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We study constraints and implications of the recent LHCb measurement of 5(B, — p*pu~) for tree-level
Higgs-mediated flavor-changing neutral current (FCNC) interactions. Combined with experimental data on
the B, mass difference Am, and the i — pr and h — vz~ decay branching ratios from the LHC, we find
that the Higgs FCNC couplings are severely constrained. The allowed regions for B; — ut, 7r and h — sb
decays are obtained. Current data allow large CP violation in the & — 7z~ decay. Consequences of the
Cheng-Sher ansatz for the Higgs-Yukawa couplings are discussed in some detail.
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I. INTRODUCTION

The standard model (SM) of particle physics [1-6] has
been working successfully to explain most phenomena
observed in experiments. It reached its summit when the
125-GeV Higgs boson was discovered [7,8] and its proper-
ties were later on shown to be in good agreement with SM
expectations. An ongoing program in particle physics is to
determine, at high precision, the Higgs couplings with
other SM particles, as such studies could reveal whether
there is an extended Higgs sector and give us more
information about electroweak symmetry breaking. If there
is an extended Higgs sector, many observables in flavor
physics that are sensitive to new physics (NP) can be
affected.

In general, models with physics beyond the SM can lead
to Higgs-mediated flavor-changing neutral currents
(FCNCs) [9], which have severe constraints from flavor
physics. Even though such FCNCs can be avoided by
imposing certain conditions for natural flavor conservation
[10] or Yukawa alignment [11], it is better to leave it to
experimental data to tell us whether the FCNC couplings
are indeed negligibly small or sufficiently sizeable to have
some intriguing phenomenological effects.

One channel that provides an excellent probe for the
Higgs-mediated FCNC couplings is the rare By — p'pu~
decay [12-16]. This decay has a relatively simple struc-
ture in the SM, involving only a single vector current
operator in the effective interaction Hamiltonian. Recently,
the LHCb Collaboration has measured a branching ratio
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B(By = w1 ) pey = (3.0 4 0.6703) x 107 for the By, —
utu~ decay [17]. Combined with the previous CMS
measurement B(B; — pu")ems = (3.0559) x 107 [18],
one would obtain the average value

B(By = p i )pye = (3.0 £0.5) x 107°. (1)
This value is, in general, in agreement with the value
predicted in the SM [19], which, using currently known
inputs, is

B(B, = utu)gy = (3.444£0.19) x 10°.  (2)

Comparing the values above, one notices that the exper-
imental central value is about 13% lower than the SM one.
NP effects may address such a discrepancy, though the
error bars are still too large to call for such a solution.
Nevertheless one can use Egs. (1) and (2) to constrain
possible NP contributions and study their implications.

If the 125-GeV Higgs boson & has FCNC couplings to
fermions, its mediation can produce scalar and/or pesudo-
scalar operators that contribute to the B, — u*u~ decay. In
the SM, such operators are generated only at loop level and
further suppressed by the small muon Yukawa coupling.
However, such interactions may be generated at tree level
and do not suffer from chiral suppression in physics beyond
the SM. It is the primary purpose of this work to constrain
such couplings using the recently measured B, — p*pu~
decay along with others and to study the implications for
other processes.

Another closely related and important constraint comes
from the B, mass difference through the B,-B, mixing
effect. The updated SM prediction of Am, [20] and
the most recent experimental measurement [21] are,
respectively,
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AmM = (18.647739) ps~!,
AmS® = (17757 £ 0.021) ps~'. (3)

They provide a tight constraint on tree-level Higgs scalar
and pseudoscalar couplings with the s and b quarks.

In the lepton sector, a hint of significant flavor-changing
Higgs couplings, B(h — ut) = (0.841037)%, was first
reported by the CMS Collaboration corresponding to an
integrated luminosity of 19.7 fb=! [22]. However, recent
measurements by the CMS and ATLAS,

Bh = pt)eys < 0.25% [23],
B(h = pt)smas < 1.43% [24], (4)

at the 95% C.L. have excluded the possibility of sizeable
u-t flavor-violating Higgs couplings indicated by the
earlier CMS data [22].

