. We therefore approximate V' as an SO(3) ma-
trix using egs. (12.3-12.4) of [18] with the replacement
p+ i — (p* + 72)Y/2, leaving for future work to incor-
porate phases into the analysis.

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

83-107% 1.1-1077 1.3-107*
pa = 3.8-1077 7.7-107* 28-1073 |(84)
—1.2-107% —2.1-107°% 5.5-1072

4 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 im-
posing the more stringent imaginary part limits.
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—-6.6-107%* 35-10% 14-107*

pu = | —21-107° 7.8-107* 1.8-1073 |(85)
—76-107% 4.0-1073 4.4-1072
81-107* 1.7-100* 9.5-107*

Vpa =| —=19-107* 7.5-100* 5.0-1073 |(86)

—6.8-1076 —-5.3-1075 5.5-1072

Recall that only pg4 is independent; p,, is determined, and
the charged Higgs couplings Vp, are shown for conve-
nience. Other solutions can be found with smaller values
of the matrix elements not needed for the B decay anoma-
lies (p% and p2?); 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 experi-
mental limits on the magnitude of the C1~7"%"%* Wilson
coeflicients corresponding to the tree-level contributions
to meson mixing from H exchange. For K° and D° we
satisfy the more stringent constraints on the imaginary
part of Cy, noting that Im(C§) comes from the phase
of (VplV1)ue(Vpl Ve, 22 (Vi V2 |pb])2, which is of the
same order as the real part.

For the values of pgb and pgb given in , 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%.

8.1. Including 7 — Kv deficit

In the preceding fit we did not try to obtain the neg-
ative value of (Vpg4)ys favored by eq. for explaining
the low 7 — Kv determination of V,,. Doing so in-
troduces some tension with the limit on b — sy. We
are able to obtain (Vpg)us = —1.8 x 1073, so that
(Vpa+piV)us = (1 =1)(Vpa)us = —3.6 x 1074, close to
the target value of , while respecting all other con-
straints except for a marginal violation of the 2 ¢ limit
on b — sv. The fit gives C}, = —0.036, which is still in
the 3 o allowed region of ref. [63].

9. ONE-LOOP CORRECTIONS TO COUPLINGS

A texture present in the p matrices at tree level gets
modified by loops involving products of p, 4 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 un-
der the full SU(3),xSU(3)qxSU(3)q flavor symmetries,
constructing all combinations that transform in the same
way as the couplings of interest. This generates a large
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
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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.

to the scale of electroweak symmetry breaking. In partic-
ular, it accounts for one-loop diagrams of the type shown
in fig. [6fa,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, hop-
ing that the terms included are reasonably representative
of the full corrections. It is also possible that they give
an overestimate of the true corrections, as the example
of Z — 7777 in section showed. In that process,
the perturbation to the vertex turn out to be consider-
ably smaller than a naive estimate of the loop diagrams
suggested.

It is clearest to think initially in the unbroken phase,
using the couplings ¢y 4, and py 4. of the Lagrangian
in the original field basis before diagonalizing 3 4,c-
The spurious transformation properties of the Yukawa
matrices under the flavor symmetries are

(Gus pu) = Voo Gus pu) Vs
(Ja, pa) — VCB (Ya, pa) Vi,
(fespe) = Vi (e pe) Ve, (87)

where V; denotes an element of the SU(3); flavor sub-
group.

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):

' (gju ﬁl)} : (gch ﬁd)
T Y N e A (88)
+[(Ga, pa) - (Gg> Pg)) - (Ja; Pa)
Hence flavor symmetry alone allows 16 possible combina-
tions 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 small mixing angle c4,, since for example the prod-
uct of the two vertices associated with a loop involving
H goes like p? + ¢, py+c2, 92, while those connected to h
give 92 + csa Py + c%a p?. 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
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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.

