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1. Introduction

Our knowledge of the “flavor” of the elementary particles is still poor. The standard model
(SM) of the elementary particle physics is a successful theory, however, we do not have a deep
understanding on the “flavor”’: why we have three generations of quarks and leptons, and how the
masses and mixings of quarks and leptons are determined in nature. Therefore, the studies on the
flavor related phenomena would be important to obtain the deeper understanding of the flavor and
new physics beyond the SM.

Although the SM is very successful, there may be some hints on the flavor as well as physics
beyond the SM in the experimental data, which deviate from the SM predictions. For example, the
CMS collaboration has reported an event excess in a flavor violating Higgs boson decay h — U T at
/s =8 TeV, and the best fit value of the branching ratio is given by

BR(h — ut) = (0.847039)%, (1.1)

and the deviation from the SM prediction is 2.46. The ATLAS collaboration has also reported their
results [5, 6],

BR(h — ut) = (0.53+0.51)%, (1.2)

which is consistent with the SM prediction as well as the CMS result shown above. Recently the
CMS collaboration reported a result based on an integrated luminosity of 2.3 fb~! at \/s = 13 TeV
and no excess is observed [7]. However it is not sensitive enough to exclude their 8 TeV result, and
more data are needed to obtain a conclusive answer to this excess.

Another example of the interesting anomaly is the muon anomalous magnetic moment (muon
g-2) as reported by, for example, Ref. [8],

a" —ai™ =(26.14+8.0)x 1077, (1.3)
where aj, " (a3) is the measured value (the SM prediction) and other groups [9] have also reported

the similar results.

One of the simplest extensions of the SM to explain the yu — 7 flavor violation in the Higgs
boson decay is a two Higgs doublet model. Interestingly we have found that the u — t flavor
violation in the 2HDM can explain the muon g-2 anomaly as well as the CMS excess in 7 — UT,
simultaneously [1, 2]. In this talk, I will show this scenario, and then I will discuss the possible
predictions of this scenario.

2. General two Higgs doublet model

We briefly review a two Higgs doublet model. In a two Higgs doublet model, both neutral
components of Higgs doublets get vacuum expectation values (vevs) in general. Taking a certain
linear combination, we can always consider a basis (so called Georgi basis or Higgs basis) where
only one of the Higgs doublets has the vev as follows:

G* HT
Hy=| vto+ic |, Ha=1| p+ia |- (2.1)
V2 V2
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where G* and G are Nambu-Goldstone bosons, and H" and A are a charged Higgs boson and a CP-
odd Higgs boson, respectively. We have assumed that the CP is conserved in the Higgs potential
for simplicity. CP-even neutral Higgs bosons ¢; and ¢, can mix and form mass eigenstates, & and

H (my > my),
01 _ cqs Ogq sinbgq H ‘ 2.2)
(153 —sin gy cosbgg h

Here 6p,, is the mixing angle. Hereafter, we denote cgq = c0s 84 and sgo = sin 0g.
Without imposing an extra symmetry, both Higgs doublets couple to all fermions. In mass
eigenbasis for the fermions, the lepton Yukawa interactions are expressed by

& = —LiHylelh—LiHypYel +h.c., (2.3)

where i, j represent flavor indices, L; = (VMNSVL,eL)T, and Wyns is the Maki-Nakagawa-Sakata
(MNS) matrix. Here all fermions (fz, fx) (f = e, V) are mass eigenstates (i.e. e} = eLr, €7 g =
ML R, 6134,13 = 77 g). We have assumed the seesaw mechanism with super-heavy right-handed neutri-
nos to explain the smallness of neutrino masses. The Yukawa coupling matrix péj is a general 3 x 3
complex matrix and can be a source of the Higgs-mediated flavor violating processes. Note that
the SM-like Higgs boson £ is almost ¢; when cgg, is close to zero. Therefore, the SM-like Higgs
boson / has the flavor violating interactions p, via the small mixing cg,.

