Eur. Phys. J. C (2020) 80:439
https://doi.org/10.1140/epjc/s10052-020-7937-3

THE EUROPEAN ()]
PHYSICAL JOURNAL C e

updates

Regular Article - Theoretical Physics

Investigation of the Higgs boson anomalous FCNC interactions in

the simple 3-3-1 model

D. T. Huong'#, N. T. Duy"2
! Institute of Physics, VAST, 10 Dao Tan, Ba Dinh, Hanoi, Vietnam

2 Graduate University of Science and Technology, Vietnam Academy of Science and Technology, 18 Hoang Quoc Viet, Cau Giay, Hanoi, Vietnam

Received: 15 February 2020 / Accepted: 15 April 2020
© The Author(s) 2020

Abstract We study phenomenological constraints on the
simple 3-3-1 model with flavor-violating Yukawa couplings.
Both Higgs triplets couple to leptons and quarks, which gen-
erates flavor-violating signals in both lepton and quark sec-
tors. We have shown that this model allows for a large Higgs
lepton flavor-violating rate decay 4 — pt and also may
reach perfect agreement with other experimental constraints
such as T — py and (g — 2),. The contributions of flavor-
changing neutral current couplings, Higgs—quark—quark cou-
plings, mixing to the mesons are investigated. Br(h — ¢q’)
can be enhanced acknowledging the measurements of meson
mixing. The branching ratio fort — gh canreachupto 1073,
but it could be as low as 1078,

1 Introduction

The discovery of the Higgs boson in July 2012 at the Large
Hadron Collider (LHC) [1,2] has opened up a new area of
the direct search for physics beyond the Standard Model
(SM). The new physics may become manifest in the form of
Higgs boson properties different from those predicted by the
SM. One of those properties is expressed by non-standard
interactions of the newly discovered 125 GeV Higgs-like
resonance such as flavor-violating Higgs couplings to lep-
tons and quarks. These interactions could induce non-zero
lepton flavor-violating (LFV) Higgs boson decays, such as
h — I;l; with i # j, indeed the most stringent limits on
the branching ratios of LFV decay of the SM-like Higgs
boson Br(h — ut,et) < (9(10_3), from the CMS Col-
laboration using data collected at a center-of-mass energy of
13 TeV. In contrast, the situation is somewhat more compli-
cated in the quark sector by the process, which is related to the
flavor-violating Higgs couplings involving a top quark, which
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seems to be outside the present reach of LHC. It leads to the
experimental upper limits on flavor-changing neutral current
(FCNC) decay of top quarks at 95% CL [3,4]. Besides, the
strongest indirect bound on FCNC quark—quark—Higgs cou-
plings came from a measurement of meson oscillations. This
bound can be translated into the upper bound on the branch-
ing fraction of the flavor-violating decay of the Higgs boson
to the light quarks [5,6].

In the physics beyond SM, different mechanisms can yield
the non-standard interactions of the SM-like Higgs boson
that predict the flavor-violating processes, which could get
close to the sensitivities of future accelerators. Among all
the possibilities, the models based on the gauge symmetry
SUB)cxSUB)LxU(1)x (3—3—1), called the 3-3-1 model
[7-21], are rich with FCNC physics, including both quark
and lepton sectors [22-33]. Besides that, the 3-3-1 model
can solve the current issues of physics such as dark matter
[34-51], neutrino mass and mixing [18,53-64], the number
of fermion generation [9], strong CP conservation [20,65—
67], electric charge quantization [68—72]. Improved versions
of simplifying for solving current experimental results at the
larger hadron collider (LHC) have been proposed. Differ-
ences in each version make manifest the scalar and fermion
contents. The simple 3-3-1 version is an improvement of
the minimal and reduced 3-3-1 version [7,8,21], which con-
tains the smallest fermion and scalar contents [50,51]. This
improvement allows a simple 3-3-1 model to overcome the
disadvantages of the previous models [21]). The simple 3-3-
1 model is realistic on introducing the inner Higgs triplets
[50,51]. The presence of the inert Higgs triplet not only
solves the dark matter problem but also can explain the exper-
imental p-parameter [50,51]. We would like to note that with-
out introducing the inert Higgs triplets, the new physics con-
tribution to the p-parameter coming from the normal sector
is very tiny and can be negligible [52]. However, the inert
Higgs triplet gives the contribution to the p-parameter via a
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loop effect that is significant, and which is comparable with u3p
the global fit, as mentioned in [50,51]. O3 =\ dsr | ~3,3,2/3),
The constraint on the SM-like Higgs boson at the LHC was V£

