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Abstract

Inspired by a significance of 2.40 in h — pr decay observed by CMS at /s = 8 TeV, we inves-
tigate the Higgs lepton flavor violating effects in the generic two-Higgs-doublet model (GTHDM),
where the lepton flavor changing neutral currents are induced at tree level and arisen from Yukawa
sector. We revisit the constraints for GTHDM by considering theoretical requirements, precision
measurements of dp and oblique parameters S, T', U and Higgs measurements. The bounds from
Higgs data now play the major role. With the values of parameters that simultaneously satisfy
the Higgs bounds and the excess of Higgs coupling to p-7 at CMS, we find that the tree-level
7 — 3u and loop-induced 7 — py could be consistent with current experimental upper limits; the
discrepancy in muon g — 2 between experiment and standard model prediction could be solved;
and an interesting relation between muon g —2 and branching ratio (BR) for y — e is found. The
GTHM results that the ratio BR(h — er)/BR(h — p7) should be smaller than 10=% in order of

magnitude. Additionally, we also study the rare decay Z — ur and get BR(Z — pt) < 107°.
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The observed flavor changing neutral currents (FCNCs) in the standard model (SM) occur
at loop level of quark sector and they are originated from W-mediated charged currents,
such as K — K, B — B and D — D mixings, b — s7, etc. Due to the loop effects, it is
believed that these FCNC processes are sensitive to the new physics. However, most of
these processes involve large uncertain nonperturbative QCD effects, therefore, even there
exist new physics, it is not easy to distinguish them from the SM results due to the QCD
uncertainty.

The situation in lepton sector is different. Although the SM also has lepton FCNCs, e.g.
i — ey, T — (e, 1)y, however they are irrelevant to QCD effects and highly suppressed; if
any signal is observed, definitely that is a strong evidence for the new physics. Therefore, it
becomes an important issue to search for new physics through lepton sector

By the discovery of a new scalar with a mass of around 125 GeV at ATLAS E] and CMS-

|, we have taken one step further in understanding the electroweak symmetry breaking
(EWSB) through spontaneous symmetry breaking (SSB) mechanism in the scalar sector.
With /s = 13 — 14 TeV, the next step for the high luminosity LHC is to explore not only

the detailed properties of the observed scalar but also the existence of other Higgs scalars

CMS
at /s = 8 TeV successively. At 95% confidence level (CL), the branching ratio (BR) for
the decay at CMS is BR(h — ut) < 1.51% while ATLAS gives BR(h — ut) < 1.85% .

and new physics effects.
‘j] and ATLAS B] recently report the measurements of h — p7 decay in pp collisions

Additionally, a slight excess of events with a significance of 2.4¢ is reported by CMS and
the best fit is BR(h — u7) = (0.84703))%. If the excess is not a statistical issue, the
extension of the SM becomes necessary. Inspired by the excess of events, the possible new
physics effects are studied by the authors in Refs. E, |. The earlier works could also refer
to Refs. B .

Following the measurements of ATLAS and CMS on the couplings of Higgs to leptons, we
are going to investigate the lepton flavor violation (LFV) in the generic two-Higgs-doublet
model (THDM) ‘Qﬁ In the THDM, there are five physical scalar particles and they are:
two CP-even bosons, one CP-odd pseudoscalar and one charged Higgs boson. According
to the fashion that Higgs doublets couple to fermions, the THDM is classified as type-I,
-I1, -I1I, lepton specific model and flipped model [36]. The minimal supersymmetric SM

(MSSM) belongs to the type-II THDM, in which one Higgs doublet couples to up-type
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quarks while the other couples to down-type quarks. The type-1IT THDM corresponds to
the case that each of both Higgs doublets could couple to all fermions simultaneously. As
a result, the tree level FCNCs in the quark and charged lepton sectors are induced. When
the strict experimental data are taken into account, it is interesting to see and understand
the impacts of type-III model on the LFV.

