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Motivated by the recent CMS excess in a flavor violating Higgs decay & — ut as well as the anomaly of
muon anomalous magnetic moment (muon g — 2), we consider a scenario where both the excess in 7 — ur
and the anomaly of muon g — 2 are explained by the 4 — 7 flavor violation in a general two Higgs doublet
model. We study various processes involving u and 7, and then discuss the typical predictions and
constraints in this scenario. Especially, we find that the prediction of 7 — uy can be within the reach of the
Belle II experiment. We also show that the lepton nonuniversality between 7 — puvv and 7 — evv can be
sizable, and hence the analysis of the current Belle data and the future experimental improvement would
have an impact on this model. Besides, processes such as ¢ — pl™I= (I = e, pu), T = un, u — ey, u — 3e,
and the muon electric dipole moment can be accessible, depending on the unknown Yukawa couplings. On
the other hand, the processes like 7 — ey and 7 — el*I~ (I = e, u) could not be sizable to observe because
of the current strong constraints on the e — p and e — 7 flavor violations. Then we also conclude that
contrary to the 7 — ur decay mode, the lepton flavor violating Higgs boson decay modes & — ey and
h — et are strongly suppressed, and hence it will be difficult to observe these modes at the LHC

experiment.
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I. INTRODUCTION

The Standard Model (SM) describes particle physics
remarkably well up to the electroweak scale. In addition,
the recent discovery of a Higgs boson at the LHC [1,2]
strengthens the success of the SM. On the other hand,
the detailed measurements of the Higgs boson properties
have just started, and the whole structure of the Higgs
sector may not have been unveiled. Therefore, theoretical
and experimental studies of the extended Higgs sector
would be important to understand the nature of the Higgs
sector.

One of the simple extensions of the Higgs sector in the
SM is a two Higgs doublet model (2HDM) where an
additional Higgs doublet is introduced and both Higgs
doublets can couple to all fermions. As a result, flavor
violating phenomena mediated by the Higgs bosons are
predicted [3]. In most cases, such a flavor violation has
been considered to be avoided because of lack of the
experimental support for the anomalous flavor violating
phenomena [4-7].

However, the CMS Collaboration has recently reported
an excess in a flavor violating Higgs decay h — puz [8],
and it suggests that the best fit value of the branching
ratio is

BR(h — pr) = (0.84703))%, (1)
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where the final state is a sum of g7z~ and 7", and the
deviation from the SM prediction is 2.4¢. In addition, the
result of the ATLAS experiment has also appeared recently
[9], and it is shown as

BR(h — pt) = (0.77 + 0.62)%, (2)

which is consistent with the CMS result within lo.
Although these results have not been conclusive yet, they
become strong motivations to study the flavor violating
phenomena predicted by the beyond Standard Models
[10-36].'

In Ref. [16], we pointed out a possibility that the y — 7
flavor violation in general 2HDM can explain not only the
CMS excess in the Higgs decay h — ur, but also the
anomaly of muon anomalous magnetic moment (muon
g—2) [48]. This possibility is interesting because two
unexplained phenomena can be accommodated in the
2HDM, and hence it is worth further investigating this
possibility. In this paper, we study phenomena related to u
and 7 lepton physics in the scenario to see whether there are
any interesting predictions and constraints caused by the
1 — 7 flavor violation.

"The lepton flavor violating Higgs decays have been inves-
tigated before the CMS excess was reported [37-47].
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The paper is organized as follows. In Sec. II, we present a
general 2HDM where both Higgs doublets couple to all
fermions. We introduce the Yukawa interactions and Higgs
mass spectrum in the model. In Sec. III, we consider a
solution where the CMS excess in & — pz decay as well as
the muon g — 2 anomaly can be explained by the y —7
flavor violating Yukawa interactions in the model. We show
the typical parameter space where both anomalies can be
achieved. In Sec. IV, we discuss z- and u-physics in the
interesting region studied in the previous section.
Especially, we study 7 — uy, u — ey, muon electric dipole
moment (muon EDM), t — b, 7= — u I~ (I = e, p),
ut — eTe et and v — un. The prediction of T — uy can
be within the reach of the Belle II experiment, which will
start in the near future. The extra Higgs boson correction to
7 — uvb can be as large as 10731074, but it is not so large
in the 7 — evv mode. The future improvement of meas-
urement on lepton flavor universality in 7 — u(e)vo decay
will be important in the scenario. We also find that unlike
the u — 7 flavor violation suggested by the CMS result, the
e —7 and e — p flavor violations are severely constrained
by the 4 — ey process. Then, the processes involving e — 7
and e — u flavor violations become suppressed. In Sec. V,
we also discuss the implication to Higgs physics. Since
e — 7 and e — u flavor violating Yukawa couplings should
be small, 4 — er and h — eu Higgs decay modes will not
be observed in this scenario, contrary to the 47 — ur mode.
In Sec. VI, we summarize our results.

II. GENERAL TWO HIGGS DOUBLET MODEL

In a general two Higgs doublet model, there are no
symmetries to distinguish the two different Higgs doublets.
Thus, both the Higgs doublets can couple to all fermions,
and hence there are flavor violating interactions in the Higgs
sector. In general, when the Higgs potential is minimized in
the SM-like vacuum, both neutral components of Higgs
doublets develop nonzero vacuum expectation values
(VEVs). Note that all parameters in the Higgs potential
are assumed to be real in our analysis, and then CP is not
spontaneously broken by the VEVs. Taking a certain linear
combination, we can define the basis where only one Higgs
doublet obtains the nonzero VEV as follows:

G+ H+
Hy = <M) H, = <u> (3)
v G

where G and G are Nambu-Goldstone bosons, and H* and
A are a charged Higgs boson and a CP-odd Higgs boson,
respectively.2 Then H" and A are in the mass eigenstates.
The CP-even neutral Higgs bosons ¢; and ¢, can mix and
form mass eigenstates, 7 and H (my > my,); in general,

“This base is the so-called Higgs (Georgi) basis [49-55].
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b, cos O,  sinbg, H ()
¢>) \ —sin Opy  cOs O, h)
Here 0p, is the mixing angle and is fixed by the Higgs
potential ~ analysis. Note that when cosfy, — 0

(sin@p, — 1), the interactions of ¢ approach those of the
SM Higgs boson.