From the Higgs potential, one can calculate the mass spectrum of Higgs bosons, and the rela-
tions among the Higgs boson masses are expressed as

m2 o~ AV, my ~ ma + Asv?,

2 2 M—As

M+l —As 2
Mg =My ——— —

> , 2.4)

V2, omy = M3, +

when cg, is small. Here A;3 45 and M, are quartic couplings and mass parameter in the Higgs
potential, respectively.

3. h — ut and muon g-2 in two Higgs doublet model with u — 7 flavor violation

In this section, we discuss the flavor violating Higgs decay & — ut as well as the muon g-2
in the general 2HDM with y — 7 flavor violation [1, 2]. The expression of the branching ratio for
h — Wt process is given by

h—utt)+T(h—pu th) Clzga(\szTP +1p)my,

BR(A = = 3.1

where I', is a total decay width of Higgs boson £ and here we adopt ', = 4.1 MeV. In order to
accommodate the CMS excess, the yu — 7 flavor violating Yukawa couplings need to satisfy the
following condition:

i P12+ |pet 0.01\ [BR(h— ur)
LR L %) , 2
p ﬁ 0.26 cpal ) V 084 %102 (3.2)
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Note that the non-zero p'* and/or p;" can explain the CMS excess.

If both pf'® and p;" couplings are non-zero, the Feynman diagram shown in the left figure of
Fig. 1 induces the important contributions to the muon g-2. We note that the chiralities of the muons
in external lines have to be flipped in the muon g-2 contributions as shown in the figure. We would

. m, = 350 GeV
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Figure 1: (Left) A Feynman diagram for neutral Higgs boson contributions to the muon g-2 via the g — 7

flavor-violating Yukawa couplings pl'* A photon is attached somewhere in the charged lepton line.

(Right)Neutral Higgs contributions to the muon g-2 (8ay) as a function of BR(% — 1) [%] and cgq (=
cos B ). The lines where the muon g-2 anomaly is explained within =16, +26 and +3c are shown. Here
we have assumed that my = 350 GeV, Ay = A5 = 0.5 and p;** = —pk*.

like to stress that normally the chirality flipping is proportional to the muon mass, however, in the
presence of both flavor violating couplings ps'* and p;/*, the chirality flipping can originate from
the mass of the 7, which is in the internal line of the one loop Feynman diagram. Therefore, the

o) generate O(m¢/my, )-enhancement in the muon

u — 7 flavor violating Yukawa couplings pt* (
g-2 contribution. As we discuss above, the Yukawa couplings ps'* (1) can be of O(1)—0(0.1) in
order to explain the CMS excess in # — T process, and hence the contributions shown in the left
figure of Fig. 1 can be significant. In the right figure of Fig. 1, we show the numerical results for the
new contribution to muon g-2 (8ay) as a function of BR(% — ut) [%] and cg, (= cosOpy). The
lines where the muon g-2 anomaly is explained within £16, +20 and +30 are shown. Here we
have assumed that my = 350 GeV, A4 = A5 = 0.5 and pZ F—_ pf . As one can see from the figure,
there are interesting regions where both the muon g-2 anomaly and the CMS excess in h — UT
process are explained if [cg | are small.

In Refs. [1, 2], we have checked constraints from various processes and concluded that this
scenario is still consistent with the current experimental results. In the next section, we will discuss

some of the interesting predictions in this scenario.

4. T — uyl[l, 2]

2 , T — WY process is generated at one-loop

In the presence of the u — 7 flavor violation p}'* (
level, similar to the muon g-2, shown in the left figure of Fig. 2. It has been also known that the
two-loop contributions to the T — (Y process (so-called Barr-Zee type contributions), shown in the

right figure of Fig. 2, are significant [10].
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Figure 2: Some of Feynman diagrams which contribute to T — py process at one-loop level (left figure)
and at two-loop level (right figure) which are so-called Barr-Zee type contributions. Diagrams where the
fermion chiralities are flipped also contribute to T — LY process.