If we assume no new CP violating source from the scalar sector, like type-II model
and MSSM, the main new free parameters are masses of new scalars, tan 3 = vy/v; and
angle «, where the tan( is related to the ratio of vacuum expectation values (VEVs)
of two Higgs fields and the angle « stands for the mixing effect of two CP-even scalars.
Basically these two parameters have been constrained strictly by current experimental
data, such as p-parameter, S, T and U oblique parameters, Higgs searches through
h — (yy, WW*, ZZ*,77,bb), etc. In order to show the correlation of free parameters on

these experimental bounds, we revisit the constraints by adopting the x-square fitting ap-

proach. We will see that although the allowed value of cos(f — «) is approaching to the
decoupling limit, i.e. a ~ § — 7/2, if cos § is small enough, the BR for h — pu7 could still
be as large as the measurements of ATLAS and CMS.

Besides h — ¢;¢; decays, the type-III model also has significant effects on other lepton
flavor conserving and violating processes, such as muon anomalous magnetic moment, p —
3e, u(1) — e(u, e)y, Z — £;l;, etc. Although we have not observed concrete signals for lepton
flavor violating processes, however, the current experimental data have put strict limits on
p — 3e and p — ey with BR(p — 3e) < 1072 and BR(p — ey) < 5.7 x 10718 @]
Combing the LHC data and upper limits from rare lepton decays, we study if the excess
of muon g — 2 can be solved and the BRs of the listed lepton FCNC processes could be
significant in the type-111 THDM.

For displaying the scalar couplings to fermions in type-III model, we start writing the

Yukawa sector to be
~ Ly = QY 'UrH, + QY3 UrH,
+ QLY{'DrH, + QY5 DrH,
+ E}qggRHl + EYﬂRH2 + h.c. y (1)

where we have hidden all flavor indices, Q% = (u,d) and LT = (v, (), are the SU(2),, quark

and lepton doublets, Ylf2 are the Yukawa matrices, H; = impH* with 7, being the second
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Pauli matrix, the Higgs doublets are represented by

b - 2 @)

(vi + ¢ + i) / V2
and v; is VEV of H;. Eq. (@) could recover the type-Il THDM if Y*, Y and Yy vanish.
Before EWSB, all Ylf , are arbitrary 3 x 3 matrices and fermions are not physical eigenstates;
therefore, we have the freedom to choose Y, Y and Yy to be diagonal forms, that is,
Yy = diag(yy, ys, y4) and ;" = diag(y™, v, v").
The VEVs vy, are dictated by the scalar potential, where the gauge invariant form is

given by [36]

1
V(D @) = m2Bid, + midid, — (m?,®Idy 4 hc) + §A1(¢{q>1)2

1
+ 5)\2(@;@2)2 + A3(R] D) (DLDy) + Ay (P] D) (] D)

A
+ [?5(@{@2)2 + (Aﬁcpicpl + A7q>;q>2) oI, + h.c} : (3)

Since we do not concentrate on the CP violating issue, we set the parameters in Eq. (B
be real numbers. In addition, we also require the CP phase arisen from ground state to
vanish [35]. By the scalar potential with CP invariance, we have 10 free parameters. In our

approach, the eight of ten parameters are taken as
{mhamHumAamHi7m%27vvta‘nﬁva} (4)

with v = y/v? + v3. Without loss of the generality, in phenomenological analysis, we set
X6,z < 1. The physical states for scalars are expressed by

h = _Sa¢l + Ca¢2 ’
H = cop1+ sa92,
HH(A) = —s307 (m) + s (1) (5)
with c,(se) = cosa(sina), ¢ = cosf = vy /v, sz = sinf = vy/v. In this study, h is the

SM-like Higgs while H, A and H* are new stuff in the THDM.

Using Egs. ([{l) and (2), one can easily find that the mass matrix for fermion is

M, = % (cos BY{ + sin ﬁYzf) . (6)
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If we introduce the unitary matrices VLf and V}{ , the mass matrix can be diagonalized through

my = VLf M fVéT. Accordingly, the scalar couplings to fermions could be formulated by
—Lyy = {p 5¢Y§> (r ¢+ U Vonns Yios r HT + hec. (7)

where ¢ = h, H, A stands for the possible neutral scalar boson, €,y = 1, €4 = 4,Vpuins is

the Pontecorvo-Maki-Nakagawa-Sakata matrix and the Yukawa couplings yf; g+ are defined

by

Note: Non-diagonal terms vanish
Sa My C
(Yfz)ij = _—a—ltsij + fo Xf; , for cos(b-a)=0.
Cg U cp
‘ _ Ca My SBa 0
(V)i = g?éij s — X,
l
Z mZ ..
(Ya)ij = — tan B—0y; (8)
v (&%

and yi. = V2yY with ¢z, = cos(8 — a), sg, = sin(8 — a) and

vy vy vy
:vav , X4 = vad* szvL\}

By the formulation, one can see that the Yukawa couplings ot Higgses to fermions could

return to type-II THDM when Y;* and Y, vanish. On the other hand, the FCNC effects

Xu Vi (9)

are also associated with Y* and de’z, which could 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 Appendix.