A. Yukawa interactions

In mass eigenbasis for the fermions, the Yukawa inter-
actions are expressed by [55]

L= _QiHlyéd;e - Q};Hﬂ’fijd{e - QQ(V(T:KM)UI:ID’]W;%
-_— l ~ 'k - . . _i .. .
- QIL(VEKM) THopi ”]fe —LyH\y.er — LLHzﬂlejefes
(5)

where i and j represent flavor indices, and Q =
(Vigmr d)T and L = (Vynsvp,e )T are defined.
Vekwm 1s the Cabibbo-Kobayashi-Maskawa (CKM) matrix
and Vyns is the Maki-Nakagawa-Sakata (MNS) matrix.
Fermions (f;, fr) (f = u, d, e, v) are mass eigenstates, and
y} = \/Em} /v, where m’f denote the fermion masses, are
defined. Here we have assumed that the tiny neutrino
masses are achieved by the seesaw mechanism introducing
superheavy right-handed neutrinos, so that in the low-
energy effective theory, the left-handed neutrinos have a
3 x 3 Majorana mass matrix. The Yukawa coupling con-
stants pj,j are general 3 x 3 complex matrices and can be
sources of the Higgs-mediated flavor changing processes.

In mass eigenstates of Higgs bosons, the Yukawa
interactions are given by

L=- Z Z yéij]_CLigbej +H.c.
f=u,d.e p=h,H A
- l_/Li(VK/[Nspe)in+eRj

— ;(VekmpaPr — p;VCKMPL)in+dj +Hec., (6)
where

mi pij
f f
Vhij = — Spadij T+ /3 b
mi ij
fo_f S
YHij = v Cﬂaﬁij - \/Zsﬂa’

. 0j

~2L (for f = u)
\/E ’
ygij = l.pij (7)
7’; (for f =d,e)

are defined with cg, = cos 0, and 54, = sin 6, [55]. Note
that when Cpa 1s small, the Yukawa interactions of & are

055019-2



7- AND p-PHYSICS IN A GENERAL TWO HIGGS ...

almost equal to those of the SM Higgs boson; however,
there are small flavor violating interactions p;’ which are
suppressed by cgz,. On the other hand, the Yukawa
interactions of heavy Higgs bosons (H, A, and H") mainly
come from the p}j couplings.

B. Higgs mass spectrum

Let us comment on the relation between the Higgs
masses and the parameters in the Higgs potential. The
renormalizable Higgs potential in the general 2HDM is
given by

V =M} HiH, + My,H;H, — (My,H H, + He.)

A A
+51(HTH1)2 +52(H;H2)2 + A3(HH,)(H}H,)

A
+ A4 (H{H,)(H}H ) +ES(HTH2)2
+ {4(H{H,) + 2y(H3H,)}(H{H,) + H.c. (8)

M3,, 25, Ag, and 1, can be complex, but they are assumed to
be real parameters to avoid the CP breaking. In the basis
shown in Eq. (3), the Higgs boson masses can be described
by the dimensionless parameters and M,, using the sta-
tionary conditions for the Higgs doublets [55],

,UZ

m%_ﬁ = M%g +3ﬂ3,
1)2
mi —mi. = —?(/15 — L),

(my = mj)? = {m} + (45 = 20)v*}? + 4250",

. 226 0*
sin 29/;(1 = — ﬁ . (9)
H

Especially, when ¢, is close to zero (that is, 45 ~ 0), we
obtain the following simple expressions for the Higgs
boson masses:

m% = 21 Uz,

m%_l = mi + As1?,

A=A
m§+:mi——42 502,

A3+ Ay — 2
=M+ 3T T (10)

2

Note that fixing the couplings, 15, 44, and A5, the heavy
Higgs boson masses are expressed by the CP-odd Higgs
boson mass m,, which we treat as a free parameter of
the model. The contribution to the Peskin-Takeuchi 7-
parameter [56] should be taken into account, so that we
assume that it is suppressed by the degeneracy between m 4
and my+ as well as the small Higgs mixing parameter cg,.
Therefore, we set A4 =45 in our analysis, which
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corresponds to m, = my+. The S-parameter may be
relevant to our model depending on the mass spectrum.
It is approximately evaluated as S ~ Asv*/(247m3) in the
limit that sz, — 1, my =my+, and my > Asv?. The
deviation of S is small enough to evade the experimental
constraint (|AS| < 0.1) as long as A5 is not extremely large.

III. SOLUTION TO THE CMS EXCESS IN
h — pr AND THE MUON g — 2 ANOMALY

The CMS Collaboration has reported an excess in a
Higgs boson decay mode & — pz. Furthermore, it is known
that there is a discrepancy between the measured value and
the SM prediction of the muon anomalous magnetic
moment (muon g — 2). Both anomalies cannot be explained
by the SM, and hence they might be an indication of
physics beyond the SM. In this section, we discuss whether
the general 2HDM can accommodate both anomalies
simultaneously, and we investigate the parameter space
where both anomalies can be achieved simultaneously.

A.h - put

An excess in i — uz decay mode has been reported by
the CMS Collaboration: the best fit value of the branching
ratio is BR(h — ur) = (0.847037)% [8]. As discussed in
the Introduction, the ATLAS Collaboration has also shown
the result, BR(h — utr) = (0.77 £0.62)% [9], which is
consistent with the CMS one. If the excesses are confirmed
with better significance, it would indicate new physics
because the SM cannot accommodate the flavor violation.
Since in the general 2HDM the SM-like Higgs boson has
flavor violating Yukawa interactions as discussed in the
previous section, the excess can easily be explained. The
expression of the branching ratio of the 4 — ur process is
given by

Ih-utt)+T(h—-puth)
Ly

 Gallee P + 10 [P)my

16T, :

BR(h — ut) =

(11)

where ', is a total decay width of Higgs boson 4 and we
adopt I', = 4.1 MeV in this paper. To accommodate the
CMS excess, the u — 7 flavor violating Yukawa couplings
need to satisfy the following condition:

= NP1 + 1pe'?
o 2
_ 026(0.01) BR(h — pr)
|Cﬂa|

0.84 x 107%°
It is interesting to note that even in the small Higgs mixing
(|cge| = 0.01), the p — 7 flavor violating Yukawa couplings
with the order of 0.1 can achieve the CMS excess.

(12)
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B. The muon anomalous magnetic
moment (muon g — 2)

We have shown that the y — 7z flavor violating Yukawa
couplings in the general 2HDM explain the CMS excess in
the 7 — pr decay mode. Here we consider the contribution
of the u —7 flavor violating interaction to the muon
anomalous magnetic moment (muon g — 2).