We note that even if all extra Yukawa couplings p}j (f = e,u,d) except for pt* () are neg-
ligible, the T — uy process is induced; in this case, the Yukawa couplings yy¢s (f = 7,,D) in
Fig. 2 are expressed by the fermion mass my and the Higgs mixing parameter cg, and are not
zero, and the predicted branching ratio for T — Yy is shown in left figure of Fig. 3, as a func-
tion of BR(% — ut) [%] and cg, (= cosBp,). Here we have assumed the model parameter set
same as one in the right figure of Fig. I. The dependence of cg,, is very weak once it gets small

— BR(h— ut ) =0.84%
§ 1 mA=350GeV 02 E"”w"w"'w'"w""w"l/lw"'gw"'x
= T T T T E 3 BR(t—uy )[10°]
£ g £ BRT—wy)[107] 15 0.1 £ 0
= VO F E ptt E 44 3
QT 0.6 10 7 u 0 F
: 3 44 7
Z 04 . -0.1F .
& 3 05 3 £ ma=350 GeV 3
02* 1 1 1 1 E _0'2EuumHmH"1““m‘“m“m““u“f
~0.01 0006  —0.002 -04 02 0 02 04

cﬁa TT

€

Figure 3: (Left) Branching ratio BR(7 — ) is shown in case with p* = p!/ = 0 as a function of BR(h —
ut) [%] and cgy (= cos Opy). The parameter set of the model is assumed to be the same as one in the right
figure of Fig. 1. (Right) Branching ratio in case with non-zero p}* and p/’ as a function of p}* and p/. Lines
for BR(7 — py) = 4.4 x 1078 (current experimental limit) and 10~° are also shown. Here we have assumed
the parameter set of the model to be the same as one in the right figure of Fig. 1 except that the BR(h — ut)
and cp, are fixed to be 0.84 % and —0.007 and non-zero p;/* and p!! are assumed.

enough. The branching ratio for T — py gets larger as BR(h — 7i) becomes larger. As can
be seen from the figure, the branching ratio is smaller than one in the current experimental limit,
BR(T — uy) < 4.4 x 1078, however, it can be larger than 10~°, which may be within the reach of
the future B-factory.

If other extra Yukawa couplings such as pf® and p!! are not negligible, they can also generate
the extra contributions to the T — u7, and hence the branching ratio can be larger. In the right
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figure of Fig. 3, the numerical results for the branching ratio BR(7 — pty) are shown as a function
of pf% and p!’. Lines for BR(T — uy) = 4.4 x 108 (current experimental limit) and 10~° are
also shown. Here the parameter set of the model is taken to be the same as one in the left figure
of Fig. 3 except that the BR(2 — u7) and cg, are fixed to be 0.84 % and —0.007 and non-zero
pl* and p!/ are assumed. In this parameter set, the new physics contributions to the muon g-2 is
Oay =2.2x 10~°, which is within the 1o of the experimental result. As can be seen from the
figure, pZ* and p!/ can be still of O(0.1) from the current limit. However, the future improvement
of the constraint on the branching ratio at the level of below 10~ would significantly constrain the
parameter space of the scenario.

5. Michel parameters and lepton flavor non-universality in T — [vV (I = e, ) [2, 3]

Another interesting prediction of this scenario is the corrections to the T decay T — uvv. As
shown in left figure of Fig(. 4; the charged Higgs boson contributes to the T decay T — yUvV in the
T (Tu
those in the SM contributions. Since the neutrinos are not detected experimentally, the charged
Higgs contribution induces the corrections to T decay T — uvVv. Therefore, the detail study of the
T decay would be interesting to see the new physics effect. For an initial 7~ lepton polarization
Pr, the final u~ distribution in the 7 rest frame of T~ — u~ vV decay is given in terms of Michel

presence of non-zero p}' . Note that the flavors of neutrinos in the final state are different from

parameters Py, Ny, &y and &, [11];

dU(t= = u~vv)  mw*
dxdcos 0 - 2;;3 \/)fx%G%” [Fi(x) = Fo(x) Prcos B,
u

Fi(x) = x(1—x)+ ‘9’“(4x —3x—22) + nuro(1 —x),

Eur/x2—x3 28, (4x—4+,/1—x3)
) = {1 —x+ 5 : (5.1)

where Gp, is an effective Fermi constant for 7= — u™ vV process, and 6, is the angle between the