studied in [50,51]. However, one did not consider the impli-
cations for collider searches of precision physics bound on
the SM-like Higgs bosons with flavor-violating couplings.
The simple 3-3-1 model consists of two Higgs triplets in
the normal sector and the leptons and quarks couple to
both Higgs triplets via general Yukawa matrices (includ-
ing both normalizable-operators and non-renormalized oper-
ators). So, it allows for flavor-changing tree-level couplings
of the physical Higgs bosons. It may be able to accommodate
large branching ratios for lepton and quark flavor-violating
decay of the SM-like Higgs bosons such as i — ut,h —
qiq;, with g; ; being a light quark, and the top-quark decays
t — gh. Along with those decays, the decay t — uy andthe
anomalous magnetic moment of the muon (g — 2),, also are
constrained by the lepton flavor-violating Higgs couplings.
The neutral Higgs bosons contribute to (g — 2),, at the one-
loop level, with both flavors violating vertices, while they
contribute to the T — wy atoneloop and two loops. We hope
that these contributions can be fitted to the (g —2),, discrep-
ancy of the measured value and the SM predicted value and
may reach the current bound on Br(t — py) of the experi-
ment. So, we are going to focus on studying the contribution
of the flavor-violating interactions into some decay channels
of the SM-like Higgs boson, heavy quark, and lepton and on
(& —2u-

In Sect. 2, we briefly review the simple 3-3-1 model. We
discuss the constraints from precision flavor observables,
suchash — pt, 7 — wy,and (g —2), in Sect. 3. Section 4
investigates the contributions of flavor-violating Higgs cou-
plings to quarks into the meson mixing masses. Based on that
research, we show that the branching ratios & — ¢;, g, with
i, j # 3might agree with the upper bound of the experiment.
The top-quark decay modes t — ¢; h also are studied in Sect.
4). Finally, we summarize our results and draw conclusions
in Sect. 5.

2 Simple 3-3-1 model

The simple model is a combination of the reduced 3-3-1
model [21] and the minimal 3-3-1 model [7,8] in which the
lepton and scalar contents are minimal [50,51]. The fermion
content which is anomaly free is defined as [7,8]

VaL

ear | ~(1,3,0),
(ear)
dozL
—UgL
JouL

wa L

QC{L N(373*7_1/3),

@ Springer

R ™ (37 1’2/3)3 daR ~ (3’ 19_1/3),
R~ (3, 1,-4/3), J3g ~ (3,1,5/3), (H

where a = 1,2,3 and @« = 1,2 are family indices. The
quantum numbers in parentheses are given upon assuming 3-
3-1 symmetries, respectively. The third generation of quarks
is arranged differently from the two remaining generations to
obtain appropriate FCNC contributions when the new energy
scale is blocked by the Landau pole. Due to the proposed
fermion content, the minimal and unique scalars sector is
introduced as follows:

n) Xi

n=\n | ~1030, x=x | ~13-D, 2
T 0
n3 X3

with VEVs (171) f’ <X3>
didates for dark matter, an inert scalar multiplet ¢ = n’, x’
or o, ensured by an extra Z, symmetry, ¢ — —¢, is intro-
duced [50,51]. Because of Z> symmetry, the inert and normal
scalars do not mix. The physical eigenstates and mass of nor-
mal scalars are considered in terms of Vgimple givenin [50,51].
The Higgs triplets can be decomposed as n’ = (JLE 00) +

CEZ my ) and xT = 00 25) + (4 x5~ S3+—f“‘3>

The ﬁelds A1, Az, n2 * and the decomposed state G X =
co Xl — ¢ 773 are rnassless Goldstone bosons eaten by Z,
Z', WE, Y+ and X* gauge bosons, respectively. The phys-
ical scalar fields with respective masses are identified as fol-
lows:

. In order to reveal can-
ﬁ

h = ceS1 — 5:83, m%’ = )Lluz —i—)\zwz

A 1Ay — A.3 2
202

)

—/ u? = w22 + 22ulw? ~
3

H = s5:81 + c¢ S3, m%i =)»1M2 +A2w2

+\/(?»1M2

Ad
H* = cony +soxi™, mye = 7(u2 +w?