The discrepancy between the measured value (aE"p) and
the standard model prediction (a3™) of the muon g — 2 has
been reported in Ref. [48]. For example, Ref. [57] suggests
the following result:

ay® — a$M = (26.1 +8.0) x 10710, (13)

Here we consider whether the extra contributions induced
by the u — 7 flavor violating interactions can accommodate
this muon g — 2 anomaly. The effective operator for the
muon g — 2 is expressed by

L= % fi " ugF,, + H. (14)

We note that the chirality of muon is flipped in the operator.
Therefore, if there is a large chirality flip induced by the
new physics, it can enhance the extra contributions to the
muon ¢g—2 [58]. Feynman diagrams for the one-loop
corrections involving the neutral Higgs bosons and the y —
7 flavor violating Yukawa couplings are described in Fig. 1.
As shown in Fig. 1, the chirality is flipped in the internal
line of 7 lepton in the diagram. Therefore, it induces the
O(m,/m,) enhancement in the extra contributions to the
muon ¢g— 2, compared with the one generated by the
flavor-diagonal Yukawa coupling. We stress that the y —
7 flavor violating interaction is essential to obtain such an
enhancement. Note that both couplings pt* and p¢* should
be nonzero to flip the chirality in the internal z lepton line.
Finally, the expression of the enhanced extra contribution
da, is given by

- - - ~
/ N h H,A
/ \

/ m, \
= ‘ <= 9; > ‘ <=
KL ur TR TL MR

e e

Y

FIG. 1. A Feynman diagram for neutral Higgs boson contri-
butions to the muon g — 2. A photon is attached somewhere in the
charged lepton line.
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5q. — Mumepe P
s 1672
m? m2 m?
c,zja(logm—'f; -3 slzja(logm—g’ -3) log 4 — 2
ms ms mi |
(15)

where we have assumed that p}’pg is real, for simplicity.

We will discuss the effect of an imaginary part of these
Yukawa couplings later. We note that a degeneracy of all
neutral Higgs bosons suppresses the extra contribution to
the muon g — 2, as seen in Eq. (15).

The so-called Barr-Zee—type two-loop diagrams can
contribute to the muon g — 2 if diagonal elements of p,
are nonzero. In the parameter space we are considering
here, such contributions are always subdominant and
numerically unimportant. In the cases of the flavor-
changing muon or tau decays, however, they can compete
with the one-loop contributions and can play a significant
role. Details will be discussed below.

In Fig. 2, we show numerical results for the extra
contribution to muon g—2 (éa,) as a function of cg,

my = 250 GeV
[
= 2
2
m E
ST, R [ [, o Lo
-0.02 -0.016 -0.012 -0.008 -0.004
C Ba

my, =350 GeV

BR(h—ut)[%]

FIG. 2. Numerical result for éa, as a function of cg, and
BR(h — pr) for my =250 GeV (upper figure) and 350 GeV
(lower figure). Regions where the muon g—2 anomaly in
Eq. (13) is explained within +16, £20, and £30 are shown.
Here we determine the mass spectrum of heavy Higgs bosons
assuming A, = As = 0.5 in Eq. (10). We have assumed p.,'pg' <

T

0 with p" = —p¢" to obtain the positive contribution to &a,,.
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hg=A5=05

200 300 400 500

FIG. 3. Numerical result for da, as a function of m, and cg,
assuming BR(h — ut) = 0.84%. Regions that explain the muon
g — 2 anomaly in Eq. (13) within +16, +206, and £3¢ are shown.
Here we determine the mass spectrum of heavy Higgs bosons
as a function of my, assuming 14, = 15 = 0.5 in Eq. (10). We
have assumed p;" = —p¢" to obtain the positive contribution to

oa,, and the Yukawa couplings p’fw )
BR(h — uz) = 0.84%.

are fixed to realize

and BR(h — ur) for my =250 GeV (upper figure) and
350 GeV (lower figure). Regions where the muon g — 2
anomaly in Eq. (13) is explained within +16, £20, and
430 are shown. Here we have fixed the mass spectrum of
heavy Higgs bosons assuming 1, = 45 = 0.5 in Eq. (10).
We have assumed that p}, p* < 0 with p}," = —pg" to obtain
the positive contribution to éa,. We only discuss the case
with Cpa < 0; however, the predictions of 5aﬂ and BR(h —
ut) do not change even if the sign of cy, is flipped
(Cpa = —Cpo)- One can see that there are regions where
both anomalies of the muon g—2 and h — ur can be
explained in the 2HDM. Although larger BR(h — uz) is
preferred by the muon g — 2 anomaly, the regions where
BR(h — pt) is smaller than the CMS result are also
allowed by the muon g—2 anomaly as long as |cg,]
is small.

In Fig. 3, the numerical result for the da,, is depicted as a
function of m, and ¢4, fixing BR(h — uz) = 0.84%.
Regions that explain the muon ¢g—2 anomaly in
Eq. (13) within £1l¢, £20, and +36 are shown. In this
plot, we take 4, = 15 = 0.5 to determine the mass spectrum
of heavy Higgs bosons as a function of m, [see Eq. (10)].
We assume that the Yukawa couplings pg and pl’ are
chosen to realize BR(h — ut) = 0.84% with pi" = —p7".
When |cg,| gets smaller, a, increases because the Yukawa

couplings p" ™ become larger with the fixed BR(h — uz).
It is interesting to see that the 2HDM can explain both
anomalies of the muon g—2 and & — uz when |cg,| is
small (|cg,| ~0.01) and m, is m, = 200-500 GeV. We
note that the small mixing |cg,| is consistent with the
current results of the Higgs coupling measurements as
well as the constraints from the electroweak observables.
In Fig. 4, similar to Fig. 3, the numerical result for the
éa, is shown as a function of my and 45 fixing that
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Cpo=—0.008
.

500

my [GeV]

FIG. 4. Numerical result for da, as a function of m, and 4s

assuming BR (% — uz) = 0.84% with the fixed cg,(= —0.008).

Here we have assumed 1, = A5 and p,’ = —p¢".

BR(/ — put) =0.84% and ¢, = —0.008. We have assumed
that p¢* = —pf" and Ay = 1s. As s gets larger, the 6a,
becomes larger because the nondegeneracy between H and
A increases and it enhances the 5aﬂ. Figures 2, 3, and 4
show the typical interesting regions which explain both
anomalies of the muon g — 2 and h — uz.