The existence of FCNC couplings of the Higgs boson
to fermions occurs in many extensions of the SM in the
Higgs sector [25], such as multi-Higgs doublet models [9].
A simple example that can lead to tree level Higgs
FCNC couplings with fermions is by introducing certain
dimension-6 operators [26]:

T T -
%ngﬁl;(bl)m’ @ng?jﬁbl}m»

A
(5)

where A denotes some new physics scale, in addition to
the usual dimension-4 Yukawa interactions z?L,-y?jqﬁeRj,
Q1:y$pDr;, and QL,-yl’-‘jg}URj. Here #;; denote the left-
handed leptons, Q;; the left-handed quarks, ey the right-
handed charged leptons, Dy, the right-handed down-type
quarks, Uy, the right-handed up-type quarks, ¢ the Higgs
doublet, and c;ﬁ = ioyp*.

In the mass eigenbasis, Higgs FCNC interactions will be
generated by the term 8Y/ = (v2/2A2)(S} ¢/ Sg) induced
by the above-mentioned dimension-6 operators, where Sy
and Sy denote, respectively, the biunitary transformation
matrices for the left-handed and right-handed fermion
fields to obtain the diagonal fermion mass matrix M. As
a result, the Yukawa interaction Lagrangian in the mass
eigenbasis is given by

9’
A2 LﬂLiijébeRj,

1 - _
Lygr = —ﬁf(yf +iysY/)fh, (6)

where Y/ = 20/ Jv 4 (6Y/ + 6Y/T) and ¥/ = —i(6Y/ —
8Y/T) are, in general, nondiagonal and v = 246 GeV is the
vacuum expectation value of the SM Higgs field. Hence,
they can induce Higgs-mediated FCNC processes at
tree level.
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In this work, we make use of the combined result of the
B, — p*u~ branching ratio, the B, mass difference (3), and
the h — 7z [27] and h — pz [22,24] decay rates to con-
strain the involved Higgs couplings. From the constrained
parameter space, we can make predictions for the B, —
uttT and 7777 as well as the h — sb decays without
invoking additional assumptions.

Generically elements in the Yukawa matrices Y/ and ¥/
are independent of each other. In order to increase the
predictive power, one often employs some texture for the
Yukawa couplings, such as the Cheng-Sher ansatz [28], so
that one can also compute the rates for more related
processes. We will take the Cheng-Sher ansatz as a working
assumption to put it to a test in the face of the coupling
constraints extracted from the above-mentioned data.

The structure of this paper is as follows. In Sec. II, we
discuss how the tree-level Higgs-mediated FCNC inter-
actions affect the B, — u*u~ decay, the B,-B, mixing, and
the 7 — pt and 77 decays. In Sec. III, we present a detailed
numerical analysis to obtain the allowed parameter space
for the FCNC couplings. In Sec. IV, we first study
implications for the 7 — pur and B, — ur, 7z decays
without invoking any additional assumptions. We then
estimate more related observables by taking the Cheng-
Sher ansatz. We draw conclusions in Sec. V.

II. THEORETICAL FRAMEWORK

In this section, we discuss how the Higgs-Yukawa
couplings given in Eq. (6) affect the processes of interest
to us—namely, the B, — u*u~ decay, the B, mass differ-
ence, and the & — uz and sb decays.

A. The B, - u*u~ decay

With the Higgs exchanges introduced in the previous
section and the SM contribution, the effective Hamiltonian
responsible for the B, — u*u~ decay is given by [29]

G Aem %
7%7”2 Vi Vis(CaOy + CsO5 + CpOp
W

+ C5O05 + CpOp) + Hee., (7)

7—(eff ==

where a,,, is the fine structure constant, and s%, = sin” Oy
with 0y, being the weak mixing angle. V;; denote the
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements.
)

;~ are defined as
Op = (qr,PLb)(ay"ysp), Ogs = my(gPgb)(fip),

Op = m,(gPgb)(fiysp), O = my,(gPLb)(ap),

Op = my,(gP.b)(fiysp), (8)

where the b quark mass m, is included in the definition of

The operators O

Og’)P so that their Wilson coefficients are renormalization
group invariant [12].
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In the framework we are working with, the Wilson
coefficient C, contains only the SM contribution, and its
explicit expression up to the NLO QCD corrections can be
found in Refs. [30-32]. Recently, corrections at the NLO
EW [33] and NNLO QCD [34] have been completed, with
the numerical value approximated by [19]

mP 153 (o (my)\ 00
173.1 GeV 0.1184 ’

CSM(u,) = —0.4690(

©)

where m? denotes the top-quark pole mass. In the SM, the
Wilson coefficients C3M and C3™ can be induced by the
Higgs-penguin diagrams but are highly suppressed. Their
expressions can be found in Refs. [35,36]. As a very good
approximation, we can safely take C3M = CM = C3M =
C/SM 0.