In principle, Ylf , are arbitrary free parameters. In order to get more connections among
parameters and reduce the number of free parameters, hermitian Yukawa matrices can
achieve the intention, where the hermiticity of Yukawa matrix can be realized by symmetry,
such as the global (gauged) horizontal SU(3)y symmetry @ left-right symmetry [4 _ ete.
Therefore, the equality vi= V}{ = V/ can be satisfied naturally With the diagonal Y}"
and de’é, the Xs effects in Eq. (@) can be expressed by X Vf Vk yk with a sum in k.
Since no CP violation is observed in lepton sector, it is plau81ble to assume YfiQ to be real
numbers. Following this assumption, we get that X’ is a symmetric matrix, i.e. ij =X fl

In the decoupling limit of & = f — 7/2, the Yukawa couplings in Eq. () become

m;
(Vh)ij = 75@',
(V)i = —(ya)ij = taﬂﬁj@j - ngj- (10)
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In such limit, we see that the tree-level lepton FCNCs are suppressed in h decays, however
they are still allowed in H and A decays.

Next, we discuss the scalar-mediated lepton flavor violating effects on the interesting
processes. Using the couplings in Eq. (), the BR for h — 7p is given by
G| X2sl* +1X5/%)

2 mp
167TCBF h

BR(h — pr) = (11)

With my, = 125 GeV, T, ~ 4.21 MeV and X%, = X%;, we can get the information of X4, as

_ 0.01 BR(h — ur)
Xgy =377 x 107 (-2 12
23 8 0.02) \csa ) V 084 x 1072 (12)

where BR(h — ut) could be taken from the experimental data. If one adopts the ansatz
X ﬁT = /m,m;/ vxf;T, Xﬁr ~ 2 could fit the current CMS excess.
Moreover, we find that the same X%, effects can also induce the decay 7 — 3u at tree

level through the mediation of scalar bosons and the BR could be formulated by

2] (13)

with 7, being the lifetime of tauon. Eq. (3] could be applied to p — 3e when the corre-

2 ¢

Ya2o

m2
A

md | X452
BR(7 = 3p) = 355
B

¢ ¢
CBalYn22  Spalma

2 2

sponding quantities are correctly replaced. If we set ij = Jmym;/ Uxfj and assume that
x; = X" are independent of lepton flavors, the ratio of BR(u — 3e) to BR(1 — 3y) could
be naively estimated as

m>  m3
Ryp~ 2 Me 5551078, (14)

T, m> meﬁ

With the current upper limit BR(7 — 3u) < 2.1 x 1078 @], we see BR(u — 3e) < 7.5 %
10716 in type-I1I model, which is far smaller than the current upper bound. Nevertheless,
the suppression factor of m?/(m.m?) in Eq. (I4) could be relaxed to be m./m, at one-loop
level, where the lepton-pair is produced by virtual v/Z in the SM. Since the X%, parameter
will also appear in u — ey and 7 — py, which have stronger limits in experiments, therefore,
in following analysis we don’t further discuss these processes. Additionally, for removing the
correlation between 7 — 3p and p — 3e, ij could be taken as flavor dependence.

It has been known that the discrepancy in muon g — 2 between experimental data and
SM prediction now is Aa, = a5® — aiM = (28.8£8.0) x 107'? [37]. Although muon g — 2 is

a flavor conserving process, X4, and X34, also contribute to the anomaly through the loops
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mediated by the neutral and charged Higgses. Thus, the muon anomaly in type-IIT model

can be formulated by , 155

¢ L
My Xos X,

Aa, ~ 32 s
U 87T206 ¢ (15)
5 - G (n(mi/m?) = 3) s (n(mdy/m?) - §)

’ mj, m2
I, /m2) — 3
m? ’

where we have dropped the subleading terms associated with mi.