— w2 4+ 2Juw? ~ 2huw?,

A
)~ —4w2.

2
3

& is the S1—S3 mixing angle, while 6 is that of x;—n3 and
they are defined via tp = % he = % ~ f;’f} Here,
we note that ¢, = cos(x), s, = sin(x), f, = tan(x), and
so forth, for any x angle. The 4 is identified with the Higgs
boson discovered at the LHC and H and H* are new neutral
and singly charged Higgs bosons, respectively,

Because of the conservation of Z, symmetry, the inert
multiplets do not couple to the fermions. The Yukawa

Lagrangian takes the form

Ly = h$3030.x 3R + higQurx*Jpr
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where A is the scale of new physics, which has a mass
dimension that defines the effective interactions and needs
to yield masses for all the fermions [50,51]. Upon the above
interactions, the top quark and new quarks obtain masses via
renormalization gauge invariant operators while the remain-
ing quarks get masses via non-renormalization gauge invari-
ant operators of dimension d > 4. After gauge symmetry
breaking, a few gauge bosons have mass [50,51]. The physi-
cal charged gauge bosons with masses are, respectively, given
by

Al FiA 2
wt = % m2, = %MZ, (5)
Ay FiA 2
XF = % my = S-w? ), ©)
AsFiAr 5 &,
FF =" "7 — 2
YFF = 5=t (7

The neutral gauge bosons with corresponding masses are
given as follows:

Ay =swAzy, +cw (—\/gtwAgﬂ +4/1 - 3I%VBM) s

my =0, ®)
Z, =cwAz, —sw (—\/gtwAgﬂ +4/1 - 3I3VBM) ,
2
my =22, ©)
4cW

Z), = /1 =313, Ag; + v/3tw B,

2 2N2,,2 4 2
mz/ _ g [(1 —4SW) u +4ch ] (10)
z 12¢3,(1 — 4s3,) ’

where sinfy = sw =e/g =t/+/1 + 412, witht = gx/g.

3 Higgs lepton flavor-violating decay
3.1 h —> urt
Let us consider a non-zero rate for a lepton flavor-violating

decay mode of the Higg decay. This phenomenology is
directly related to the leptonic part of Eq. (4). In the physical

basis for the scalar, this part can be rewritten as follows:

_ 1
Ly D —eqr (Cl_ (Me)ab

—euR ( - (M, )ab+C{\/—A2>ebLH
- Uw
—(eaL)” (Cehab + Sahab A2 ) v H

+(var)¢ (cohy) ep HT
s'T u -
+-92 — ¢4 (varepr + (ear) (vpr)) HT + h.c., (11)

A2

2
where (M,),, = \/_u( 4A2 ) is a mixing mass
of charged leptons. We denote eL’R = (e,u, )L p =
(UiYR)_l (e1,e2,e3)L R> V/L = (Vea Vs Vt)L =

(VL")_1 (v1, 12, v3) 1, the Lagrangian given in (11) can be

rewritten as
Ly D eggy‘erh +epgijer H

+lehessg + rgice;

HV LR e + (€R)egy (V])° } HY +h.c., (12)

UR (ectMe = se5ne) Us, gt =
U (sc Mo+ co 1) U,
£ = U (coh® + o 3h” ) UL 81 = (U coh?US,

g})ee = ULU,TCQ\/%A R’gR = Ule, ASUUET’

In every parenthesis in the line of Eq. (11), the first term
is proportional to the charged lepton masses, whereas the
second term in general can contain off-diagonal entries. It is
the source of the HLFV processes and leads to the & — e;e;
decays, with i # j. The branching for this decay process can
be written as follows:

where g/ =

Br(h — eie)) = ——— (1g;" P +1g, ) (13)

where I', >~ 4 MeV is the total Higgs boson 4 decay width,
g;iej is the Higgs boson / coupling to the charged leptons
that we can be obtained from Eq. (12). This coupling not only
depends on the VEVs and the energy scale A but also on the
Higgs couplings A2, 13.