With the Higgs-mediated FCNC interactions in the
effective Lagrangian, Eq. (6), the scalar and pseudoscalar
Wilson coefficients
C?P = K(Ysb + i?sb)y

Hp

CPr = ik(Yy, +i¥y)Y,
)

C™F =k(Yg —iY )Y, CPP = ik(Yy —iY )Y,
(10)
where the common factor
2
b3 1 1
K= 5 (11)

2 * 2
2Gw Vi Vi mpmymyy,

For the effective Hamiltonian Eq. (7), the branching ratio
of B, — utu~ reads [35,36]
T B, G%mév

B(B tum) =
(S_)luﬂ) 87[5

212 2
|Vle;Fq fomBsmy

4m?
- (PP +SP%). (12)
Bx

where mp , 75 and fp denote the mass, lifetime and decay
constant of the B; meson, respectively. The amplitudes P
and S are defined as

Note that the NP scalar operators (i.e., the Y, Y, term)
contribute to the branching ratio incoherently and always
increase the latter, while the NP pseudoscalar operators
(ie., the Y,Y,, term) have interference with the SM
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amplitude and the resulting effects may be constructive
or destructive, depending on the sign of ¥, . Given that
the experimental value of the branching ratio is lower than
that predicted by the SM, we expect the Y, ¥ 4 Parameter
to play the role of reducing the B, — u*pu~ theoretical
value to the experimental level.

Due to the B,-B, oscillations, the measured branching
ratio of By, — u™ ™ should be the time-integrated one [13]:

_ I

BB, = ') = (ST BB~ ), (14
where [15]

_r-ntoar

Ys TTLTH T
o [PP2cos 2gp = §iF) = |SP cos (25 = ¢i)

A |P] +|S? ’

(15)

' and T denote, respectively, the decay widths of the

light and heavy B, mass eigenstates, and ¢p and @g are the
phases associated with P and S, respectively. The CP phase
#NP comes from B,-B, mixing and will be defined in
Eq. (21). In the SM, Aghg = 1.

B. The mass difference Am

If Y, and/or Y, are nonzero, contributions to B,-B,
mixing can be induced. Therefore, one must make sure that
the current measurement of mass difference Am, is
respected. In the SM, B,-B, mixing occurs mainly via
the box diagrams involving the exchange of W* bosons and
top quarks. The mass difference between the two mass
eigenstates B and B% can be obtained from the AB = 2
effective Hamiltonian [37]

16 m%,(V Vi) ZCO +Hec., (16)

where the operators relevant to our study are

OVLL (57 Yu P b%) (5P PLbP),

O?”‘ (3 'PLb”)(SﬁPLb/}),

OB = (5P, b) (' Pyb).

OFRR = (%P b) (3 Peb¥), (17)

with a and f color indices. The SM contributes only the
OY' operator, with the corresponding Wilson coefficient
at the LO given by [38]
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CYSM () 9.84( "

1.52
170 GeV> - (18)

whose analytical expression can be found in Ref. [29].
With the effective Lagrangian in Eq. (6), the tree-level
Higgs exchange results in

1 -
C?LL.NP — —EINC(Ysb - iYsb)z’

G — (1, + T3,

1. -
e (v, 4 if)
L 872 1 1

K= —_— 19
G2 mhmw (Vs Vi) (19)

The contribution from H4E=2 to the transition matrix
element of B, — B, mixing is given by [37],

M3, = (Bs[Hcf =2 |B,)

2
lcg (VaVi)? > Ci(B,|O;|B,).  (20)
where recent lattice calculations of the hadronic matrix
elements (O;) can be found in Refs. [39,40]. Then the mass
difference and CP violation phase read

Amg =2|M3,|, and ¢, = argMj,. (21)
In the case of complex Yukawa couplings, ¢, can deviate
from the SM prediction, i.e., ¢, = M + ¢, Nonzero
NP can affect the CP violation in the B, — J/w¢ decay
[20], as well as A, in the B; — utpu~ decay as in Eq. (15).
We note that Am, depends only on Y2, and Y?,, but not
Y, Y,,. In addition, we follow Ref. [37] to perform
renormalization group evolution of the NP operators
OFE, OFRR and OFR. 1t is found that including RG effects
of the NP operators enhances the NP contributions by about
a factor of 2.