We will explore the
question: when the current strict experimental data are considered, could the anomaly of
Aa, be explained in type-III model?

As mentioned earlier, the radiative lepton decays u — ey and 7 — (u, )y in the SM are
very tiny and sensitive to new physics effects. In type-III model, these radiative decays could

be generated by charged and neutral Higgses through the FCNC effects. For illustration,

we present the effective interaction for y — ey as

em,,
Lysey = 167 2€Uuu (CLPp + CrPg) nf" (16)

where F* is the electromagnetic field strength tensor, the Wilson coefficients C'p and Ck

from neutral and charged scalars are given by

d) +
CrL(r CL(R Cf(R)
C? = X§2Xf3 mr
L™ " 92 m, 7%
3 1
H* 1 2X§3Xf3
= - 1
1 12m?2,, ( c ’ (17)
C}é = C’f, Cgi = 0, and the BR for y — ey is
BR(u — e 3,
woey) _ (ICL* + |CrP?) - (18)

BR(u — evev,)  4rG2

We see that the factor Z, in Aa, also appears in C’g( R)- In terms of Aa, in Eq. (I3, C’g( R)

can be expressed as

XL Ar2Aa
¢ N3 I



Since ¢

L(R) has an enhanced factor m,/m,, the contribution from charged Higgs becomes

the subleading effect. The formulas for 7 — py could be found in Appendix. From Eq. (I7),
we see that if flavor changing effects ij = 0 with ¢ # j, the effective Wilson coefficients C, r
vanish. That is, the contributions to the radiative lepton decays from other types of THDM
are suppressed. Therefore, if any sizeable signals of y© — ey and 7 — p~y are observed, that
will be a strong support for type-III model.

The last process that we are interested in is the decay Z — pr. Other flavor changing
leptonic Z decays also occur in type-III model, however, since p7 mode is the dominant
one; therefore, in current study we just focus on the p7 channel. Besides the Z coupling to
charged leptons, in the THDM, Z-h(H)-A and Z-Z-h(H) interactions are also involved, in

which the vertices are [42]

gcﬁa(_sﬁa)
7 —h(H)— A: - = =
h(H) 2 o5l (Pa + Pr))u >
ot - .gcos20w
7 —HY—H : o5 Oy (PH+ +PH- ) s
agmz
/ —7Z —h(H) : o (C80) Gun 2
(H) P (cBa) 9y (20)

with 6y, being the Weinberg’s angle. The typical Feynman diagrams for Z — pur are

presented in Fig. [Il Since there involve lots of one-loop Feynman diagrams in the process,

Z h(H),HYy
AN
A H™ N I
}L(H)7H+ T
Z 2N
[ Vo
VW
— I
A H-

FIG. 1: Representative Feynman diagrams for Z — pr decay.

we employ the FormCalc package ] to deal with the loop calculations. We do not show
the lengthy formulas in the paper, instead we directly display the numerical results.
Before presenting the numerical analysis, we discuss the theoretical and experimental

constraints. The main theoretical constraints of THDM are the perturbative scalar potential,
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vacuum stability and unitarity. Therefore, in order to satisfy perturbative requirement, we

set that all quartic couplings of the scalar potential obey |\;| < 87 for all i. The conditions
for vacuum stability are

g

)\1>O, >\2>O,>\3+\/>\1>\2>0, \/)\1>\2+>\3+)\4—‘)\5‘>0,
1
2|1X6 + A7 < §(A1 + X)) F A3+ A+ A5 (21)

Without losing the general properties, we set A\ 7 < 1 in our numerical analysis. Effectively,
the scalar potential is similar to the type-II THDM. Since the unitarity constraint involves
a variety of scattering processes, here we adopt the results in Ref. [44].

