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Inspired by a significance of 2.4¢ for the h — ur decay observed by the CMS experiment at
/s = 8 TeV, we investigate the Higgs lepton-flavor-violating effects in a generic two-Higgs-doublet
model (THDM), where the lepton-flavor-changing neutral currents are induced at the tree level and arise
from the Yukawa sector. We revisit the constraints for generic THDM by considering theoretical
requirements, precision measurements of 5p and oblique parameters S, 7', and U, and Higgs measurements.
The bounds from Higgs data play the major limits. With parameter values that simultaneously satisfy the
Higgs bounds and the CMS excess of the Higgs coupling to u — 7, we find that the tree-level ¢ — 3y and the
loop-induced © — uy decays are consistent with current experimental upper limits; the discrepancy in muon
g — 2 between experimental results and standard model predictions can be resolved, and an interesting
relation between muon g — 2 and the branching ratio (BR) for 4 — ey is found. The generic THDM results
show that the order of magnitude of the ratio BR(% — et)/BR(h — ut) is smaller than 10~*. Additionally,
we also study the rare decay Z — ur and get BR(Z — pur) < 107°.
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The observed-flavor-changing neutral currents (FCNCs)
in the standard model (SM) occur at the loop level of the
quark sector and originate from W-mediated charged
currents, such as K — K, B— B, and D — D mixings and
b — sy. Due to the loop effects, it is believed that these
FCNC processes are sensitive to new physics. However,
most of these processes involve large uncertain nonpertur-
bative quantum chromodynamics (QCD) effects; therefore,
even if new physics exist, it is not easy to distinguish them
from the SM results due to QCD uncertainty.

The situation in the lepton sector is different. Although
the SM also has lepton FCNCs [e.g., u — ey and
7 — (e, u)y] they are irrelevant to QCD effects and highly
suppressed; if any signal is observed, it is certainly strong
evidence for new physics. It is thus important to search for
new physics through the lepton sector [1-3].

With the discovery of a new scalar with a mass of
around 125 GeV at the ATLAS [4] and CMS [5]
experiments, we have taken one step further toward
understanding the electroweak symmetry breaking
(EWSB) through spontaneous symmetry breaking mecha-
nism in the scalar sector. With /s = 13-14 TeV, the
next step for the high luminosity large hadron collider
(LHC) is to explore not only the detailed properties of the
observed scalar, but also the existence of other Higgs
scalars and new physics effects.
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CMS [6] and ATLAS [7] have recently reported the
measurements of 4 — uz decay in pp collisions at /s =
8 TeV. At the 95% confidence level (C.L.), the branching
ratio (BR) for the decay at CMS is BR(h — ut) < 1.51%
and that at ATLAS is BR(h — pur) < 1.85%. Additionally,
a slight excess of events with a significance of 2.4c was
reported by CMS, with the best fit of BR(h — ur) =
(0.847939)%. If the excess is not a statistical fluctuation,
the extension of the SM becomes necessary. Inspired by the
excess of events, possible new physics effects have been
studied [8-29]. The earlier relevant works have been
investigated [30—40].

Following the measurements of ATLAS and CMS of
the couplings of Higgs to leptons, we investigate the
lepton flavor violation (LFV) in a generic two-Higgs-
doublet model (THDM) [41]. The THDM includes five
physical scalar particles, namely two CP-even bosons, one
CP-odd pseudoscalar, and one charged Higgs boson.
According to the form in which Higgs doublets couple
to fermions, the THDM is classified as type I, II, and III
models, lepton-specific model, and flipped model [42].
The minimal supersymmetric SM (MSSM) belongs to the
type I THDM, in which one Higgs doublet couples to up-
type quarks while the other couples to down-type quarks.
The type III THDM corresponds to the case in which
each of the two Higgs doublets couples to all fermions
simultaneously. As a result, tree-level FCNCs in the quark
and charged lepton sectors are induced. Considering the
strict experimental data, it is interesting to determine the
impacts of the type III model on the LFV.
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If we assume no new CP-violating source from the
scalar sector, such as the type II model and MSSM, the
main new free parameters are the masses of new scalars,
tanf = v,/v, and angle a, where tan g is related to the
ratio of the vacuum expectation values (VEVs) of two
Higgs fields and the angle a stands for the mixing effect
of two CP-even scalars. Basically, these two parameters
have been strictly constrained by the current experimental
data, such as p-parameter, S, 7, and U oblique param-
eters, Higgs searches through & — (yy, WW*,ZZ*,
17, bi)), etc. In order to show the correlation of free
parameters and these experimental bounds, we revisit
the constraints by adopting the y-square fitting approach.
it can be seen that, although the allowed values of
cos(ff —a) approach the decoupling limit (i.e.,
a~p—n/2) if cosp is sufficiently small, the BR for
h — ur could still be as large as the measurements from
ATLAS and CMS.