In the general 2HDM, the small mixing |c4,| and small

Yukawa couplings, pJ, could be achieved by the small
breaking of an extra symmetry such as Z, symmetry in
type-1 2HDM. However, the typical interesting regions for
both anomalies we study here require the small mixing but
relatively large p — 7z flavor violating Yukawa couplings.
Therefore, the realization of the parameter regions may not
be easy to understand without an understanding of the more
fundamental theory. The theoretical understanding of the
parameter regions we study here is beyond the scope of this
paper. We think that our study together with the exper-
imental studies would be important to unveil the more
fundamental theory.

IV. 7- AND p-PHYSICS IN THIS SCENARIO

We have seen that the general 2HDM with the y —7
flavor violation accommodates the muon g — 2 anomaly
and the CMS excess in & — ut decay, simultaneously. The
parameter regions with |c4,| ~ 0.01 and m, ~ O(100) GeV
are typically interesting. In this section, we investigate what
kinds of predictions and/or constraints in z- and u-physics
are given in this scenario.

A. 7> uy

First, we discuss the process, 7 — uy. The u — t flavor
violating Yukawa couplings induce the flavor violating
phenomena = — uy, as shown, for example, in Fig. 5. We
parametrize the decay amplitude (7',_,,,) as follows:

T, = e€0*(¢1)’7u(17 - ‘1>mri0'a/3qﬂ(ALPL +ARPR)uT(p)’
(16)
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FIG. 5.
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g

TL pl* MR MR

Some of the Feynman diagrams that contribute to 7 — py processes at the one-loop level (left figure) which are induced by

Yf}m(fﬁ = h, H,A) Yukawa couplings and at the two-loop level (right figure) which are Barr-Zee-type contributions and induced by the

third generation fermions via y{;ﬁ (f = u,d, e) Yukawa couplings. Diagrams where the fermion chiralities are flipped also contribute.
We also have a Barr-Zee—type two-loop contribution involving the W-loop, which is not shown here.

where Pg;(=(1+y5)/2) are chirality projection
operators, and e,e% g,p, and uy are the electric
charge, a photon polarization vector, a photon
momentum, a 7 momentum, and a spinor of the
fermion f, respectively. The branching ratio is given
by

BR(r = y) _ 487 a(|A, + |AgP)
_ J ,

BR(z — ub,v,) (17)

where a and G are the fine structure constant and
the Fermi constant, respectively. The lepton flavor
violating Higgs contributions to A; and Ay via
Ygee(¢ = h,H,A) Yukawa interactions at the one-loop

level (left figure in Fig. 5) are given by’

> ALk (18)

¢$=h.HAH"

AL,R =

NCQfa y;;;y

BZ _ _
AL = 87> m.m
1t fs

¢=hH A;f=u.d.e
(1 —4s7)(2T37 — 4057y
16s%,¢3,

a JewwYie 23 3
—+ Z 1677:3 74&” |:3FH(XW¢> + _FA(XW¢> +

4

Py m,v

1 —4s3,

2
851y

ex 2 e
b Ydw | e My 3\ L Y|,
14[1—]671_2,7155 |:y(/ITT<10gm—%——> + (¢—/’1,H,A),

2 6
¢ _ 2P —
AR - AL y;’;ﬂ—wgﬂr.y;”ey;’;’ (¢ - h’ H’ A)’
il Hr
A — P 19
L 19272 m3,- R (19)

where A’L/'_R((;S =h,H,A,H) are the ¢ contributions
at the one-loop level. The Yukawa couplings y;ﬂ(gb =
h,H,A) are given in Eq. (7). Here we have neglected
the O(m,/m.) contributions.

We also find that the Barr-Zee—type contributions (A}%
at the two-loop level are important and dominant in the
most of the cases. The third generation fermion contribu-
tions via y§)33 (f = u,d, e) Yukawa couplings® (shown in
the right figure in Fig. 5) and the W-boson contribution (not
shown in Fig. 5) are given by5

{Qf{Re(y{;”)FH(qu;) - iIm(y{;B)FA (x7p)}

(Re(Y)g) For (X 277) — Im() P (i m)}]

2

G(xwy) + % {Fu(xwg) = Falxwy)}

-1\ - -1\ - 3
{<S_t%V+ ) W)FH(Xw¢,sz)+<7—3t%/— W)FA(Xw¢,sz) +_{FA(XW¢> +G(XW¢)}}:|a
XW¢ 2XW¢ 2

(20)

*Yukawa couplings Vg 3180 contribute to 7 — uy. However, the SM part of yj  is smaller than the one of y}ﬁ, and pb" is strongly

constrained by the 7 — fy process as discussed later. Therefore, we have neglected the contributions from y

4 .
In our notation, %33 = yzn, yg% = ygbb, y;m = ygm.

pup’

>The Barr-Zee contributions to 4 — ey have been studied in Ref. [59]. The application to 7 — uy is apparent, and we adopt their

results for 7 — uy.
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ARF = AV =Y

(e)/rr’i - _i)’ (21)
where xg, = mj /mg, x;; =m; [my(f3=1tb,t for
f=u.de), xyy=my/mj and xy; = mi,/m5, and
sy = sin 6y, cf, = cos 0y, and 1, = tan6,. T, denotes
the isospin of the fermion. Here the couplings Jpww =
Spa(Cpa) for ¢ = h (¢ = H). Functions Fy 4, G, and Fp »
are defined by

1—2x(1=x) x(1-x)
x(1—x)—z log z (22)

Fa(z) = EAI dx ! 1ng(l —x)’ (23)

2 1 —x)—z z
6z) = _EAICZ x(1 —lx) —z
L e
Foylr.y) = xFH(yi - iFH (x) ’ (25)
By (r.y) = SFa0) —0Fal®) (26)

xX=Y

Note Im(y{;m) =0forf=h and H and Re(yﬁ,”) =0
for f = A are satisfied, if the Yukawa couplings p}f are real,

as shown in Eq. (7). For simplicity, we assume that all p’f’
are real in the calculation of 7 — uy. The contribution in the
first line (the second line) of Eq. (20) comes from the
effective ¢yy vertex (¢pZy vertex) induced by the third
generation fermion loop, and the one in the third and the
fourth lines (the fifth and the sixth lines) originates from the
effective ¢yy vertex (¢pZy vertex) generated by the W-
boson loop. In the analysis of 7 — uy in Ref. [16], we have
not included the Barr-Zee—type contributions induced by
the effective ¢yZ vertex since they are subdominant
contributions. Here we include them and find they change
the results by about 10%.