9.1. Corrections to quark couplings

Beyond tree level, we can no longer characterize the
nonstandard couplings by just pg 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
corrections of the form

h
6£q = — Z (jL (\/5 (Syq7h+H6pq,H> 4R (89)

q=u,d

— H"a (5(V,0d)iPR — 5(pLV)iPL) d+ h.c.

where H = (H° + iAO)/\/i From examination of the
diagrams in fig. @(a,b), we estimate the corrections

SYuh = €4 YuYiYu + €1 puplyu + €5 Yuplpu
+ €l puyhpu+ € VoayiVipy + €5 VpaphViy,
+ Coaf€l, puplipu + € yuplyu + € puylyu
+ e yuylou + € VpapVipu} (90)
Syan = €hyaylya + €2 paphya + €5 yaphpa
+ €hpayhpa + € Vipuyl Vi + €S Vpupl Vi
+ cou{€l paphpa + € yapiya + € payiya
+ e’ yayhpa + it VipuplVoa} (91)
SYut = Cond YuUlyu + 12 puplyu + 15 Yuplpu
+ 0 pulow + 05 VoayiVipw + 05 VoaplViva}
+ 0 puplpu 0 Yupl Y + 1 PulhYu
+ 0 yuyhpu + 18 Vpapi Vi, (92)
Syar = Coulni Yayiya +n3 papiya + 03 yaphp
+ 03 payspa + 15 VipuylVpa + 08 Vipupl Vya}
+ 1% papypa + 15 yapya + 1 paylya
+ 18’ yayhpa + 05t VipuplV pa (93)

S(Vpa)x = C3puplVpa+ CGyuplVya+ ¢ yuylVpa
+ i Vpaplhpa + G Vpaylya
+ oa{CGyuplV pa + CG pupl,Vya + GG puylV pa
+ ) Vpaphya + 0 Vpaylpat (94)



S(piV)e = ¢ plVpaph + CylVpayl + ¢ ol Vyay)

+ CophpuptV + G ylyuplV

+C{C6TV T+7TvT 8 TV of
501Cu PuV PaYg + Cu YuV papg + Cu iV yap,

+ CylpuplV + G0 plyupl VY (95)

Here the coefficients G’J}, 77}, C} are all assumed to be of

order 1/1672. The contributions that are suppressed by
Cs. can be understood as having an odd or even number
of p or y insertions respectively. For completeness, we in-
clude two corrections that exist also within the standard
model, namely €. ;. 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 esti-
mates using the numerical values of the couplings in .
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

10=8% 1076 10~*

5
’pdﬂ’ =|10% 1077 1075 |, n3  (96)
Pd 10—5 10—4 10_5
5 1077 107* 1072
' pu7H‘ = 10_4 10_5 10_2 I T]'LBL_lo (97)
Pu 1072 1072 10~
5 107° 02 0.2
cyd’h =1 001 107* 1072 |, €  (98)
ga Pd 01 06 02
5y 1073 0.9 2
Egiﬁf; =| 03 00508, € (99)
sa Pu 0.2 02 04
1072 10=7 1077
R R L R AL
pd 10—2 10—2 10_2
10-7 107% 1075
S(of
'(pt;v)i =110° 102105 |, ¢ (101)
puV

1072 1072 1072

The most potentially worrisome elements are the cor-
rections to ygfh and y,/9,, which can increase the tree-
level contributions to D and B, mixing mediated by light
Higgs exchange. The relatively large corrections to ¥y n,
namely oy, , 6y<t, ~ 1, are harmless since they only af-
fect ﬂavor-éhangihg decays of the top quark, which are
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weakly constrained by observations. The other correc-
tions can perturb the predictions for the C5 mixing coef-
ficients in eq. by factors of at most O(1). But these
coefficients are less constraining than the Cy’s in our fit.
The one that comes closest is CQB * 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.