Besides the h — £,/ ; decays, the type Il model has also
significant effects on other lepton-flavor-conserving and
-violating processes, such as muon anomalous magnetic
moment, u — 3e, u(z) > e(u,e)y, Z - fiz?j, etc. Although
concrete signals for lepton-flavor-violating processes have
not been observed yet, the current experimental data with
BR(i — 3e) < 1072 and BR(u — ey) < 5.7 x 10713 [43]
have put strict limits on 4 — 3e and y — ey, respectively.
Combing the LHC data and the upper limits of the rare
lepton decays, we study whether the excess of muon g — 2
can be resolved and whether the BRs of the listed lepton
FCNC processes are consistent with current data in the type
III THDM.

To indicate the scalar couplings to fermions in the
type III model, we express the Yukawa sector as

—Ly = QLYIfURI:Il + QLygURFIz
+ Q.Y{DrH, + O, Y{DrH,
+ LY{¢rH| + LYS¢rH, + Hec., (1)

where we have hidden all flavor indices, Q7 = (u,d), and
LT = (v,¢), are the SU(2), quark and lepton doublets,

respectively, Y'fz are the Yukawa matrices, H; = it, H;}
|
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with 7, being the second Pauli matrix, the Higgs doublets
are represented by

= ((1},- +¢,»¢+l m,-)/ﬂ)’ @

and v; is the VEV of H,. Equation (1) can recover the type II
THDM if Y%, Y4, and Y5 vanish. Before EWSB, all ¥ {.2 are
arbitrary 3 x 3 matrices and fermions are not phySical
eigenstates; therefore, we have the freedom to choose Y,

Y4, and Y5 to have diagonal forms; that is, Y =

diag(y¥,y4.y%) and Y5 = diag(y{".»5". y¥).

By the measurements of neutrino oscillations, it is
known that the SM neutrinos are massive particles.
Since the origin of neutrino masses is not conclusive, in
order to introduce the neutrino masses and avoid changing
the structure of scalar interactions in the THDM, the
neutrino masses can be generated through the type I seesaw
mechanism [44]. If we include three heavy right-handed
neutrinos, the associated Yukawa couplings are given by

o N |
=Yy = (L(yi1H, +y2H,)N + H.c.) +§./\/’TCmN/\/', (3)

where we have suppressed the flavor indices, A/; = N;
stands for the heavy right-handed neutrino, and diagmy =
(my1, my,, my3) in flavor space. Accordingly, the neutrino
mass matrix is expressed as

o ( 0 (Y171 +Y2vz)/\/§>. (4)
C\Go +yie)/V2 my

By taking proper values of my and y;,, we can fit the
measured mass-square differences, where the data are
Am?, = (7.53 £0.18) x 107 eV? and Am}; = (2.44+
0.06) x 10~% eV? for normal hierarchy, or m3; = (1.52 &
0.07) x 1073 eV? for inverted hierarchy [43]. Since the
neutrino effects are irrelevant to the current study, hereafter
we do not further discuss the detailed properties of neutrinos.

The VEVs v , are dictated by the scalar potential, where
the gauge invariant form is given by [42]

. 1
V(®y,®,) = m}®[ D) + m3®]®, — (m},®]®, + Hec.) + - 4, (D] ,)?

2

1
+ 542(@;@2)2 + 23( ] ®)) (DI D,) + A4 (D] D) (RS D)

4s

+ |2 (2]0,)? + (4D + 1, D]D,)DID, + Hec.|. (5)

2

Since we do not concentrate on CP violation, we set the parameters in Eq. (5) to be real numbers. In addition, we also
require the CP phase that arises from the ground state to vanish [41]. By the scalar potential with CP invariance, we have
nine free parameters. In our approach, the independent parameters are taken as
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{my, my, my, my=, v, tan B, a, A, A7 } (6)

with v = /0% + v3.

With the nonvanished A¢ 7 terms in the potential, not only
the mass relations of scalar bosons are modified but also the
scalar triple and quartic couplings receive the changes.
Since the masses of scalar bosons are treated as free
parameters, the direct contributions of 447 to the process
h — yy in this study are through the triple coupling
h—H' — H™. By the constraint from b — sy, the mass
of charged Higgs cannot be lighter than 480 GeV; the
contribution of the charged Higgs loop to the decay & — yy
is small. That is, the influence of Ag; on the constraint of
parameter is not significant. Without loss of generality, in
the phenomenological analysis, we set Aq; < 1. The
detailed numerical study with Ag; ~ O(1) can be found
elsewhere [45].