C. The h — f,f, decays

The partial width of the Higgs boson decaying to a pair
of fermions in the Born approximation is given by

(h_)fle)_SN (lYf1f2| +|Yf1f2‘ ) (22)
where S = 1(1/2) when f; and f, are of different (same)
flavors and N, denotes the number of colors for the
fermions.

With the pseudoscalar Yukawa couplings also included
in our analysis, one can consider the possibility of
observing CP violation in & — 77z~ through the operator
O, =P, (P X pr-). Here p,+ and p,- are, respectively,
the 3-momenta of z* and n~ from the 7 — z7D, and
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7= = n v, decays, and p; is the momentum of the 7~ from
h — 777~ decay. Letting N, and N_ be events with
0O, >0 and O, < 0, respectively, one can define a CP
violating observable

( Y‘L’T ?f‘f)

N, -N_ =z
TAYL T

A=
LN

(23)
which can be measured experimentally [41].

III. NUMERICAL ANALYSIS

With the theoretical formalism discussed in the previous
sections and the input parameters given in Table I, we can
compare relevant SM predictions with the recent exper-
imental measurements to see if any NP is allowed.

At present, the theoretical uncertainties for B, — p*pu~
and Amg mainly arise from the decay constant f and the
CKM matrix element |V ,|. As is well known, there is a
long-standing tension between the inclusive and exclusive
determinations of |V,| and |V,;| [42]. We find that the
branching ratio obtained from the exclusive |V, | and |V ;|
are about 10% smaller than the one from the inclusive
values, mainly due to the difference in |V, |. Here we adopt
the recent average given by the CKMfitter group [43]. For
the lifetime, both T'Y' and AI',/T’; are used. The SM
prediction then depends only on I'fl. Finally, compared
to the SM prediction of (3.65 +0.23) x 10~ previously
given in Ref. [19], our theoretical uncertainty is smaller
mainly due to more precise values of f and r,

For the B,-B, mixing, the SM prediction of Am, in
Ref. [20] is updated with the input parameters in Table I,
and reads in comparison with the most recent experimental
measurement (3). Note that the SM central value is larger

TABLE L. Inputs for B, — T~ and B,-B, mixing.
Input Value Unit Reference
oY (my) 0.1181 4 0.0011 [42]
1/a8) (my) 127.944 + 0.014 [42]
mP 173.21 £ 0.51 £0.71 GeV [42]
[Vl 41.00 £0.33 £0.74 1073 [43]
(semi-leptonic)
Vil 3.98 4+ 0.08 + 0.22 1073 [43]
(semi-leptonic)
Vol FE77(0) 02165 +0.0004 [43]
v 721728 [°] [43]
1X=7(0) 0.9681 + 0.0014 4+ 0.0022 [43]
1, 2084437 MeV  [44]
fs VB 270 + 16 MeV  [44]
1/rH 1.609 + 0.010 ps 21]
AT, T, 0.129 + 0.009 21]
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than the experimental one. Hence we expect the NP
amplitude to interfere with the SM amplitude destructively.
We will see later that this results in an upper bound of the
Yukawa couplings |Y,,| and |Y,|.

In the following, we carry out numerical analysis for
constraints on the Yukawa couplings from B, — u"pu~ and
B,-B, mixing. The allowed parameter space of these
Yukawa couplings from each of the observables is obtained
by requiring that the difference between the theoretical
prediction and experimental measurement be less than
twice the error bar [i.e. 95% confidence level (C.L.)],
calculated by adding the theoretical and experimental errors
in quadrature.

Figure 1 shows the constraints in the (Y, Y,,) plane
from the B,-B, mixing, assuming the two Yukawa cou-
plings to be real. As mentioned earlier, we find two shaded
regions that agree with the experimental measurement at
95% C.L. Near the origin in the parameter space, the Higgs-
mediated FCNC effects are mostly destructive with the SM
contributions. In this region, the pseudoscalar coupling Y,
has the bound

1V,] < 3.4 %107, (24)

The outer elliptical band corresponds to the case where the
Higgs-mediated FCNC interactions dominate over the SM
contribution, thus flipping the sign of Mj,. The corre-
sponding bound on |¥ ;| is 0.9x 1073 < |V,,| <1.1x 1073,
We do not pursue this possibility in the following analysis.