9.2. Lepton couplings

Unlike for the quark couplings, naturalness does not
require us to turn on any significant off-diagonal elements
in p%. In the absence of neutrino masses, these are not
generated by loops. Charged Higgs exchange generates
an off-diagonal coupling of order

TT
pr Aipl” mymy,
e,h 2 2
1672 m2i

(102)

which is negligible. This conclusion would also remain
true if we allowed for nonvanishing pt® and pi* entries
(with smaller values than p77). We do not pursue a more
complete exploration of the allowed leptonic couplings
here.

9.3. Higgs potential coupings

We can estimate the size of corrections to the Higgs
potential couplings A; more definitely than those for the
quark couplings since the beta functions are known; see
for example ref. [69]. Our scenario requires that Az < 1
and A5 < 1, whereas the other A; could be larger. Taking
€ = 1/1672, the dominant contributions to the one-loop
corrections are of order

GA1 ~ € [(A+ Ag)(6A1 + 2X2) + 2T + A3 + 2A]
+3M (7 — 39°) + 29" — 657 (pl))?] ~5-107°
SAa ~ €[2X2(A+ Xg) + 4A1 A2 + 2A3 + 5]
+3X2(y; — 39%) — 6y7 (pl))?] ~8-107°
Iz ~ €[3AT = 3y7(pl)?*] ~1-107°
SAa ~ € [M(1206 + 3A1 +4ha — 20% + 392) — 6y1(p'1)?]
~4-1073
05 ~ € [)\4(3/\1 +2X\) — 6yfpfﬂ ~4-107°
GA6 ~ €[12XA + AT+ At da + $A3 + 6A]
+ 159" — 569 — 6(pi))!] ~ 41077 (103)

where g is the SU(2); gauge coupling and we have ig-
nored terms involving ¢’ (the SU(1) hypercharge) and
the small A3 and A5 couplings. To obtain the numeri-
cal estimates, we chose fiducial values of the other cou-
plings that are consistent with the assumed mass spec-
trum m4 = 100 GeV, my = 115 GeV,

M =03, A=01 A=03 A=01 (104)
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FIG. 7: Moose diagram indicating the transformation prop-
erties of the SM quark fields ur, dr, @1, the heavy singlet
quarks U, D, and the bifundamental ®, ®,,, &4, M,,, M4 under
the SU(3)o xSU(3), xSU(3)4 flavor symmetry .

The potentially worrisome corrections are those for the
smallest couplings, A5 = —6x10~% using c5, = —8x 1073
(see eq. ) and eq. (7)), and A3 = 1073. Comparison
with the estimates in (103]) indicates that these values
are relatively stable. Our choice of couplings in
allows for some accidental cancellation in d\5 between
the bosonic and fermionic loops. Even without such a
cancellation, the contribution from the top quark by itself
is ~ 3As which requires only a mild coincidence between
tree and loop contributions to obtain the desired value.

10. MICROSCOPIC ORIGIN OF CT ANSATZ

As an example of what kind of physics could give
rise to the CT ansatz , we construct a model where
the SU(3)gxSU(3),xSU(3)4 flavor symmetry is spon-
taneously broken by bifundamentals ®,,, ®4, ®, M,,, My,
coupling to heavy SU(2)-singlet quarks Ug ; and Dpg 1.
The charges of the fields under the flavor symmetries are
shown in fig. m As in , H; is the SM-like Higgs field
and Hs is the new doublet, before mixing of the neutral
mass eigenstates, and we take the Lagrangian at the high
scale to be

1 _ ~ —
L= — (H1QL<I>uuR + HlQL‘I’ddR)

A
+ HyQrUr  + H2QrDr
+ UL(I)TUR + D ®dR
+ ULMHUR +DLMdDR (105)

which respects the full flavor symmetry. In table [[TI] we
show the charge assignments under a Z; symmetry that
allows the interactions in (105)) while forbidding those

Hy|Hz|®|®y,a|Mu,a|Qr|(ur,dr)|(Ur,Dr)|(Ur, Dr)
1 (—-1(1| 1 -1 114 7 7 —1

TABLE III: Z; charge assignments needed for the allowed
terms in the Lagrangian (105]).
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with H; and Hs interchanged. This symmetry gets spon-
taneously broken by VEVs of the bifundamental fields
M, 4, allowing for subsequent generation of the terms in
the Higgs potential that break the symmetry (i.e., the
terms with coefficients Ay and A5). The m%zHIHQ term
that breaks it softly can be allowed from the outset, to
avoid cosmological problems from domain walls.