The physical states for scalars are expressed by

h = _Sad)l + ca¢2?
H= C(x¢l + Sa¢2’
H*(A) = =spi(m) + cpy (12) ()
with ¢,(s,) = cosa(sina), ¢z = cosfp = v;/v, and 55 =
sin f = v, /v. In this study, & is the SM-like Higgs while H,

A, and H™ are new particles in the THDM. Using Egs. (1)
and (2), one can easily find that the fermion mass matrix is

v

V2

If we introduce the unitary matrices V{ and V',’;, the mass

M, (cos fY! + sin pY}). (8)

matrix can be diagonalized through m;, = V{MfV’,;T.
Accordingly, the scalar couplings to fermions could be
formulated as

—Lyy = ?L%y(iﬂe(ﬁ +r VPMNSyZi /rH* +H.c., 9)

where ¢ = h, H, A stands for the possible neutral scalar
boson, €,y = 1, €4 = i, Vpuns is the Pontecorvo-Maki-

. . f
Nakagawa-Sakata matrix, and the Yukawa couplings y o
are defined by

£y — _Sallio Cﬂx»f,
(yh>lj Cﬁ v ij + Cﬂ ijs
sy Cay Spa <z
( H)zj - ?ﬂ?éij - s Xij?
(4
m; X
(¥3)y = —tanf—5; +—, (10)
v Cﬁ

and y7. = 2y} with ¢, = cos(f — ), sy, = sin(f — )
and
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d
XU — yu ﬁvlﬁ Xd — VdﬁvdT

L\/E R > L\/E R

Yf
X7 = v, Zye (11)

L\/ER'

From these formulations, it can be seen that the Yukawa
couplings of Higgses to fermions can return to the type II

THDM when Y{ and Y g’f vanish. The FCNC effects are

also associated with Y and Y’ g’f, which can be chosen to be
diagonal matrices, as mentioned earlier. The detailed
Yukawa couplings of H, A, and H* to up- and down-type
quarks are summarized in the Appendix.

In principle, Y’ { , are arbitrary free parameters. In order to
get more connections among parameters and reduce the
number of free parameters, the Hermitian Yukawa matrices
can be applied, where the Hermiticity of the Yukawa matrix
can be realized by symmetry, such as global (gauged)
horizontal SU(3), symmetry [46] and left-right symmetry

[47]. Therefore, the equality V4 = V/ = V/ can be sat-
isfied. With the diagonal Y{ and Ygf, the X' effects in
Eq. (11) can be expressed as ij = V{kVJ;;y‘,’:, where the

1

index k is summed up. Since no CP violation is observed
in the lepton sector, it is reasonable to assume that ¥’ ‘;2 are
real numbers. Based on this assumption, X? is a symmetric
matrix, i.e., Xf;. = Xﬁ In the decoupling limit of
a = [ — /2, the Yukawa couplings in Eq. (10) become

m;
(YZ)ij = 7517,

m; 1
(YZ)ij = _(Y£>ij = tanﬁjéij - c—ﬂXf; (12)

In such a limit, we see that the tree-level lepton FCNCs are
suppressed in /1 decays; however, they are still allowed in H
and A decays.

Next, we discuss the scalar-mediated lepton-flavor-
violating effects on the processes of interest. Using the
couplings in Eq. (9), the BR for & — zu is given by

_ GlIXGP + X5)
1671'6%1—‘;!

BR(h — ur) my,. (13)

With m;, = 125 GeV, IT', 4.21 MeV, and X%, = X%;, we
can express X%, as

c 0.01
X0, =377 x 1073 ( 2
2 x (0.02) < Cpa )

where BR(4 — pr) can be taken from the experimental
data. If one adopts the ansatz X7, = /M1, / V¥, Xl ~ 2
fits the current CMS excess.

BR(h — ur)

14
0.84 x 1072’ (14)
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Moreover, we find that the same X%, effects also
contribute to the decay  — 3y at tree level through the
mediation of scalar bosons. The BR can be formulated as

‘L'ng |X§3|2

BR(z — 3u) = mc—%

¢ ‘2 P
c s
x[ ﬁayzhzz_ ﬁayszz yA§2 } (15)
m, my my

with 7, being the lifetime of a tauon. Equation (15) can be
applied to 4 — 3e when the corresponding quantities are
correctly replaced. If we set X7, = /mm;/uvy;; and
assume that )({j = y* are independent of lepton flavors,

the ratio of BR(y — 3¢) to BR(z — 3u) can be naively
estimated as

3
e

Ryje~ 2 =3.5x 1078, (16)

5
T, m
5

TT T

m.m;
With the current upper limit BR(z — 3pu) < 1.2 x 1078
[48], we get BR(u — 3e) < 4.2 x 107'® in the type III
model, which is far smaller than the current upper bound.
Nevertheless, the suppression factor of m/ (m,mi) in
Eq. (16) can be relaxed to be m,/m, at the one-loop level,
where the lepton pair is produced by virtual y/Z in the SM.
Since the X' 53 parameter also appears in the decays u — ey
and 7 — py, which have stronger limits in experiments, in
the following analysis we do not further discuss these
processes. Additionally, to remove the correlation between
7 — 3pu and p — 3e, ;(fj should be taken as being flavor
dependent.