With the contributions from the Higgs FCNC
Lagrangian in Eq. (6), the branching ratio of B, — pu*u~
depends on two parameters: Y,,Y,, and Y,,Y,. The

-1 -0.5 0 0.5 1
Y [107°]

FIG. 1. Allowed parameter space in the (Y, Y,) plane as
constrained by the B,-B, mixing. The black solid curve and the
shaded region correspond, respectively, to the central value and
the 95%-C.L. region of the measured Am,. The dashed, dot-
dashed, and dotted contours correspond to Am,/AmS™M = 0.9,
0.8 and 0.7, respectively.
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combined CMS and LHCb measurement of B(B, —
utu™) at 95% C.L. implies the following bounds:

0.66 < [5.6 x 1057, Y, >

+[1-60x10°Y,Y,[> <126,  (25)
For illustration purposes, we have taken the Yukawa
couplings to be real, and plot the allowed region for
Y,Y,, and Y, Y, in the left plot of Fig. 2. As discussed
in the previous section, the NP pseudoscalar operator OXF
(i.e., the Y,Y,, contribution) has either constructive or
destructive interference with the SM amplitude, while the
NP scalar operator Of" (i.e., the Y,Y,, contribution)
always enhances the branching ratio. Therefore, in the
region of small ¥, and Y,,Y,,, the branching ratio is
much more sensitive to the parameter )_’x,,YW than to

Y, Y - It 1s also noted that the current experimental central
value B(By = ™) e/ B(By = 1™ )y = 0.87.

Taking the largest value Y, = 3.4 x 107*, allowed by
B,-B; mixing in the central region in Fig. 1, and a relative
small Yukawa coupling ¥, = 1.3 x 107* as two explicit
examples, we then obtain the right plot of Fig. 2 that shows
a closer view of the muon Yukawa couplings in the vicinity
of their SM values. Apparently, the region allowed by the
former (depicted in dark gray) and that by the Ilatter
(depicted in light gray) are parts of two annular rings,
respectively. To further limit the allowed parameter space,
we use the Higgs signal strength of the muon channel,
My < 2.8 at 95% C.L. recently reported by ATLAS [45]
from a combination of the 7 TeV, 8 TeVand 13 TeV ATLAS
data. This is given by the blue circular area. As a
consequence, the pseudoscalar muon Yukawa coupling is
restricted to [¥,,| < 1.7Y5).

For the B,-B; mixing, when allowing the Yukawa
couplings to be complex, the 95% C.L. bound changes to

0.76 < |1 —(0.7Y%, +2.1¥2)) x 10°] < 1.29. (26)
In this case, several new effects show up. The phase ¢, =
arg(M3,) for B;-B mixing will acquire a nonvanishing NP
piece, and this will affect the parameter A,-. We have
carried out a numerical analysis considering experimental
bounds from these quantities. As an illustration, we take
(Yo, Yyur ¥,) = (0, YSM, YSM) and obtain the bounds on
the phase 6, and the magnitude of Y, from the B, —
utu~ decay and B,-B, mixing. Figure 3 shows the allowed
parameter space for (0,,,|Y,,|) and the corresponding
regions of A,r and ¢,. As can be seen in Eq. (15), the
Higgs FCNC effects on A, become significant for 6, ~
+7/2 under the current assumption of Y, = 0. As the SM
contribution has an almost null phase in M},, ¢, has a
significant modification when 6, ~ +z/4 or +3z/4.
Since we have included the constraints from the CP phase
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3 e s s s B B B e e e
By—up, 75b=1.3X10'4 ® SM
B By, Y,,=3.4x1074
6 mm h-pu

Y lY

-2 0 2 4
SM
Yl ¥

-4

FIG. 2. Left: Allowed parameter space in the (Y, Y,,. ¥, YW) plane as constrained by the B, — u"u~ decay. The black solid curve

Hp

and the shaded region correspond, respectively, to the central value and the allowed region at 95% C.L. The dashed, dot-dashed and
dotted contours correspond to B(B; — utu~)/B(B; = utu~ )y = 1.1, 0.9 and 0.7, respectively. Right: Allowed region for
(Y /YN, Y,/ YoM!) obtained for the choices of Y, = 3.4 x 10~ (dark gray) and Y, = 1.3 x 10~ (light gray), as well as from
the direct measurement of &7 — u*u~ at the LHC (blue). The black point indicates the SM Yukawa couplings.

¢¢% = —0.03 + 0.033 radian [21], the regions near 8,, ~
+r/4,+37/4 are more strongly constrained.