The total amplitude A; » is a sum of all contributions,

> AL+ A¥E (27)
¢=h.HAH"

AL,R =

In Fig. 6, numerical results for BR(z — py) as a function of
BR(h — ur) are shown. The red and green lines corre-
spond to the cases with cg, = —0.012 (m, = 250 GeV)
and ¢z, = —0.007 (m, = 350 GeV), respectively. As one
can see, if BR(h — ut) = 0.84% as suggested by the CMS
experiment, the branching ratio for ¢ — py can be larger
than 10, which might be within the reach of the future
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FIG. 6. BR(h — ut) vs BR(z — uy). The red and green lines
correspond to the cases with ¢z, = —0.012 (m4 = 250 GeV) and
Cpe = —0.007 (m, = 350 GeV), respectively.

B-factory experiment, the Belle II. Note that the branching
ratio BR(z — py) does not strongly depend on the Higgs
mixing parameter cg, when cg, is small. We note that the
cancellation between the one-loop and two-loop Barr-
Zee—type contributions happens, and hence the branching
ratio BR(z — uy) is not simply suppressed by the heavy
Higgs boson masses.

If the extra Yukawa couplings other than "™ are not
negligible, the branching ratio BR(z — uy) could be further
enhanced. For example, the extra Yukawa coupling pZ* can
contribute at the one-loop level, and on the other hand,
p'I can affect the branching ratio via the Barr-Zee—type
two-loop contribution. In Fig. 7, numerical results for
BR(z — py) are shown as a function of pZ¥ and p!.
Lines for BR(z — puy)/107® = 0.1 and 4.4 (current exper-
imental limit) are shown. Here we have assumed
my = 350 GeV with 44 =15 = 0.5, ¢y, = —0.007, and
BR(h — ut) = 0.84% with p." = —p¢. This parameter

BR(h— ut ) =0.84%

02 T T T T T
~ BR(t—uy)[107] 3

F ~
3 ~

FIG. 7. Numerical result for BR(z — uy) as a function of pZ*
and p!. Lines for BR(z — uy)/1078 = 0.1 and 4.4 (current
experimental limit) are shown. Here we have assumed m, =
350 GeV with 44 = 45 = 0.5, ¢4, = —0.007, and BR(h — pt) =
0.84% with pi" = —p'. We note that for this parameter set,
oa, =2.2x 10~°, which explains the muon g—2 anomaly
within the lo.
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set can enhance the muon g — 2 as §a, = 2.2 X 10~ which
is within the 1o. At present, the extra Yukawa couplings pZ*
and p!! can still be larger than, for example, O(0.1) with
some correlation; however, the future experimental con-
straint would be significant for this scenario. Therefore, the
T — uy process would be important to probe the scenario.

B. y — ey, T — ey, and electron g — 2

The process 4 — ey cannot be induced by the only y — =
flavor violating Yukawa couplings. However, if e —pu or
e — 7 flavor-violation Yukawa couplings are not vanishing,
u — ey is easily enhanced. Since there is a strong constraint
from this process, ¢ —py and e — 7 flavor violating cou-
plings are strongly constrained.

Similar to 7 — py, we parametrize the decay amplitude
(T as

ﬂ—>er)

ey = €€ t,m,ic,sq’ (AP + AgPr)u,, (28)

and the branching ratio is given by

487a(| AL + |AxP)

BR(u — ey) =
Gt

(29)

The neutral Higgs contributions A‘Z r(@=h H A)t0 AL
at the one loop are given by

1 y(e/;e m; mfZ/) 3 y;’i
A? = — —Lyer (log—5 =) +=2%], (30
L 167721.; my, mﬂy‘f”“ gm% 2 6 (30)

1 y;bei m; mé 3 ys;lkli
e\ My (tog—2 -2 G
16;121;771; [mﬂy'ﬁlﬂ(ogmg 2) "6 BV

where the Yukawa couplings Vgij are defined in Eq. (7).

Af =

Here we neglect an electron mass, and we assume that the
Yukawa coupling y¢ee is neghglble The charged Higgs

contribution to A; p is

(ﬁlpe)e,l

H_ = —_—
19247 m3-

B . A =0 (32)

For nonzero yf/w (e)’ the Barr-Zee—type contributions

(AB%) at the two-loop level are significant. The expression

of A% is the same as the one for the 7 — uy case shown in

Eq. (20) except that the flavor violating Yukawa couplings
e(*) e(*)

Y peu(yer) should be replaced by y e e

should be replaced by the y mass (m,,). The total A; r is a
sum of all contributions,

) and the 7 mass (m,)

The Yukawa coupling p¢¢ is strongly constrained by the 7 —
uete™ process, as studied later. Therefore, our assumption will be
justified.
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FIG. 8. Numerical result for BR(u — ey) as a function of p7°
and p¢°. Lines for BR(u — ey)/107'3 = 5.7 (current limit), 1.0,
0.1, and 0.01 are shown. Here we have assumed that m, =
350 GeV with 44 = A5 = 0.5, ¢y, = —0.007, and BR(h — pz) =
0.84% with p,;" = —p¢, and extra Yukawa couplings p, other

than pl ‘@) and pée(”) are negligible. We note that for this
parameter set, 5a, = 2.2 x 107°.

A=Y, Alx+AM (33)

d=hHAH"

Similar to the muon g — 2, the contributions from the
u — 7 flavor violating Yukawa interactions together with the
e — 7 flavor violation have O(m,/m,) enhancement and
induce significant contributions to u — ey. In Fig. 8, we
show numerical results for BR(u — ey) as a function of p%*
and p¢’. Here we have taken my = 350 GeV with
/14 = 15 = 05, Cﬁ'a = —0.07, and BR(]’Z - ﬂ’l’) = 0.84%
with pb" = p’” We have assumed that extra Yukawa

pt(tu)

couplings pf other than p and pg° “) are negligible.