Next, we briefly state the experimental bounds. It is known that b — s is sensitive to
the mass of charged Higgs. According to the recent analysis in Ref. [50], the lower bound in
type-II model is given to be my+ > 480 GeV at 95% CL. Due to the neutral and charged
Higgses involved in the self-energy of W and Z bosons, the precision measurements of p-
parameter and the oblique parameters, denoted by S, T and U [47], could give constraints
on the associated new parameters. By the global fit, we know p = 1.00040 £ 0.00024 [37]
and the SM prediction is p = 1. Taking m; = 125 GeV, m; = 173.3 GeV and assuming
U = 0, the tolerated ranges for S and T are found by ]

AS =0.06+0.09, AT =0.10+0.07, (22)

where the correlation factor is p = +0.91, AS = §2HPM _ GSM - A — 2HDM _ PSM = and
their explicit expressions can be found in Ref. [49]. We note that in the limit mg+ = m o,
AT vanishes.

Since the Higgs data are approaching precision measurement, the relevant measurements
now could give strict limits on cg, and s,. As usual, the Higgs measurement is expressed by
the signal strength, which is defined by the ratio of Higgs signal to the SM prediction and
given by

r_ oih)- BR(h — f)

= oSM(h) - BRSM(h — f) =0 Hy- (23)

W

o;(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; and we group them to be Ni;gFthih and
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,u{/ srivy- The values of observed signal strengths are shown in Table. [l where we have
used the notations ﬁg o F+tth and ,ﬂ{/ prvh tO express the combined results of ATLAS [51]

and CMS [52].

TABLE I: Combined best-fit signal strengths figertth and@VBF+Vh and the associated correlation

I

coefficient p for the corresponding Higgs decay mode |51,

f ﬁggFthth ﬁ{/BFJFVh + 10ger1tth + 16vBF4+vh p
vy 1.32 0.8 0.38 0.7 -0.30
Z7* 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

In order to study the influence of new free parameters and to understand their correla-
tions, we employ the minimum y-square method when the experimental data are considered.
For a given Higgs decay channel f =y, WW*, ZZ* 77, we define the X? as

G = o ] — )+ s = ) = s el ) — ) 2
where ,&{(2), 01(2) and p are the measured Higgs signal strength, the one-sigma errors, and
the correlation, respectively, the corresponding values could refer to Table [, the indices 1
and 2 in turn stand for ggF + tth and VBF + Vh, and ,ufz are the results in the 2HDM. The
global y-square is defined by

X=X} + X (25)
7

where %5 is the x? for S and T parameters, its definition can be obtained from Eq.(24) by
using the replacements u{ — SZDM and ug — T?HPM “and the corresponding values can be
found from Eq. (22]).

Besides the bounds from theoretical considerations, Higgs data and upper limit BR(u —
3e) < 1.0 x 1072, the schemes for the setting of parameters in the study are adopted as

follows: the masses of SM Higgs and charged Higgs are fixed to be m;, = 125.5 GeV and
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mpg+ = 500 GeV and the regions of other involving parameters are chosen as

mp.a D [126,1000] GeV, mi, D [-1.0,1.5] x 10° GeV?,
tan 5 D [0.5,50], «a=[-7/2,7/2]. (26)

Since our purpose is to show the impacts of THDM on LFV, for lowering the influence of
quark sector, we set X? ~ 0 in current analysis, i.e. Yukawa couplings of quarks behave like
a type-II THDM. The influence of X% # 0 could be found in Ref. E

the small FCNCs at lepton sector, we use the ansatz ij = 1/7712-771]-/vxfj; thus, ij could

|. For understanding

be of order of one. Although h-£*-¢~ couplings also contribute to h — 27 process, unless
one makes an extreme tuning on !, otherwise, their contributions to h — 2y are small in
THDM.

We now start investigating the numerical analysis. Combining the theoretical require-
ments and dp = (4.0 £2.4) x 107*, the allowed ranges of tan 8 and cg,, are shown by yellow
dots in Fig. @I, where the scanned regions of Eq. (26) have been used. When the measure-
ments of oblique parameters are included, the allowed parameter space is changed slightly
and shown by blue dots in Fig. 2 In both cases, data with 20 errors are adopted. By
the results, we see that the constraint on cg, is loose and the favorable range for tan 3 is
tan [/ < 20.