In we have not specified a fully renormaliz-
able Lagrangian, but merely assumed that the SM-like
Yukawa couplings arise from the VEVSs, 4, ¢ = (®y.q)/A
with some large mass scale A. Our main interest is in the
origin of the new Yukawa couplings p, 4. Assuming the
simple symmetry-breaking pattern (My) = (M,,)/n =M
times the unit matrix in flavor space, after integrat-
ing out the heavy U, D quarks the new Yukawas are
given by p, = n(®1)/M, p; = (®)/M. However this
is in the basis where g, 4 are not yet diagonalized. As
usual, we must transform up — Rlug, dp — R:;dR,
up — LLuL, d;, — LZdL. In the quark mass basis,
pu =1Ly (@)YRY/M, pg = La(®)R}/M.

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

()

nUVpq = nULuﬁRL

)
pLV = nRu<Mf>LZ (106)
where we have used V = LuLIl. Equality of nUV pg and
o}V follows from taking

R,=UL,, Ruy=Ly (107)

One recognizes the condition R; = L4 as that which
would arise if gy is a symmetric matrix. The other re-
lation R, = UL, implies that g U is symmetric. This
means that g, splits into two pieces, one symmetric and
the other antisymmetric, having no nonvanishing ele-
ments in common. For example if U = diag(—1,1,—1)
then g, has the structure

a0 b 0 e 0
Ju=|0cO0|+] — 0O f (108)
b0d 0 —f0

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 conse-
quence of the SM-like Yukawa matrix g4 being symmet-
ric in the underlying theory of flavor, while ¢, has the
pattern , along with the “charge transformation”
bifundamental ® whose VEV gives rise to both p, and
pq simultaneously.

11. ALTERNATIVE MODEL

It is possible to design a similar model that is less con-
strained by collider searches, if a light sterile neutrino


Avelino



vs exists. The R(D) anomaly could then be explained
by the new process B — D™ 7y, contributing to the
observed decays. Similarly B would get the new decay
channel B — 7vg, 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
(CP,CP) = (2.14, —1.41) (TeV) (109)

by fitting to the decay rates, which are larger than
to compensate for the lack of interference (see ap-
pendix. 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 col-
lider constraints from searches for H — 777~ are evaded,
since now H decays almost exclusively into vsv,. In ap-
pendix [A] we estimate that mpy 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 — vz, remains rea-
sonably small. Even though this decay mode is expected
to be less constrained than that for B — 777, a theo-
retical 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.

12. 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 anoma-
lies that motivated the model will disappear. However,
if the R(D) anomaly proves to be real and needs both
Wilson coefficients C’gl;, C’gbL as indicated by several fits
to the data, then our scenario seems to be the only kind
of two Higgs doublet model that can be compatible with
the observations. 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 777~ channel
at the LHC. A further prediction is that B, — 777~
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,
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possibly having the wrong sign. Higher precision tests of
Z — 0¢ universality should start to reveal an excess in
Z — 777, and in the invisible Z width due to extra
Z — v;U; decays.

The framework also suggests that other observables
could be on the edge of revealing new physics: 7 — 7y,
b — sv, and the neutral meson mixing amplitudes.
These are less definite predictions, since we have allowed
the new flavor-violating Yukawa couplings p:f’ . (apart
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 re-
quiring 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 re-
duces the arbitrariness of the new couplings, allowing us
to parametrize everything in terms of p; alone. In the ab-
sence of anomalous R(D), the need for sizable p3? would

disappear and make a symmetric ansatz for p}j 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 py are independent.