This parameter set corresponds to da, = 2.2 X 10~°. One
can see that the current limit on BR(u — ey) strongly
constrains the e — 7 flavor violating couplings p2°” if the
CMS excess of BR(h — ut) is true. If we change the value

of BR(h — ut) in Fig. 8, the experimental bound of pze(“)

is relaxed by the factor Bé)('ﬁf27> when pi¢ = p¢f is
assumed.
If Yukawa couplings p=“”) are negligible but p““) are

not, the Barr-Zee—type two-loop contributions are domi-
nant.” We show numerical results for BR(z — ey) as a
function of p4° and p¢’. Here we have assumed that m, =
350 GeV with 14 = 45 = 0.5, cp, = —0.007, and extra

Yukawa couplings p’f’ other than p*™ and /<"

(eu)

negligible. As one can see from Fig. 9, p.“”’ couplings are

"If p#" is also nonzero, there are also one-loop contributions as
shown in Eq. (31). However, the coupling pt* is strongly
constrained by the 7 — 3y bound, as discussed later. Therefore,
the effect from pi* is negligible, and we neglect it in our
numerical analysis.
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BR(u— ey)[10 ]
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FIG. 9. Numerical result for BR(4 — ey) as a function of p°
and p¢”. Lines for BR(u — ey)/107'3 = 5.7 (current limit), 1.0,
0.1, and 0.01 are shown. Here we have assumed that m, =
350 GeV with 44 = 15 = 0.5, ¢y, = —0.007, and extra Yukawa

() )

couplings p; other than p;"" and Pl are negligible.

also severely constrained by the y — ey bound. Note that
the prediction of y — ey for this case does not depend on
the value of BR(% — ur). The future improvement of
BR(u — ey) at the level of 107'* as proposed by the
MEG 1II experiment [60] would significantly probe the
flavor structure of this scenario.

The effective operator for y — ey also generates the y —
e conversion process in nuclei. Besides, the extra Yukawa
couplings, p; and p¢”, may enhance the u — e conversion
through the tree-level Higgs exchanging. The contribution
depends on the extra Yukawa couplings in the quark sector
as well, and then our model may also be tested by the
experiments [61-64], although our prediction is vague
because of the ambiguity of the Yukawa couplings.8

We comment on the consequence of the strong con-
straints on the e — 7 and e — yu flavor violations. Unlike the
u — 7 flavor violation, the e — 7 flavor violating Yukawa
couplings in this scenario are strongly constrained as we
have seen above. Therefore, the prediction of BR(z — ey)
is expected to be small. Similarly, because of the smallness
of the e — 7 and e — p flavor violation, we also expect that
the new physics contributions to the anomalous magnetic
moment of electron (electron g — 2) should be small.

C. Muon electric dipole moment (muon EDM)

When we discussed the muon g — 2, we assumed that the
u — 7 flavor violating Yukawa couplings are real. If the y —
7 Yukawa couplings are complex, the couplings p.'p¢" in
Eq. (15) should be replaced by Re(pt"pe). In addition, the
imaginary parts of the Yukawa couplings generate an EDM
of muon. Since the muon g — 2 and the muon EDM are
induced by the same Feynman diagram shown in Fig. 1,

The study on the tree-level flavor changing couplings of
quarks is beyond our scope.

PHYSICAL REVIEW D 94, 055019 (2016)

these quantities are correlated via the unknown CP-
violating phase. The effective operators for the muon
g—2 (éa,) and the muon EDM (dd,) are expressed by

e i
E = 'Ll(’ﬂ <W 5aﬂ — Eéd/‘ys)”Fﬂ”'
i

(34)

If we parametrize the complex Yukawa couplings as
follows:

pepd = |pepdle?,

the relation between the muon g —2 (5a,) and the muon
EDM (6d,) induced by the u — 7 flavor violating Yukawa
couplings is given by9

(35)

6d,  etang

da, 2m

. (36)

u

Therefore, the predicted muon EDM is

B tan ¢ oa
8d, = -3 x1072¢ - cm x ( 1.0)<3x 1’6_9>. (37)

The current limit [65] is

|d,| < 1.9x 107"?¢ - cm(95%C.L.), (38)
and hence it is not sensitive to this scenario at present.
However, the future improvement at the level of 107>*¢
cm [66] would be significant to probe the scenario.

D.7 - wv

The Yukawa couplings p/"™ induce a correction to 7 —

uv via a charged Higgs mediation, where the flavor of final
neutrino and antineutrino states is summed up since it is not
detected."’

The correction 6§ is given as follows:

m3G3.
r p) =" 7E (1 4 5),
(¢ wp) = "L (1 1.5)
WT\2) T2
5=l e (39)
32Gimd,.

In Fig. 10, numerical results for the correction § given
above are shown as a function of cg, and BR(% — ut) in

9(1){ere, we assume that Higgs potential is CP conserving.
"In general, the unknown Yukawa couplings pi* and p (i =
e, pu, 7) generate the extra corrections to 6. However, the Yukawa

couplings pir(e” ) and Pk are strongly constrained by y — ey and
77 — u~ptu~, respectively. Therefore, the contributions from
these couplings are negligible. The unknown Yukawa coupling
P can be sizable, and hence it can increase the prediction of the
6. Thus our result of 6 induced from p’f(w )
conservative estimate.

is viewed as a
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FIG. 10. Numerical result for a correction to 7 — uvv, o given
in Eq. (39) as a function of ¢y, and BR(h — uz) in the same
parameter set of Fig. 2. Black solid lines for 6=
1073,107%,1073, 1072 (from left to right) are shown for m, =
250 GeV (upper figure) and m, = 350 GeV (lower figure). Here
we also show the region where the muon g—2 anomaly is
explained within 1o (light green area) and 2o (light blue areas).
Here we have assumed that the extra Yukawa couplings p, other

p(tp)

than p, are negligible.

the same parameter set of Fig. 2. One can see that as the
correction to the muon g — 2 (éa,,) gets larger, the size of §
also becomes larger, and they are correlated with each
other, independent of BR(% — uz). The interesting regions
that explain the muon g—2 anomaly within 1o predict
6 < 107* — 1073, The current precision of the measurement
of the decay rate I'(t — uup) is at the level of 1073 [48].
Therefore, the further improvement of the precision would

|

BR(7 — 3u)
BR(7 — pui)

1(¢.¢")
64G3.

b =h.H.A
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be important for this scenario. In addition, from the 7 decay,
the BABAR Collaboration has reported a measurement of
the charged current lepton universality [67], given by

9.\> _BR(z” = pwo) f(mi/m3)
<ge> - BR(t™ = e"uD) f(m2/m?)’