There are also constraints from the 4 — pz data from the
LHC. Very recently, a new search based on a dataset of
35.9 fb~! atthe CMS results in an upper bound B(h — uz) <
0.25% [23], which excludes the previous hint of sizeable u-t
flavor-violating Higgs couplings. Here the complex Y, and
)_/M can contribute to the 4 — pur decay at tree level, and one
has from the new CMS data that [23]

1V, 2 + 7,02 < 1.43 x 1073 (27)

at 95% C.L. This imposes a very stringent restraint on the NP
effects, to be discussed in the next section.

0.05 = T T T T T T T T T T T T T T T
T 0.00F / \
=.0.05 3 /
e E

-0.10

[

1

AT
o
Nej
n
TTTT <

0.90 3
| | | | | | | | | | | | | | | .
_ T T T T T T T T T T T T T T L
o 04 3
S 03f 3
B OIE 3
E__1 ! ! | ! ! ! | ! ! ! | ! ! T
- —/2 0 /2 m

By [rad]

FIG. 3. Allowed parameter space of (6, |Y|), as constrained
by the B, — u*u~ and B,-B, mixing at 95% C.L. under the
assumption of (Y. Y,,.Y,,) = (0, Y, Y3M). The correspond-
ing allowed regions for A, and ¢, are also given.

IV. DISCUSSIONS

In the previous section, we have shown that the precision
measurements of the B, — u"pu~ decay and Am, have
tightly restricted the allowed ranges of some tree-level
Higgs FCNC interactions. With the input of # — uz decay
width, we have also obtained restraints in a couple of lepton
FCNC Yukawa couplings. It is remarkable that flavor
physics has now become a precision test ground for the
study of Higgs properties. We now discuss the implications
of the above-mentioned constraints in other rare decay
processes.

A. The h — sb, B, —» 77, and B; — ut decays

In the SM, the Higgs total decay width I'?™ = 4.1 MeV.
This can be modified if the # — sb and pur decay consid-
ered in this work contribute significantly. Using the
constraint Eq. (26) obtained for the generally complex
Yukawa couplings in Sec. II B, we have

T(h — sb) < 0.043 MeV or B(h — sb) < 1.05%

(28)

at 95% C.L. Note that here we only consider the scenario
where the SM contribution dominates in the estimate of
Amyg. With such a small decay rate and only one b quark for
tagging, the channel is expected to be very difficult to
measure at the LHC.

The B, — v 7~ decay rate calculation is similar to that of
the B, — u"pu~ decay. Using the experimental & — 7t data
and constraints on the generally complex Y, and Y, from
B, — B, mixing, we find
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B(B; — t17)
B(By = 7777 )gm

0.6(0.5) < <15(17)  (29)

at 1o level (95% C.L.).

In the SM, the B; — put decay is suppressed because its
leading-order process occurs at the one-loop level and the
neutrino mass (difference) is extremely small. However,
with the FCNC couplings assumed in Eq. (6), this decay
process happens at tree level through the mediation of the
Higgs boson. Again, by scanning the allowed parameter
space given in Egs. (26) and (27), we find that B(B; — ut)
can be as large as 0.8(1.8) x 1078 at 1o level (95% C.L.).
The 95%-C.L. upper limit is about 1 order of magnitude
larger than the currently measured B, — utpu~ decay
branching ratio.

B. Leptonic decays of B, and h with
the Cheng-Sher ansatz

As mentioned earlier, the flavor-conserving and flavor-
changing components of the scalar and pseudoscalar
Yukawa couplings Y and Y are generally independent.
To improve the predictive power, one can assume some
specific relations among the couplings. One popular
scenario is the Cheng-Sher ansatz [28] (See also
Ref. [46] for another texture of Yukawa couplings). One
can apply the Cheng-Sher ansatz to the quark and lepton
sectors separately. As an illustration, here we will work
with only applying the Cheng-Sher ansatz to the dimen-
sion-6 operators involving charged leptons to see how some
predictions can be made. In this case, the charged lepton
Yukawa couplings take the following form

2 LI N D RN N I N I [ N N N I I B B |

B /->TT
= h-put
_ -4 H
Y‘vh—3.4xlo Bs_)ﬂ,u ]
_ TN N T T [T TN N T A T T T AN T T N
2—2 -1 1 2

0
&
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\/_Q’_mi N/Zmimj
v

ij = 0ij ; +¢&s

- - \/2mim;
Y= &T’

Y and

(30)

where £, and &, vanish in the SM limit.