To perform the constraints from Higgs data listed in Table [, we use minimum y-square
approach. The best fit is taken at 68%, 95.5% and 99.7% CL, that is, the corresponding
errors of x? are Ax? < 2.3, 5.99 and 11.8, respectively. With the definitions in Eqs. (24))
and (23]), we present the allowed values of parameters in Fig. B(a), where the theoretical
requirements, dp, oblique parameters and Higgs data are all included and the colors in the
plots stand for 68% (blue), 95.5% (green) and 99.7% (red) CL. It is clear that cg, has
been limited to a narrow range and the favorable values of tan 3 are less than 10. We can
understand the correlation between angle 5 and « in Fig. Bl(b). We will use the results to
study other rare decays. For calculating Aa, and rare tau, p and Z decays, we need the
information about the allowed masses of H and A. Using the results of x-square fit, we
present the correlation between my — my+ and my — my in Fig. [d(a) and the correlation
between m?, and m4 — my in Fig. B(b), where the ranges of parameters in Eq. (26) have
been satisfied.

After obtaining the allowed ranges of parameters, we now analyze the implications of
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FIG. 2:  Constraints from theoretical requirements and precision measurement of p-parameter
are shown by yellow dots; and the results including the measurements of oblique parameters are

displayed by blue dots.

50.0 ' - - 0.50
10.0-
50 030
g S
Lol 0.20
0.5t

02 -01 00 01 02 9 8e 04 —o3 00
cos(f-a) @

FIG. 3: Bounds with y-square fit as a function of (a) tan 8 and cos(8 — «) and (b) /7 and «,

where the blue, green and red denote the Ay? < 2.3, 5.99 and 11.8, respectively.

lepton flavor violating effects on h — pu7 and other rare decays. By Eq. (), we see
that h — u7 decay is sensitive to cg,, tan 3 and x5. In order to understand under what
condition the CMS result of h — p7 can be reached in type-I1I1 THDM, we show the contour
for BR(h — pt) = 0.84% as a function of tan 5 and cg, in Fig. Bl(a), where the solid and
dashed lines stand for y5; = 4 and 6, respectively. We find that in order to fit the central
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200 400

Correlation between (a) myg — my+ and mg — myg and (b) m%Q and ma — my, where

value of CMS result and satisfy the bounds from Higgs data simultaneously, one needs

x5 > 5. That is, with the severe limits of tan 3 and cg,, an accurate measurement of

h — p7 could directly bound on x5;. To clearly show the correlation between BR(h — ut)

and the parameters constrained by Higgs data, we plot the BR(h — p7) in terms of the

results of Fig. Blin Fig. B(b), where we fix x5, = 5 and (blue, green, red) stands for the best

fit at (68%, 95%, 99.7%) CL.

20

— X§3 =4
" iy =6

15 BR(h— u7)=0.84%

____

~015 -010 -005 0.00

cos(f—-a)

0.05

BR(h—>ur)

0.01

0.001+

10—4,

10—5 L

10-

xh3 =5
® 99.7%
® 95.5%
® 68.0%

CMS hint
Explained!

cos(f—a)

I S
—-0.15 -0.10 -0.05 0.00 0.05 0.10

FIG. 5: (a) Contour for BR(h — ut) = 0.84% as a function of cos(3 — ) and tan 3 with y4; = 4

(solid) and 6 (dashed). (b) BR(h — u7) as a function of cos(8 — «), where (blue, green, red)

stands for the best fit at (68%, 95%, 99.7%) CL.
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By Eq. (I3), we see that tree-level 7 — 3 decay is sensitive to the masses of my 4, tan 8
and x4s 5, but insensitive to cgo. In Fig.B(a), we show the contours for BR(T — 3u) x 10
as a function of tan 8 and my, where m4 = 300 GeV, x5 =5, x4 = —2 and ¢, = —0.05
are used. The values in the plot denote the BR for 7 — 3u and the largest one is the
current upper limit. Although a vanished Y5, still leads to a sizeable BR(T — 31), however,
its value indeed influences the BR for 7 — 3y decay. To understand the effect of x5, we
plot BR(t — 3u) x 10% as a function of x4, and x4, in Fig. B(b), where we have taken
tan 8 = 6 and mpa)y = 200(300) GeV and these values of parameters are consistent with

the constraints from Higgs data.
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FIG. 6: Contours for BR(T — 3u) x 10% as a function of (a) my and tan 8 with X§3(22) = 5(—2)
and (b) 53 and x5, with my = 200 GeV and tan 3 = 6. In both plots, ma = 300 GeV and

cos(f — a) = —0.05 are taken.