The discrepancy in muon g —2 between experimental
data and the SM prediction now is Aa, = a;’ — a;™ =
(28.8 £8.0) x 1071 [43]. Although muon g—2 is a
flavor-conserving process, X5, and X5, also contribute to
the anomaly through loops that are mediated by neutral and
charged Higgses. Thus, the muon anomaly in the type III
model can be formulated as [49,50]

Ag ~ m,,mTX§3X§2
U= 87*cy »
g (In(my/mz) =3) N Sha(In(mz;/m3) =3)
’ n? ,
In(m2 /m?) =32
my

where we have dropped the subleading terms associated
with m,% The following question is explored below: when
the current strict experimental data are considered, can the
anomaly of Aa, be explained in the type III model?
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As mentioned earlier, the radiative lepton decays y — ey
and 7 — (u, e)y in the SM are very tiny and sensitive to new
physics effects. In the type III model, these radiative decays
can be generated by charged and neutral Higgses through
the FCNC effects. For illustration, we present the following
effective interaction for y — ey:

em, _ v
’Cﬂ—>€}/ = Fﬂgeo—ﬂv(cLPL + CRPR)/‘F” ’ (18)

where F* is the electromagnetic field strength tensor,
and the Wilson coefficients C; and Cp from neutral and
charged scalars are given by

Criry = CQZ(R) + CH

L(R)’
b _ X5X1 Mz
L 2c§ m, "
1 2X5. X0
HE _ 23413
Cro=- 12m? ( c? )’ (19)
H* p

where C% = C?, CH#* =0, and the BR for u — ey is

BR(u—ey)  3a,
BR(yu - eb,v,) 4nG%

(ICL> +1CrP). (20)

It is clear that the factor Z in Aa, also appears in C"Z( R

In terms of Aa, in Eq. (17), Cf(R) can be expressed as

X, 412 Aa
¢ _ 13
CL(R) _X_§3 m/% . (21)

Since C}/j(m has an enhancement factor of m./m,, the

contribution from charged Higgs becomes the subleading
effect. The formulas for 7 — uy can be found in the
Appendix. From Eq. (19), we see that if flavor-changing
effects X fj = 0 with i # j, the effective Wilson coefficients
Cp g vanish. That is, the contributions to the radiative
lepton decays from other types of THDM are suppressed.
Therefore, any sizable signals of y — ey and 7 — uy will
be a strong support for the type III model.

The last process of interest is the decay Z — puz.
Other flavor-changing leptonic Z decays also occur in
the type III model; however, since the yz mode is dominant,
the present study focuses on the uz channel. Besides the Z
coupling to charged leptons, in the THDM, Z — h(H) — A
and Z — Z — h(H) interactions are involved, in which the
vertices are [51]

095004-4



h,Z—) f[‘fj, Aaw

7 ). HYy
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A H- u
h(H), H* :
Z 27N
[ \
VW
— I

FIG. 1. Representative Feynman diagrams for Z — ur decay.
Z—h(H)—A: =I5
’ 2cos@y AT PHH
B .gcos 20y
Z—-H"—-H : —iZ———=~ -,
sty (Pu+ + pu-),

. gm
Z-7Z- h(H)- msﬂa(cﬂa)guw (22)

where 6y, is Weinberg’s angle. The typical Feynman
diagrams for Z — pur are presented in Fig. 1. Since many
one-loop Feynman diagrams are involved in the process,
we employ the FormCalc package [52] to deal with the loop
calculations. The lengthy formulas are not shown here;
instead, we directly show the numerical results.

Before presenting the numerical analysis, we discuss the
theoretical and experimental constraints. The main theo-
retical constraints of THDM are the perturbative scalar
potential, vacuum stability, and unitarity. Therefore, in
order to satisfy the perturbative requirement, we set all
quartic couplings of the scalar potential to obey |4;| < 8z
for all i. The conditions for vacuum stability are [53,54]

/11 > 0, /12>O, ﬂ3+\//1112>0,
VA + A3 + A4 — |25 > 0,
1
2|A6 + 47| < 5(/11 +A) + A3+ A4 + 4s. (23)

Without losing the general properties, we set 457 < 1 in
our numerical analysis. Effectively, the scalar potential is
similar to that in the type I THDM. Since the unitarity
constraint involves a variety of scattering processes, here
we adopt the results of a previous study [55].