(40)

where f(x) = 1 —8x + 8x* — x* — 12x? log x, which is a
phase space factor. The universality of the gauge interaction
in the SM predicts g, = g, and the current experimental
results are

(g_”> — 1.0036 = 0.0020(BABAR),
Je

= 1.0018 £ 0.0014(world average). (41)

In our scenario, we expect the correction to 7 — evv would
be small because of the strong constraint on the ¢ — 7 flavor
violation from the y — ey process. Therefore, the charged
Higgs contribution to 7 — uvv with y — 7 flavor violating
Yukawa couplings induces the significant correction to the
violation of the lepton universality above,

(‘@)2 =1+ (42)

Ge

The result from the Belle Collaboration and the further
improvement of the precision of the lepton universality
would have an important impact on our scenario.

E.tvo->p 'l - el'l” (I=e, p),
ut — ete et and others

The nonzero Yukawa couplings /"™ also generate

processes 77 — u utp~ and 7 - p~ete” (z — 3u and
7 — pee for short, respectively) at the tree level. They are
induced without unknown pt* and p¢¢ Yukawa couplings.
The branching ratios, however, are too small to be
observed. Therefore, nonzero p." and p¢¢ are important
for these processes.11 The branching ratios for 7 — 3u and
T — pee are given by [68]

yB ye* y€>,k ye/ yB ye* y€>,k ye/
1(¢’¢/) _ 2< t/)ﬁ:;zqﬁ##) < ¢m2¢/m ) P 2¢/m ¢f#2¢/m

¢

m¢,

m¢ m¢/

ek ex (43 ex
Y Zfﬂfy 25/4/4 Yo' ueY ¢l yu M f/mty ;5/4/4 YoouY ' uu 43
+ 5 + 5 5 , (43)
ny, ny, ny,

"Nonzero pf’(”) and p’e”(e” )

couplings also induce the 7 — uee process. However, these Yukawa couplings are strongly constrained

by the u — ey process as discussed in previous sections. Therefore, we neglect these effects.
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BR(7 — pee)
BR(7 — uwb) b A

J(. 4
32G2
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N — (YouYee\ (Youwee) | (YouYgee\ (Yiudpee
J(#.¢') = P 2 + 2 2
my, ny, ny m

¢

YiurYgee\ (YourYwee\ . (YouYiee\ (YouYiee
+ 5 5 + 5 5 . (44)
m{/) m(/)/ m(/) m¢/

Figure 11 shows BR(z — 3u) (red curve) and BR (7 — pee)
(green curve) as a function of p (I = u for ¢ — 3u and
[ = e fort — pee). Itis assumed that ¢4, = —0.007, my =
350 GeV with A4, = A5 = 0.5 and BR(h — uz) = 0.84%
with pi" = —p¢' in Fig. 11. One can see that the current
experimental bounds,

BR(7 — 3u) <2.1x 1078, BR(7r - pee) < 1.8 x 1078,

(45)

set the strong constraints on the p” Yukawa couplings. For
example, the parameter set shown in Fig. 11 requires p!/ <
0.006 (I = u, e). We note that the constraint on the pt” is
still larger than the value of the muon Yukawa coupling in

the SM (y, = Y2 ~ 6 x 107%).

Contrary to 7= = u~[TI7, the = > e [T (I=e, p)
process is suppressed in this scenario because the 7 — e
flavor violation is strongly constrained by the uy — ey

process. Furthermore, since the constraints on pg” ®e) are

stronger than those on p*““), 7= — y~e*u~ is expected to
be smaller than 7= — p~["]~. (Needless to say, 7= —
e~ute” is much suppressed.) Therefore, we expect that
the 77 > e ITl” and 7 — pu~etu~ processes will

be small.
4 F T T T T T T T
3F ]
7 - T—> uee E
S ~ T ]
T 2f E
% | c,=-0007 T—3u ]
B F ma=350Gev j
TE ay=25=05 E
0 g 1 1 1 1 1 1

pl /107

FIG. 11. BR(r — 3u) (red curve) and BR(z — pee) (green
curve) as a function of p (I =pu for 7 —» 3y and | = ¢ for
7 — pee). Here we have assumed that cgz, = —0.007, my =
350 GeV with 44 = 45 = 0.5 and BR(h — ut) = 0.84% with
Pt =—pd'.

[
We also study u* — ete~e™ (u — 3e in short), which

depends on the u — e flavor violating Yukawa couplings
ep(ue
Pe

seen, the y — e flavor violating Yukawa couplings p¢"
are constrained by the u — ey process and the p5¢ coupling
is restricted by the 7 — pee process. From Figs. 9 and 11,

) and the flavor diagonal element p¢¢. As we have
(ue)

the current limits on ‘) and p¢ are p/“ < 2 x 10~ for
pi¢ =pd and p¢° < 6 x 1073, respectively, assuming
my = 350 GeV with 14 =15 =0.5 and ¢z, = —0.007.
Under these constraints, it will be interesting to see how
a large branching ratio of u — 3e is expected. In Fig. 12,
we show the BR(u — 3e) as a function of p¢ and p.°. In
the parameter region where the constraints from y — ey
and 7 — pee are satisfied, the branching ratio can be as
large as about 10713, This is consistent with the current
limit [48]

BR(u — 3e) < 1.0 x 10712, (46)

The improvement of the branching ratio at the level of
1071% [69] which has been proposed by the Mu3e experi-
ment would have a significant impact on this scenario
together with the improvement of y — ey [60] and y — e
conversion in nuclei [61-64].

F.7—- un

The 7 — un is also generated by the extra pJ’ Yukawa
coupling via the mediation of the CP-odd Higgs boson at

-4

-3
pe /10

FIG. 12. BR(u — 3e) as a function of p¢ and pi‘. Here we
have assumed that p;* = p¢*, ¢4, = —0.007, and m, = 350 GeV
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the tree level. The expression for the branching ratio of
T — pun is given by [70,71]

3lp3 P () mFy m ’
32z mil, \m, + my + 4m;

x <1 —m—§>2, (47)

mz

BR(z — un) =

where m,, and F, are the mass and the decay constant of 7.
For F, =150 MeV and m, = 548 MeV, we obtain a
constraint on p3’,

0.3 my 2
51 <0007 =2 ) (A )", 48
Zi <p/”> (350 GeV) (48)

We have a strong constraint although it is still larger than
the SM value of the strange quark Yukawa coupling
(y, = 2%~ 5 x 107).

The other hadronic z-lepton decays have been studied in
Ref. [72]. They potentially provide constraints on the other
extra Yukawa couplings p, in the quark sector. For details,
see Ref. [72].