In the following, we will apply this ansatz and take into
account the new upper bound B(h — ut)cys < 0.25% [23]
and the signal strength of the & — 7z channel, p,, =
1.11793} [27] measured at the Run I LHC and p,, =
1.067037 recently measured by CMS at 13 TeV with a
dataset of 35.9 fb~! [47]. We will also use Eq. (22) to
predict the flavor-changing & — sb decay rate.

With the Cheng-Sher ansatz in the lepton sector, the
constraints on (Y,,,Y,,) from the CMS data can be
converted to the constraints on (£,,&,), as shown in
Fig. 4, where the subscript ¢ refers to the charged leptons.
In this figure, the parameter regions allowed by the 4 — 77
measurement from the combined LHC data and the new
CMS bound on B(h — ut) are, respectively, given by the
dark gray ring and light gray circular area, both at 95% C.L.
Furthermore, as discussed in the previous section, the
largest allowed |Y,| is about 3.4 x 107*. We take Y, =
3.4 x 107 (left plot) and 1.3 x 10™* (right plot) as two
benchmark values, and find the region in the (&,, &,) plane
that reduces B(B, — putu~) gy by 5% to 25%, to be in better
agreement with the current data. It is shown that, unless for a
very small Y, the Higgs FCNC couplings under the
Cheng-Sher ansatz can simultaneously be consistent with
the LHC Higgs measurements while suppressing the B, —
uu~ branching ratio by ~15%. By varying Y, until there
is no overlap between the region allowed by the 4 — ur and

2 T T T 17T 7T T T 1717 T 17T 17T 1T 17T T 7T 1777

B /->TT
= h-put
_ -4 H
Y‘vh—1.3><10 By uu
_ TN N T T [N TN TN TR N A T T T N AN T N N
2—2 -1 1 2

0
&

FIG. 4. Combined constraints on (&4, €,) under the Cheng-Sher ansatz. The dark and light gray regions are, respectively, the para-
meter space allowed by the & — 7z measurement from the combined LHC data and the CMS h — pur data at 95% C.L. In the case
of ¥, =34x10"* (left plot) and ¥,, = 1.3 x 10™* (right plot), the parameter space satisfying 75% < B(B; — u"u~)/

B(B; = putp~ ) < 95% is shown by the green region.
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77 data and the region for 5% to 25% reduction from
B(B; — u* i~ )gy» one can obtain a lower bound on |Y |,
as can be seen by comparing the left and right plots of Fig. 4.
This exercise shows that if B(B; — u"pu~) can be better
determined and seen to be significantly lower than the SM
prediction, a lower bound on the pseudoscalar FCNC
Yukawa coupling |Y,| can be obtained, complementary
to the upper bound from Am, given in Eq. (24). The
experimental data on & — zr play an important role in
constraining the central region in Fig. 4.

We note in passing that for the overlapped region
between the green region and the light gray region in
Fig. 4 and assuming that the up-type quarks have only the
SM Yukawa couplings, the measured signal strengths of
different Higgs decay channels are modified because the
changes in their branching ratios. The predictions under
the Cheng-Sher ansatz are consistent with the current
measurements.

As an illustration to show the power of various exper-
imental measurements, we consider the scenario where the
scalar Yukawa couplings are SM-like (e.g., Y, =&, = 0)
and the Cheng-Sher ansatz is applied only to the pseudo-
scalar Yukawa couplings of the charged leptons, i.e.,
&, #0. Again, we take into account the measurements
of Am,, By —» uu~, h — pur and h — 77 and show the
combined constraints in the (¥, &,) plane in Fig. 5. The
light green region is plotted under the presumption that
B(B; — utu~) will be measured with a higher precision
and determined to fall between 75% and 95% of its SM
expectation. The region to the left of the dot-dashed line is
ruled out by Amg at 95% C.L. The light gray region
simultaneously satisfies the Higgs signal strength of the 7z
channel and the new CMS upper bound on B(h — ut) at

20T LI L IO L DL
: I B hoTT :
L I h-pt
- I By—pp
1.5+ i -
i i i
L | 4
L I 4
G 1.0 I %D —
L g 4
- | E -
— ]
S i
0.5 . -
L [ 2z i
- I T‘) -

]

L | 8 4
T T I il I T T N T T A T B ]
O'00 0.2 0.4 0.6 0.8 1

Yy [107°]

FIG. 5. Combined constraints on (¥ Sb,ff) under the Cheng-
Sher ansatz in the case where scalar Yukawa couplings are purely
SM-like. The dot-dashed line denotes the upper bound from Am.
The plotting style is the same as in Fig. 4.
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95% C.L. The overlapped region (the greenish wedge at the
upper right corner of the light gray area) shows nontrivial
upper and lower bounds on the pseudoscalar parameters:
&, €(0.27,0.58) and Y, € (1.3,3.4) x 107*. Such a sce-
nario can be probed by future LHC and Belle-1I
experiments.