Next, we briefly state the experimental bounds. It is
known that » — sy is sensitive to the mass of charged
Higgs. According to a recent analysis [56], the lower bound
in the type II model is given to be my= > 480 GeV at
95% C.L. Due to the neutral and charged Higgses involved
in the self-energy of W and Z bosons, the precision
measurements of the p-parameter and the oblique param-
eters [57] can give constraints on the associated new
parameters. From the global fit, we know that p =
1.00040 4 0.00024 [43] and the SM prediction is p = 1.

PHYSICAL REVIEW D 93, 095004 (2016)

TABLE 1. Combined best-fit signal strengths fgep i, and
fiygravn and the associated correlation coefficient p for corre-
sponding Higgs decay mode [62,63].

U ﬁégFﬂth Boprivn  Tl0gFimn  £16verivn p
vy 132 0.8 0.38 0.7 ~0.30
zzr 1.70 0.3 0.4 1.20 —-0.59
ww* 0.98 1.28 0.28 0.55 -0.20
T 2 1.24 1.50 0.59 -0.42
bb 1.11 0.92 0.65 0.38 0

Taking m;, = 125 GeV, m;, = 173.3 GeV, and assuming
U = 0, the tolerated ranges for S and T are found to be [58]

AS = 0.06 £ 0.09, AT =0.10£0.07, (24)

where the correlation factor is
SZHDM _ SSM AT = T2HDM _ TSM

p=+091, AS=
and their explicit
expressions can be found elsewhere [59]. We note that
in the limit my+ = my or my= = my, AT vanishes [60,61].

Since the Higgs data approach the precision measure-
ments, the relevant measurements can give strict limits on
Cpq and s,. As usual, the Higgs measurement is expressed
by the signal strength, which is defined by the ratio of the
Higgs signal to the SM prediction, given by

+ oi(h)-BR(h > f)
i = oW (1) - BRM( — f)

ci(h) denotes the Higgs production cross section by
channel i and BR(h — f) is the BR for the Higgs decay
h — f. Since several Higgs boson production channels are
available at the LHC, we are interested in the gluon fusion
production (ggF), tth, vector boson fusion (VBF) and
Higgs-strahlung Vh with V. = W/Z; they are grouped to be
,u]gCHF L, and ,u{,BF 4yu- The values of observed signal
strengths are shown in Table. I, where we used the notations
ﬂggp L and /2(,3 rivp 0 express the combined results of
ATLAS [62] and CMS [63].

In order to study the influence of new free parameters
and to understand their correlations, we employ the mini-
mum y-square method with the experimental data consid-
ered. For a given Higgs decay channel f = yy, WW*, ZZ*,
77, we define the )(72( as

1
2 __ ~f\2
X =m— )+
T (=07
2p

—Mi(ﬂf_ﬁf)(ﬂf—ﬁf)’
Gioa(1—p?) M1 TR T

(26)
where /A‘{(z)’ 61(2)» and p are the measured Higgs signal

strength, the one-sigma errors, and the correlation, respec-
tively. The corresponding values are shown in Table I.
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The indices 1 and 2 respectively stand for ggF + tth
and VBF + Vh, and /ﬂ; o are the results in the THDM.
The global y-square is defined by

= E )C]Zf_'—)(%T’ (27)
f

where y%; is the y* for S and T parameters; its definition
can be obtained from Eq. (26) by using the replacements

il — STHOM and ] — TTHDM and the corresponding
values can be determined from Eq. (24).

Besides the bounds from theoretical considerations,
Higgs data, and upper limit BR(u — 3¢) < 1.0 x 10712,
the schemes for the setting of parameters in this study are as
follows: the masses of SM Higgs and charged Higgs are
fixed to be m;, = 125.5 GeV and my= = 500 GeV, respec-
tively, and the regions of other involved parameters are
chosen as

my 4 D [126,1000] GeV, m2, D [-1.0,1.5] x 10° GeV?,
tanf > [05.50],  a=[-n/2,7/2). (28)

Since our purpose is to show the impacts of THDM on
LFV, to lower the influence of the quark sector, we set
X4 ~ 0 in the current analysis; i.e., the Yukawa couplings
of quarks behave like the type Il THDM. The influence of
X7 # 0 can be found elsewhere [45]. To understand the
small lepton FCNCs, we use the ansatz X f} = /mim; / v)(g.;
thus, )(’;’} can be on the order of one. Although & — £+ — ¢~
couplings also contribute to the 7 — 2y process, unless one
makes an extreme tuning on )(f;, their contributions to & —
2y are small in the THDM.