Second, we have shown that it need not be a disas-
ter 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 cou-
plings of the new Higgs fields are all less than 1072
egs. (96] 1101). The corresponding corrections to
the nonstandard couplings of the SM-like Higgs
can in some cases exceed their tree-level values, but this
does not lead to any significant FCNCs from h exchange,
since they are still small enough to remain well below
constraints from meson oscillations, as long as the Higgs
potential coupling A3 that controls the splitting between
my and my is <1073,

A variant model where the charged Higgs couples to
vsTr (where v is a light sterile neutrino) instead of Trv,
is outlined in section [[I] 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£7 coupling
instead of pI” to explain the hint of h — p*7F de-
cays of the SM Higgs seen by CMS and ATLAS [0, [71].
This turns out to be much more difficult because of the
H — p*7F decay (with 100% branching ratio) of the
new neutral boson. Even though no formal limits on myg



with this decay channel have been published, we believe
it would have been seen in the searches for h — pur of
the SM Higgs, ruling out this model. Hence a further
prediction of the present model is that h — pu7 events
will prove to be a statistical fluctuation.
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Appendix A: Sterile neutrino model

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

Ly > — EL:QV,E[lVR—ELﬁVﬁQVR+h.C.

There is also a Majorana mass term for the sterile neu-
trinos,

$(FRMRvg + Vg MpigR) (A1)
Without loss of generality, we can work in the basis where
Mg is diagonal,

MR = diag(Ml, MQ, ms) (A2)
giving a sterile neutrino v, with Majorana mass mg, as-
sumed to be negligibly small for having an observable
effect on the decays of B mesons. For simplicity we will
assume that g;3 = 0 so that v, gets no Dirac mass from
the VEV of H;y. After electroweak symmetry breaking,
when H; has obtained the VEV v/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, = 202§ Mg, (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 trans-
formation vy, — L,v; where v; denotes the mass eigen-
states.

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

1 Vo
LYV = _ﬁ Z ydﬂ I/Z'¢PRV5+h.C. (A4)
¢=h,H,A
yil:z = Cpa an
yIVLI'L = —Spa an
?/fxi = ip),

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

L = —H"[0(U}lpe) Pae—1s(plU,) Pre] (A5)
where U, = Ll L. is the PMNS neutrino mixing ma-
trix. We note that if . was originally diagonal for some
reason, then plU, = p,, so that having p!, = p,d;, in
the original field basis would explain why (p},U,)" is the
dominant component of (p},U,) despite the large mixing
angles in U,,. We will make this assumption in the fol-
lowing, and for simplicity p. = 0, so that the charged
Higgs coupling to leptons reduces to p, H T v,7, + h.c..

1. Refitting R(D)

To fit the R(D) observations with this model, we
must take into account that the new amplitude for
B — DWWy, no longer interferes with the SM contri-
bution due to the different neutrino flavor. To make the
proper adjustment it is useful to parametrize the inter-
ference effect that occurs in the original model, where
the ratios depend upon x4 = (Cgf; +C%)/CP, with
C, =22GpVy, as [17

R(D) = R(D)sn(1+ 1524 +1.027%)
R(D*) = R(D*)sn(1+0.122_ +0.052%) (AG6)

The fit of ref. [I5] corresponds to (zy, z_) =
(0.17, 1.66). In the sterile neutrino model, is mod-
ified by omitting the terms linear in z1. We find that
(x4, z—) — (0.53, 2.59) to compensate for this change,
leading to the Wilson coefficients ({109)).

This rescaling ignores the effect of having no interfer-
ence on the decay spectra, where the NP contribution
to the amplitude multiplies ¢2, the invariant lepton pair
mass squared [(2]. Therefore the decay distribution will
have a larger ¢* contribution and smaller ¢, hardening
the spectrum. We leave to future work to quantify the
effect of this on the fits. Here it is mainly important that
C’g’; remains relatively large, which was the motivation
for this study.