By Eq. (), we see that besides the parameters tan 3, my 4 and x5, 7 — 7y at one-loop
level is also dictated by x4;. Since cg, has been limited to a narrow region, like 7 — 3pu
decay, T — v is insensitive to cg,. We present the contours for BR(T — uy) x 10% as
a function of tan 8 and my in Fig. [[(a), where we have included one-loop and two-loop
contributions and fixed cg, = —0.05, X§3(33) = 5(0) and m4 = 300 GeV. The largest value
on the curves is the current experimental upper limit. We see that with strict constraints
of Higgs data, BR(T — py) in type-III THDM could still be compatible with current upper
limit while the decay h — p7 matches with CMS’s observation.

According to Eq. (H), we know that muon g — 2 strongly depends on Y55, tan 3 and
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FIG. 7: Contours for BR(T — py) x 10® as a function of (a) tan 3 and my with x53(x%3) = 5(0)

and (b) x45 and xj3 with tan3 = 6 and mp4) = 200(300) GeV. One and two loop effects are

included.

mp 4. It is interesting to see if Aa, could be explained in type-III model when the severe
bounds of involving parameters are imposed. With m4 = 300 GeV, x5; = 5, we plot the
contours for Aa, x 10? as a function of tan 5 and my in Fig. B(a), where the shaded region
(yellow) stands for the central value with 20 errors. By the plot, it is clear that those
values of parameters satisfied the Higgs data and BR(h — pu1) = 0.84% could also make
the (g —2), consistent with the discrepancy between experiment and SM prediction. Based
on Eq. ([3), we find that po — ey could be expressed in terms of Aa,. With the ansatz
X}, = \/mim; Jux;;, we show the contours for BR(u — ev) as a function of Aa,, and x{3/x5;
in Fig. 8(b), where the numbers on the curves are the BR for ;1 — ey decay by multiplying

a scale of 10'3. Clearly, in order to satisfy the bound from rare p — ey decay, x{; has to be

less than O(1073). As a result, we get

NN
BR(h — er) < 2 x 107 (%) BR(h — pr). (27)
Hence, in type-III THDM, h — e7 at least is an order of 10* smaller than h — pur.

Finally, we discuss the decay Z — p7. Similar to rare 7 decays, in type-I1II model,
BR(Z — pr) is sensitive to tan 3, my 4 and X§3(33). Although we do not explicitly show the
formulas in the paper, instead we directly present the contours for BR(Z — pt) x 107 as a

function of tan 8 and my in Fig. @(a), where m4 = 300 GeV, X§3(33) = 5(0) and cg, = —0.05
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FIG. 8: (a) Contours for Aa, x 107 as a function of tan 8 and mpy with m4 = 300 GeV, x5; =5
and cos(B—a) = —0.05 and (b) Contours for BR(u — e7y) x 10'3 as a function of Aa,, and x{3/x53,

where the relation in Eq. (I9) is adopted.

are used. With the constrained parameters that fit the CMS result of h — 7, we find that
BR for Z — pr decay is BR(Z — ut) < 107%. The current experimental upper limit is
BR(Z — ut)® < 2.1 x 107°. To understand the dependence of x5;, we also show the
contours as a function of tan 8 and x5 with my = 200 GeV in Fig. Q(b).

20— 20 \ \ \ \
) (b)
15+
cos(3-a)=-0.05
X53=5; x43 =0
& 10r  =s00Gev

150 200 250 300 2 4 6 8 10
my (GeV) X(éa

FIG. 9: Contours for BR(Z — pt) x 107 as a function of (a) tan 8 and my with y5; = 5 and
(b) tan B and x4; with my = 200 GeV. In both plot, we adopt ma = 300 GeV, x43 = 0 and
cos( — a) = —0.05.
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In summary, we have revisited the constraints for two-Higgs-doublet model. The bounds
from theoretical requirements, precision dp and oblique-parameter measurements are shown
in Fig. Pl and the bounds from Higgs data with y-square fit at 68%, 95.5% and 99.7% CL
are given in Fig. Bl We clearly manifest the tension of Higgs data on the free parameters
of new physics. With the values of parameters which are constrained by Higgs data, we
find that type-IIl THDM could fit the CMS result BR(h — ur) = (0.847039)%. With
the same set of parameters, the resultant branching ratios of tree-level 7 — 3u and loop
induced 7 — py could be consistent with the current experimental upper limits. Under the
strict limits of Higgs data, we clearly show that the anomaly of muon anomalous magnetic
moment could be explained by type-III model. The rare decay p — ey could be satisfied by
small parameter y{;. As a result, we expect that the branching ratio for h — er is smaller
than the decay h — p7 by 10* in order of magnitude. Additionally, we also calculate the
branching ratio for rare decay Z — pu7 and the result is one order of magnitude smaller

than current experimental upper limit.
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Appendix A
1. Yukawa couplings