We now present the numerical analysis. Combining the
theoretical requirements and dp = (4.0 £ 2.4) x 107#, the
allowed ranges of tanf and cg, are shown by the yellow
dots in Fig. 2, where the scanned regions of Eq. (28) were
used. When the measurements of oblique parameters are

50

-1.0 ) O.E)
cos(B-a)

FIG. 2. Constraints from theoretical requirements and precision
measurement of p-parameter (yellow dots) and results (blue
points) when measurements of oblique parameters are included.
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50.0 0.50
(a) 5 (b)
2%
10.0 050
5.0 ’
=) &
3 =020
1.0
0.5 0.15
-02 -0.1 0.0 0.1 0.2 0'1—00.8 -06 -04 -02 00
cos(f—-a) [
FIG. 3. Bounds with y-square fit as a function of (a) tan # and

cos(ff — a) and (b) /7 and a, where blue, green, and red denote
Ay? <2.3,5.99, and 11.8, respectively.

included, the allowed parameter space is changed slightly,
as shown by blue dots in Fig. 2. In both cases, data with 2¢
errors are adopted. From the results, we see that the
constraint on cg, is loose and the favorable range for
tan S is tan f < 20.

To perform the constraints from Higgs data listed in
Table I, we use the minimum y-square approach. The best
fit is taken at 68%, 95.5%, and 99.7% C.L.; that is, the
corresponding errors of y* are Ay? <2.3,5.99, and 11.8,
respectively. With the definitions in Egs. (26) and (27), we
present the allowed values of parameters in Fig. 3(a), where
the theoretical requirements, dp, oblique parameters, and
Higgs data are all included. In the plots, blue, green, and red
represent 68%, 95.5%, and 99.7% C.L., respectively. It is
clear that c4, has been limited to a narrow range and that the
favorable values of tan 8 are less than 10. We can under-
stand the correlation between angle f and « from Fig. 3(b).
We will use these results to study other rare decays. For
calculating Aaﬂ and rare tau, p, and Z decays, we need
information about the allowed masses of H and A. Using
the results of y-square fitting, we present the correlation
between my —my: and my —my in Fig. 4(a) and that
between m?, and m, — my in Fig. 4(b), where the ranges of
parameters in Eq. (28) are satisfied.

After obtaining the allowed ranges of parameters, we
analyze the implications of lepton-flavor-violating effects

300 . - — 1.5
(a) ] (b)
1 1.0

0.5

0.0

my — my+ (GeV)
(=]
m2,(10°) GeV?

-0.5

-1o —400-200 O 200 400

my —myg

—400 -200 0 200 400
my —my (GeV)

FIG. 4. Correlations between (a) my —my+ and my —my
and (b) m%z and m, — my, where blue, green, and red denote
Ay? <2.3,5.99, and 11.8, respectively.
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FIG. 5. (a) Contour for BR(h — ur) = 0.84% as a function of cos(ff —a) and tanf with ;(53 =4 (solid) and 6 (dashed).
(b) BR(h — ut) as function of cos(f — a), where blue, green, and red stand for the best fits at 68%, 95%, and 99.7% C.L., respectively.

on h — pt and other rare decays. From Eq. (13), it can be
seen that the 7 — ur decay is sensitive to cg,, tan 3, and
%53- In order to understand under what conditions the CMS
results of i1 — ut can be reached in the type IIl THDM, we
show the contour for BR(h — ur) = 0.84% as a function
of tan 8 and cp, in Fig. 5(a), where the solid and dashed
lines stand for y5; = 4 and 6, respectively. We find that in
order to fit the central value of the CMS results and satisfy
the bounds from Higgs data simultaneously, one needs
153 > 5. That is, with the severe limits of tan # and cg,, an
accurate measurement of 7 — pt can directly bound the
255 To clearly show the correlation between BR(h — )
and the parameters constrained by Higgs data, we plot the
BR(% — ur) in terms of the results of Fig. 3 in Fig. 5(b),
where we fix )(53 = 5 and blue, green, and red stand for the
best fits at 68%, 95%, and 99.7% C.L., respectively.
From Eq. (15), we see that the tree-level 7 — 3u decay is
sensitive to the masses of my 4, tanf, and ;(53’22, but
insensitive to cg,. In Fig. 6(a), we show the contours for
BR(z — 3u) x 10% as a function of tan and my, where

20F

(a)
15+
cos(B-a)=-0.05
X3 =55 X5 =2
Q ms=300 GeV
£ 10}

300

my =300 GeV, x5 =5, x4 = —2, and Cpq = —0.05 are
used. The values in the plot denote the BR for 7 — 3yu; the
largest one is the current upper limit. Although a vanished
x5, still leads to a sizable BR(z — 3y), its value influences
the BR for the 7 — 3y decay. To understand the effect of
255, we plot BR(7 — 3u) x 108 as a function of y%; and x%,
in Fig. 6(b), where tan # = 6 and my,) = 200(300) GeV.
These parameter values are consistent with the constraints
from Higgs data.