. . . 2m,
T~ spin and the final 4~ momentum, w is the maximum p~ energy (w = m;m:nu ), and x = Ey /w
and xo = my /w where E, and m,, are energy and mass for the muon, respectively. Here we have
assumed neutrino masses are negligible. The decay rate for T~ — u~ VvV is expressed by

G2 5
I, = {f()’u) +477# (Yﬂ)} (5.2)

1927t3
m2
where y, = . f(y) =1-8y+8y*—y*—12y’logy, and g(y) = 1 +9y—9y? —y> +6y(1+y)logy.
If only p£® and p/* are not negligible in the 2HDM, the Fermi constant and the Michel parameter
&y receive the corrections;

2AH

frd o — — e
GrV1+A*, ALy =&, —&sm Tr AR

~ DAM (5.3)

where Egv = 1 and A* = :LI;G?#' Note that in this scenario, A§;, < 0. In the right figure of

Fig. 4, correction to the Michel parameter |A&,| is shown as a function of BR(h — ut) [%] and
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Figure 4: (Left) Feynman diagram for charged Higgs contribution to T — uvv in the 2HDM with u — 7
flavor violation. (Right) Correction to the Michel parameter |[AE,| as a function of BR(h — ut) [%] and
cpa (=cosBpy). The parameter set of the model is assumed to be the same as one in the right figure of
Fig. 1. The dark (light) shaded region can explain the muon g-2 anomaly within +10 (+20).

o (= cos Bp). The parameter set of the model is assumed to be the same as one in the right figure
of Fig. 1. In the figure, the dark (light) shaded region can explain the muon g-2 anomaly within
+10 (+£20). As can be seen from the figure, interestingly, the corrections between the Michel
parameter (A§;) and the muon g-2 (8ay,) are correlated, and hence the precise measurement of &,
at the level of 10~* — 1072 would probe the interesting region of the parameter space for the muon
g-2 anomaly in this scenario. We would like to stress that the precise measurement of the Michel
parameters are very important to understand not only the Lorentz and chiral structure but also the
flavor structure of the new physics models.

Experiments have also performed a test of lepton flavor universality by measuring the follow-
ing quantity;

<&?2:BWT-%HVWﬂk) 5
g/ BR(T" = e VV)f(yu)’ '

2
where y; = % (I=e,u) and f(y) is the same function shown in Eq.(5.2). The current world average
is 1.0018 £0.0014 [12]. Interestingly, the correction to the lepton non-universality is sensitive to
the lepton flavor violation [2] and it is related to the correction to the Michel parameter 5#;

8u AH Aéu
=) ~l+—~1-— .
<&)T 2 : 55)

Since AE; < 0, (gu/8e)r > 1 in this scenario. Therefore the precise measurement of the lepton
flavor non-universality at the level of 10~* — 102 would be also very interesting to test the solution
to the anomaly of the muon g-2.
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6. Summary

In this talk, I have discussed the scenario where the y — 7 flavor violation in the general 2HDM
can explain not only the CMS event excess in 4 — [T but also the muon g-2 anomaly, which is still
consistent with the various experimental constraints. Needless to say, the more data are needed to
get a conclusive answer for the CMS excess in & — 7, and certainly they would be very important
to understand the theory beyond the SM as well as the mystery of the flavor in the SM.

I have also discussed that one of interesting predictions in this scenario is T — p7y. The de-
tail predictions depend on the unknown other Yukawa couplings such as pf* and p//. However,

even if the unknown Yukawa couplings except for pt* (1)

are negligible, the branching ratio for
T — Wy can be as large as 10~° which would be within the reach of the future B-factory, espe-
cially if the value of the branching ratio BR(h — ut) suggested by the CMS event excess is true.
Another prediction discussed here is the Michel parameters and lepton flavor non-universality in
T —IvV (I = e,u). Because of the u — 7 flavor violation, the flavors of neutrinos in the final state
are different from those in the SM prediction, and hence the corrections to Michel parameter &,
and lepton flavor violation between e and u in 7 — (e, u)vV are induced. Interesting point is that
these corrections are correlated with the correction to the muon g-2 without depending very much
on the value of BR(h — ut). Therefore, the precise measurements of these observables would

provide the significant test of the solution to the muon g-2 anomaly.
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