The Higgs Yukawa couplings to fermions are given by

-, {C_amu _ Cﬁ_axu} wnh 4+ d, [_S_amd+ %oxca| gon

’085 85 ’UCﬁ Cp
+ Uy |——my+ —X"| lrh + h.c., (Al)
UCB Cg
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where cg, = cos(B — ), spa = sin( — a) and X's are defined in Eq. [@). Similarly, the

Yukawa couplings of scalars H and A are expressed by

- E?,A = uy [S—mu + —Xu:| URH + dL [—md SBaXd:| dRH
Vsp SB vep (&%

— XU
+ ﬁL |:C—amg — %XZ] €RH+iﬂL [—COtﬂ my + —:| URA
vep Cs Sp
[t X4 [t X!
+idy {— anp o+ C—] drA + il {— B e+ C—} (pA+he  (A2)
v B B

The Yukawa couplings of charged Higgs to fermions are

t X

. ﬂungKM{ ot u+—} dnH -
Sp
_ X4

+ \/idLVCKM [—tanﬁmd + C_:| URH+
B
t X!

+ \/§DLVPMNS |:— an § my + —:| ERH—’_ + h.c. (A3)

Cp

where CKM and PMNS stand for Cabibbo-Kobayashi-Maskawa and Pontecorvo-Maki-
Nakagawa-Sakata matrices, respectively. Except the factor v/2, CKM and PMNS matrices,

the Yukawa couplings of charged Higgs are the same as those of pseudoscalar A.

2. 7 — vy decay
The effective interaction for 7 — py is expressed by
ET—)yfy 167 2m7—/110'“,, (CLPL + CRPR) TFH y (A4)

where the Wilson coefficients ' and C}% from one-loop neutral and charged scalars are

formulated by

_ 1P
Com= Y, Cln
¢=h,H,A,H=
Caa X% m2 4 — 530 X% m% 4
o — Ba<32 ¢ In b = ’C/H: Ba<X32 ¢ In oH = :
2m3cs Yhss m2 3 L 2m2cs Y3 m2 3
X!t m% 5 : 1 V2X4
CA — 32 ¢ I A _ 2 CrHE _ 32\ ¢ A5
L 727713‘ cs Yazs | 11 m2  3)° L 12m§{ . cs Ya+33> (A5)
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C}?,H,A _ A
by Ha @’ @I]‘

) _ o) _ o CoaXaryysy NeQja 1 (m?w))

and C/¥* = 0. In addition, the contributions from two loops are given

2L T V2R 2
(&% ™ M1 (b)

HUb) _ ~HUb) _ sﬁasty?}gfg NQja 1 m?(b)
Co =0 =2 o e ——, ;

=

—

u(d 2
At _ Al _ _2X32yA(33) NQja 1 M (v)
2L 2R )
(&% s met(b)

w w o SBaCBaX?)Z go mIz/V § % §
Cor = Con = cg 2mmemyy [3f (m%) T 2 T
2 2 2
"M Mw o (Mw _
o (1 () =9 () )] = o,
(A6)
where the loop functions are
z (1 (1—-22(1—-2)), z(1—2x)
— [ d 1
/) 2/0 xx(l—x)—z T
z (1 1 (1l —x)
=—/ d 1
9(2) 2/0 zx(l—x)—z T
z [ 1 z z(1—x)
h(z)=—= [ d 1 1 AT
(2) 2/0 xm(l—x)—z :c(l—a:)—zn z (A7)
The BR for 7 — p is expressed by
BR(T — uv) 3ave ,
= (ICLE +1CH) - (A8)

BR(T = pv,v,)  4nG%
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