From Eq. (AS5), it can be seen that besides the parameters
tan 3, my 4 and ;(53, 7 — uy at the one-loop level is also
dictated by )(§3. Since cp, has been limited to a narrow
region, like the 7 — 3u decay, 7 — py is insensitive to cg,.
We present the contours for BR(z — uy) x 103 as a
function of tanf and my in Fig. 7(a), where we have
included the one- and two-loop contributions and
Cpq = —0.05, )(53(33) =5(0), and my =300 GeV. The
largest value on the curves is the current experimental
upper limit. We see that with strict constraints of Higgs
data, BR(z — uy) in the type III THDM can still be

4pT . s 1
RN (b)
\ N, SN S~
\ . ~L ~.o
N Y Sseel TSeell
A s T b N
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2 L T P
_____________________ 6
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/” LT e e
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K B L L
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-2p/1 I/ ,,l" //' cos(B-a)=-0.05
o e tanf=6
Y4 ,/ my =200 GeV
/)
VA ma=300 GeV
4
I
-4t 0 7 24, . . .
2 4 6 8 10

¢
X23

FIG. 6. Contours for BR(z — 3u) x 10® as a function of (a) m and tanf with ;(53(22) =5(-2) and (b) x%; and x5, with my =
200 GeV and tan f = 6. In both plots, m, = 300 GeV and cos(f — a) = —0.05.
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FIG. 7. Contours for BR(z — uy) x 10% as a function of (a) tan 8 and my with y%;(x%;) = 5(0) and (b) x5, and y4; with tan = 6
and mpy(4) = 200(300) GeV. One- and two-loop effects are included.
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FIG. 8. (a) Contours for Aa, x 10° as a function of tang and mj, with m, = 300 GeV, )(53 =35, and cos(f —a) = —0.05
and (b) contours for BR(u — ey) x 10" as a function of Aa, and )(f3 / ;{53, where the relation in Eq. (21) is adopted.
compatible with the current upper limit when the decay
h — pt matches the CMS observation.

to determine whether Aa, could be explained by the
According to Eq. (17), we know that muon ¢g—2

f . .
strongly depends on jy5;, tan 3, and my 4. It is of interest

type III model when the severe limits of involved param-

eters are imposed. With m, = 300 GeV, )(53 =5, we plot

the contours for Aa, x 10° as a function of tan  and my in

20 , , , 20

(@) (b)
15+ 15
cos(B-a)=-0.05

Q, X5 =5 ¥l =0 Q cos(B-a)=-0.05

= 100 o £ 10} ‘2o

s my=300 GeV 8 ﬁ : 200Gy

ma=300 GeV
5 5r
150 200 250 300 2 4 6 8 10
my (GeV) X2

FIG. 9. Contours for BR(Z — uz) x 107 as a function of (a) tan # and my with y5;
In both plots, we adopt m, = 300 GeV, y4; = 0, and cos(f — a) = —0.05.

=5 and (b) tan  and ;(53 with my = 200 GeV.
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Fig. 8(a), where the shaded region (yellow) stands for the
central value with 2¢ errors. From the plot, it is clear that
these parameter values, which satisfy the Higgs data and
BR(/ — pt) = 0.84% can also make (g —2), consistent
with the discrepancy between the experimental data and
SM prediction. Based on Eq. (21), it is found that
u — ey can be expressed by Aa, With the ansatz
X{= /[ vy, we show the contours for BR(u— ey)
as a function of Aa, and y{;/x5; in Fig. 8(b), where the
numbers on the curves are the BR for y — ey decay
obtained by multiplying 10'®. Clearly, in order to satisfy
the bound from the rare u — ey decay, )(’f3 has to be less
than O(1072). As a result, we get

BR(h — er) <2 x 107 (Ilf({)(”) BR(h — uz).  (29)

Hence, in the type IIl THDM, i — et at least is an order of
10* smaller than h — pur.

Finally, we discuss the decay Z — pz. Similar to rare ¢
decays, BR(Z — uz) is sensitive to tan 3, my 4, and ;63(33)
in the type III model. Although we do not explicitly show
the formulas in this paper, we present the contours for
BR(Z — ur) x 107 as a function of tanf and my in
Fig. 9(a), where m, = 300 GeV, ;(23 =5(0), and ¢y, =
—0.05 are used. With the constrained parameters that fit the
CMS results of 7 — ur, we find that BR for Z — ur decay
is BR(Z — puz) < 1075, The current experimental upper
limit is BR(Z — p7)®P < 2.1 x 107>, To understand the
dependence of y%,, we also show the contours as a function
of tan# and y%; with my = 200 GeV in Fig. 9(b).