G.R(D™) and B —» w

Finally, let us briefly discuss the impact of the tree-level
flavor changing neutral currents on B physics. In our
model, the extra scalar exchanging may contribute to the
B physics as well, if H, couple with the SM quarks. Many
channels in the B decay have been measured by the Belle
and BABAR experiments, and are consistent with the SM
predictions, although some processes still have large
uncertainties. Recently, the BABAR experiment has
announced that there are some excesses in B — D*zw
decays: R(D) =0.440+0.072 and R(D*)=0.332+
0.030 [73]. R(D) and R(D*) denote the ratios between
BR(B — D™zv) and BR(B = D™ ) (I=e, u), and
the deviations from the SM prediction are about 3¢ [73].
The Belle and the LHCb experiments have analyzed the
products, and their results are closer to the SM prediction
[74,75]. Then, we still cannot conclude that the excesses
really come from new physics, although it would be
worthwhile to investigate the possibility of the new physics.

On the other hand, the deviation of BR(B — 7v) is one
of the long-standing issues as well. This rare process will
also strictly constrain our model. The latest results on the
rare decay are given by the BABAR [76] and Belle [77]
Collaborations. The combined result is BR(B — ) =
1.06(20) x 10~* [78]. There are still large uncertainties
in both the experimental side and the theoretical side
because of the ambiguity of the CKM matrix. The
Belle2 experiment will measure it with higher accuracy
and fix the (u, b) element of the CKM matrix.

PHYSICAL REVIEW D 94, 055019 (2016)

In our model, those processes are enhanced/suppressed
by the charged Higgs exchanging at the tree level. Now, let
us assume that p%” is only sizable to enhance BR(h — u1).
Then, the interference between the W boson and the
charged Higgs contributions is absent because the flavor
of the neutrino in the final state is different in each
contribution. Eventually, the deviation from the SM pre-
diction is suppressed by m;‘ﬁ, and it is too small as long as
P is not large.

V. IMPLICATION TO HIGGS PHYSICS

We have seen that the CMS excess in h — ur is
consistent with the anomaly of muon g—2 as well as
the other experimental constraints. It will be interesting to
note whether other lepton flavor violating Higgs boson
decays would be possible. As we have already seen, the
e—u and e — 7 flavor violating Yukawa couplings are
strongly constrained mainly by the 4 — ey constraint. As a
consequence, the lepton flavor violating Higgs boson
decays h — ey and h — et are strongly suppressed so
that the near future experiments such as the ones at the LHC
could not observe these decay modes, contrary to the 7 —
ut mode. Therefore, the nonobservation of these decays is
one of the interesting predictions of this scenario.

VI. SUMMARY

The excess in & — pz has been reported by the CMS
Collaboration. The discrepancy of the muon g — 2 is also
one of the long-standing issues in the particle physics.
These anomalous phenomena may be a hint of physics
beyond the Standard Model. At a glance, these anomalies
are not related to each other. However, we have found that
both anomalies are related and accommodated by the y — =
flavor violating Yukawa interactions in a general two Higgs
doublet model, and hence this motivates further studies to
see whether there are any interesting predictions and
indications in the scenario. We have identified the param-
eter space where the CMS excess in 1 — p7 and the muon
g — 2 anomaly are both explained, and especially we have
studied 7- and u-physics in this interesting parameter space.

One of the interesting processes in the presence of the u — =
flavor violation is 7 — uy. The pu — = flavor violation sug-
gested by the CMS excess in & — pur and the muon g —2
anomaly induces the large branching ratio, and it can be as
large as 1072, which is within the reach of the future experi-
ment at the SuperKEKB. The imaginary parts of the y —
flavor violating Yukawa couplings also induce the extra
contributions to the muon EDM, which may also be within
the planned future experiments. The necessary u — 7 flavor
violation also generates the correction to 7 — pvv decay
and also induces a violation of lepton universality between

PEven if p¥ is sizable, large Yukawa couplings are required to
explain the excesses [73].
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TABLE L
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Observabilities in various processes are summarized. If there is an observability in the planning

experiments without introducing unknown Yukawa couplings p other than P the circle mark “o” is shown. If

there is an observability, but it depends on unknown Yukawa couplings (other than p/*™)), “(0)” is indicated. If there
is an observability when the (currently unknown) experimental improvement is achieved, the triangle mark “A” is
shown. If the event rate is expected to be too small to be observed, “x” is shown.

Process Typical value Observability
Muon g-2 da, = (2.6 £0.8) x 107° (Input)
T — uy BR < 107° o

T ey Small X
o ultl-(I=e,p) Depends on p.* and p¢¢ (o)
T e Tl eute, pmetu Small x

T — un Depends on p (o)
T = uuw 5 < 1073, lepton nonuniversality A

T > evr Small, lepton nonuniversality A
u—ey Depends on pr” and pl<“¥ ()
J — e conversion Depends on p/“‘“ and o, (o)
i — 3e BR <1073 ’ (o)
Muon EDM |6d,| < 1072¢ . cm (o)
Electron g — 2 Small X
LFV Higgs decay mode BR

h - uz R = (0.847037)% (Input)
h— et Small X
h— eu Small X

7 — uvv and T — evw. The improvement of their precisions
would be interesting. The tree-level z decays such as 7~ —

u I~ (I = e, u) and T — un are also interesting because the

extra Yukawa couplings po**) and pS$ could also induce

the observable effects. On the other hand, we have found that
the e — u and e — 7 flavor violating Yukawa couplings are
severely constrained by mainly the 4 — ey process. Because
of these constraints, phenomena such as 7 — ey,
T o e Tl (l,=e,u), eute, pmetu, and extra con-
tributions to the electron g — 2 would not be accessible in
the near future experiments. Although there are many
unknown Yukawa couplings in a general 2HDM, there are
many interesting indications to z- and p-physics.

We have also commented on an implication to Higgs
physics. Contrary to the  — 7 flavor violation suggested by
the CMS result, the ¢ — u and e — 7 flavor violations in the

Higgs coupling are strongly limited. Therefore, the obser-
vation of 4 — pr and nonobservation of 7 — ey and h —
et would be the important implication of the scenario.

We summarize our findings in Table I. If the CMS excess
in h — ur is justified in the coming LHC run, these
phenomena in 7- and p-physics would be key to reveal
the physics beyond the Standard Model.
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