As alluded to in Sec. II C, here we make a brief comment
on the possibility of observing CP violation in h — 77
through the operator O, = p, - (Pz+ X py-). Taking
Y, =3.4x 107, as in the left plot of Fig. 4, one can
infer using the Cheng-Sher ansatz for Y, and Y, that the
absolute value of A,, defined in Eq. (23), can be almost as
large as the maximally allowed value of z/8. This can be
tested at a Higgs factory.

If one also applies the Cheng-Sher ansatz to the down-
type quarks, rough estimates of the Higgs FCNC contri-
butions to Amy” and Amj" can be made once Amy" is
known, using

2
AmNPNRK meKﬂ NP
K ®o5 s

~ >
Rp fg mp my

R f2 mp. m
Amyp ~ B 4123”’ « 7d AmNP, (31)
RBX fB:mBS myg

where Rg/Rp =12.6 and Rp,/Rp =1 [37], and the last
fractions in both expressions come from the ansatz.
Assuming Am)? to be about 10% of the experimental
value, we find that the contributions to Am}® is about 20%
of its experimental value, but with opposite sign for real
Yukawa couplings. With complex Yukawa couplings, the
contribution from the imaginary part will add to the SM
predicted value and become closer to the experimental
value. Since there is a large uncertainty caused by long
distance contribution for Amyg [48-51], it is possible that
when adding all contributions together the correct value
will be produced and the Cheng-Sher ansatz is valid here.
The contributions to Am}" is also about 10%. Therefore
within the region allowed by the B,-B, mixing, the B,-B, is
predicted to be consistent with the data. As a consequence,
the B; — p*u~ decay branching ratio will also be about the
same order as that in the SM, which is smaller than the
current experimental bound of 3.4 x 107'° at 95% C.L.
[17]. One also predicts B(B; — ut)/B(B; — ut) ~ my/m;
resulting in B(B; — ur) < 1.5x 107, This is much
smaller than current experimental bound of 2.2 x 107,

V. SUMMARY

Motivated by the recent precision determination of the
B, — utpu~ decay branching ratio, we consider its con-
straints on tree-level flavor-changing Yukawa couplings
with the 125-GeV Higgs boson, as defined in Eq. (6). To
gain more definite information, we also take into account
the B, mass difference Amyg, the h — uz decay branching
ratio determined by the CMS Collaboration, and the signal
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strength of the h — 7z~ channel from the combined
LHC data.

In what follows, we summarize the constraints on flavor-
changing couplings obtained in this work, assuming that
they are generally complex. From B(B; — u*u~) alone,
we obtain

0.66 < [5.6 x 1057, Y, >
+[1-6.0x10°7,7,,|> < 1.26.

From Am,, we have
0.76 < |1 — (0.7Y%, +2.1Y%,)) x 10°] < 1.29.

Combining with the constraints from the 4 — ut branching
ratio bound measured by the CMS Collaboration and the
h — 77 signal strength from the combined LHC data, we
have made predictions for the branching ratios of B, — ur,
7z and h — sb decays. In particular, B(B; — ut) can be as
large as 3.1 x 107 at 95% C.L. This may be quite
challenging for the LHCb and future Belle-II experiments
to measure.

Finally, we wuse the above-mentioned constraints
obtained from data to test the Cheng-Sher ansatz. We have

PHYSICAL REVIEW D 96, 035032 (2017)

shown that if the B, — p™u~ branching ratio is found to
deviate significantly from the SM expectation in the future,
the combined analysis with the 4 — 77 and yr data can give
us a lower bound on the pseudoscalar Yukawa coupling
Y5, provided that the B, mass difference is still dominated
by the SM contribution. As an example, the parameter &, is
found to fall within the (0.27,0.58) region when the scalar
Yukawa couplings are assumed to be SM-like. We have
also made a brief comment on the possibility of observing
CP violation in the & — 777~ decay.
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