In summary, we revisited the constraints for THDM.
The bounds from theoretical requirements, precision Jdp,
and oblique parameter measurements are shown in Fig. 2
and the bounds from Higgs data with y-square fit at 68%,
95.5%, and 99.7% C.L. are given in Fig. 3. We clearly
show the tension of Higgs data on the parameters of new
physics. With the parameter values constrained by Higgs
data, we find that the type III THDM can fit the CMS
result BR(h — pt) = (0.847037)%. With the same set of

|

PHYSICAL REVIEW D 93, 095004 (2016)

parameters, the resultant branching ratios of tree-level
7 — 3u and loop-induced 7 — uy decays are consistent
with the current experimental upper limits. Under the
strict limits of Higgs data, we clearly show that the
anomaly of the muon anomalous magnetic moment can
be explained by the type III model. The rare decay y —
ey can be satisfied by small parameter )(Lf3. As a result,
we expect that the branching ratio for & — er is smaller
than that for the decay & — pz by an order of magnitude
of 10 Additionally, we also calculated the branching
ratio for rare decay Z — ur and the result is 1 order of
magnitude smaller than the current experimental upper
limit.
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APPENDIX: YUKAWA COUPLINGS AND BR
FOR THE DECAY 7 — py

1. Yukawa couplings

The Higgs Yukawa couplings to fermions are expressed
as

C C
- [—amu /’X] o
’US/,' Sﬁ

_ C
+d, [—S“md + ’f"Xd] dgh
’UC/} C/j

7, [—S—“mf +%Xf] feh+He., (A1)
UC[; Cﬂ

where ¢, = cos(f —a), sp, =sin(f—a) and X/s are
defined in Eq. (11). Similarly, the Yukawa couplings of
scalars H and A are expressed as

LA =g, { S m, +ﬁxu} upH + d, [ a my — 22 Xd}d H
’US/; Sﬂ /,' C
_ Cq ﬁa , Xu
+KL — My — X fRH+lML MRA

UCﬁ C/; S/}

-t t b’
+ldL|: anﬁ d+ :|dRA+lfL [—ﬂmf—{— :|KRA+HC (AZ)

v Cp

The Yukawa couplings of charged Higgs to fermions are
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cot X
|: ﬁ m, + :| MRH_
v Sp
tan X4
{ ﬁ my + ] drH™"
Cp

) )
+ V2ii; Verm

+ V20, Vpuns | - ——my +

t X
|: anﬁ :|fRH++HC

<p
(A3)

where CKM and PMNS stand for Cabibbo-Kobayashi-
Maskawa and Pontecorvo-Maki-Nakagawa-Sakata matrices,
|
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respectively. Except the factor v/2 and CKM matrix, the
Yukawa couplings of charged Higgs are the same as those of
pseudoscalar A.

2. T — py decay

The effective interaction for 7 — uy is expressed by

L 0, (C Py + CrPg)TF*™, (A4)

e
= 1622 m

where the Wilson coefficients C}; and C} from the one-loop
neutral and charged scalars are formulated as

— 4y
Cuw = D Climy
$=hHAH*
. m2 4 —S54,X% m2 4
C/h:ﬁa 32 .7 l_h__’ CH — pa32 g l_H__’
2micy 33 nm% 3 L 2mbiey A m2 3
X5, mi 5 " 1 (V2X§
C/A — _ 32 1 =), C/H — _ 32 7 i AS
2micﬁ yA%3 < n— m% 3> L 12’,’1%1i ( ¢y Ytz ( )
C%"H'A = CZ”H‘A and C’¥ = 0. In addition, the contributions from two loops are given by [9,50,64]
Kaaviss NeQja 1 /m3
i) — b _ Vs NeQj f< l(zw)
Cp T M Mmy(p) my,
u(d 2
Hi(b) _ AHIb) 2S/)‘aX32y[-1(33) N.Qja 1 i)
G =Cp =~ c 2 |
ﬂ m,mt“,) mH
Xy N Qa1 m
CAb) _ A _ _y 2y Ve f( t<2b>>,
C/} T m,m,(b) ny
S 3 C paX. ga m3 23 (m} 3 (m}
CW:Cw_/jaﬁa 32 3f( 2w <2 [y 2 Mw
2L 2R cy  2mmomy f m?, tY 2 *3 m?,
m? m? m?
I A0E ) e
my, my H
where the loop functions are
z U (1=2x(1=x)), x(1—x)
7)== dx In ,
z [1 1 x(1=x)
= — d s
9(2) 2/0 Xl-x -z 2z
z [1 1 z x(1—x)
h(z)=—= [ d 1- 1 . A7
@) 2% xx(l—x)—z[ x(l—x)—zn z (A7)
The BR for 7 — uy is expressed by
BR(r — py)
= Ci? +|C; A8
BR(1—>,uz7ﬂv,) 4r G2 (ICLI +ICRF)- (A8)
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