Then eq. implies

CS o mVp)® 21

=~ > A7

A2 m3 TeV? (A7)
Cs, o V)t 14 (A8)
A2 m3 TeV?
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FIG. 8: Diagrams contributing to Z — 777~ in sterile neu-
trino model. Diagram (b) as in fig. [3|is not present.

Comparison with (16J17) implies that |5, py.q|, must be
larger than in our previous determination by a factor of
1.7, while the parameter n becomes smaller, n = 0.67.

2. Z—>s 71t and Z = v, s

In contrast to the case of the pI7 coupling, there are
only two diagrams contributing to Z — 777~ with the
P coupling, shown in fig. [8] They involve only exchange
of H*, giving the effective interaction term

ﬁcﬁ,‘r = _(gTL + 59'@) (fLP}/MTL) zr
. e
with g,, = —%gz (1- 253[,), gz =
Cw Sw
‘ﬁy|292
6g-rL = - 3972 L)
Fr, = —5(1=2s3,) (F7 + 5F) (A9)
Applying the limit (61162]), we find
2
15, < 2.9 (mi> (A10)
mz

which is less restrictive than the analogous bound on pl7.
For my = 100 GeV, we find |p,| < 3.5, and in general the
bound is closely numerically fit by |p,| < 2.9 (m+/mz)?2.
Combining this with puts a lower bound on the py
couplings,

(Vpa)® >6.1x1073 (A11)

For the new contribution to Z — v, v,, the relevant
expressions are as in (63]) with the replacements p.™ — p,
and

F, =31F)+1F! (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 — vgvs, 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 con-
straints from neutral Higgs searches are essentially re-
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FIG. 9: Upper limit on p% inferred from CMS search [32]
for HY — 7v as a function of charged Higgs mass m., for
B(H* - v) =1.

moved. We are free to take myg = 175 GeV for exam-
ple. Such a value is just compatible with EWPD con-
straints (the p parameter) on the mpy-m4 mass splitting
if my = 100 GeV. Then is marginally satisfied (tak-
ing it to now apply to By — vv decays) with a value that
is compatible with even if pgb = 0. In this limiting
case we have

pv P =0.021 (A13)

Then pflb is the dominant coupling in pg and does the
job of providing large enough Cfg’; coeflicient for fitting
R(D). With negligible pgb, the production of H? is nul-
lified by any other means than the subdominant elec-
troweak Z* — HA or W* — H*H processes. Moreover
with p% very small, the branching ratio B(t — H*b)
becomes negligible, since pf’ib — Vtspzb in eq. (34), cir-
cumventing the search for charged Higgs bosons.

The combination p,cs, is constrained by the invisible
width of the Higgs boson due to h — v,v,, limited to
B(h — vsvr) < 36% by CMS [73]. This implies |p,| <
1.7 x 107%/|¢sa]. A more stringent bound comes from
the degradation of the total Higgs signal strength p =
1.1+0.1 [27] by invisible decays (not compensated by any
increase in production), which implies AB(h — vv) &
1—pu=-0.1£0.1[74]. The 20 upper bound implies

9x 1073
|c/3w|

Since is compatible with both B; — vv and R(D),
we are free to take larger mixing angle and smaller p,,, for
example c;, = 1072 and p, = 0.9, alleviating the mild
naturalness tension for keeping c,, very small, that we
encountered in the model with p77.

We have the freedom to deviate from the limiting case
by turning on p?’ again, such that is fulfilled
by a linear combination of p3® and p%°. This reduces
the branching ratio B(Bs; — vv) and increases that of
t — Htb so that CMS searches for H* — 7v apply.
The resulting constraint on p%’, plotted in fig. (9} prevents
us from attributing more than 70% of (Vpq)® (control-
ling the Wilson coefficient Cglj?) to the contribution from

lpw| <



Vep pgb. In this other limiting case, the branching ratio
for By — vv is reduced to the level of 0.5%. Thus while
the alternative version of the model is less constrained,
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it still predicts a significant contribution to the invisible
width of Bs.
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