The numerical result is shown in Fig. 1 for fixing u =
246 GeV, w = A. It is easy to see that the branching ratio
of the h — pt can reach the experimental 95% C.L. upper
bounds on the HLFV branching ratios from the CMS Col-
laborations and also can be as low as 1078 It depends quite
strongly on the factor )‘3 , h'¢, and on the energy scale A. In

mp
8y

3

the small A region and for the factor o> L the branching

ratio for h — ut can reach 10~ 3. However, in this region,
the mixing angle of £ is large. Thus, the simple 3-3-1 model

@ Springer
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Fig. 1 The branching ratio Br(h — 1) as a function of factor =

fixing [(U;;)fh“’ UZ]M =2 m‘:m’ according to the Cheng—Sher ansatz [95] and [(U;)*h/eUz]

u

may face stringent constraints such as the Higgs boson cou-
plings to fermions and gauge bosons. If A is taken to be a
few TeV but below the Landau pole, A1, A, are of the same
order, the mixing angle & is small and the branching ratio for
h — pt reaches 1075.

32 1> uy

We would like to note that the interaction terms which are
given in (12) including the lepton flavor-violating and -
conserving couplings can affect other LFV processes such
as e; — ey . Besides this contribution, the charged current
interactions also induce LFV processes. In the simple 3-3-1
model, the charged current interactions have the following
form:

V2

+éaLV“€2RY,;7) +h.c..

(Vary"ear W: + DaLy“eZRX;
(14)

Taking all these ingredients into account, the total contribu-
tion to the T — py decay include:

e the one-loop diagram with singly charged gauge bosons
and neutrinos in the loop

e the one-loop diagram with doubly charged gauge bosons
and charged leptons in the loop

e the one-loop diagram with charged Higgs bosons and
neutrinos in the loop

e the one-loop diagram with neutral Higgs bosons and
charged leptons in the loop

e two-loop Barr—Zee diagrams with an internal photon and
a third generation quark

@ Springer

3 for different choice of energy scale A. The left and right panels are studied by

ur = 5 x 1074, respectively

e two-loop Barr—Zee diagrams with an internal photon and
a gauge boson

The first three types of contributions are the same as those of
the 3-3-1 model with a new lepton; see [73]. The last three
types of contributions come from the source of the HLFV
processes that are a new contribution and have been not con-
sidered in the previous version of the 3-3-1 model [73]. The
total effective Lagrangian describing the e¢; — e;y decay
process is given as

emy {e_’i (D%)ij o PRe;- Fop

+¢; (DY), o PLe;Faﬂ} . (15)
It leads to the branching ratio of the t — uy following
processes:
4873a
o (1071 +1D}P)
F
XBr(t — pv,ve),

Bi(t — py) =
(16)

where Dz’ g comes from the one-loop and two-loop dia-
grams. Firstly, the the one-loop diagram contributions with
charged Higgs boson H*, charged gauge boson W* and
doubly charged gauge boson Y** have a form inspired by
the general formula in [74]:

2 3 m2
DUW:E _ eg mq ZUU V*f vj
IR — 3272m2 J37 2 m2 |’

W j=1 w

2 3 m2

ywE _ egtmy Z v v*f vj
L = 2,2 j37j2 2 |

32 myy, s miy
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eg’my m,,
Din — Z ( J) 2 2
2 2 2 | nt GG O‘QG mG 23
- 32m x Z 8 8¢ 57 3/ 2t
2 ¢=h,H mg ¢
pUxE _ eg? egtmy AN
L 30n2m3 Z m§( mg\ o (MG
j=1 m2 3 [ m2 ) P 8\ 2
3 2 2 Sy Zh(=C ) +m? 4 4
++ egm mg, n, g 2 4 2 ¢ 2 ’
DeY _ gm. Z B i) —af j my my 2mg;
32772’”%(11 =1 m?zii myi+
> 3 m2 m2 wherecb_hHG—Wixiyﬂf—tbandQG
ey E _ egrmy, ej _ Vi ff
Dy, = P S R Z g 5 2f 5 , is an electrical charge of the gauge boson G. g¢ 28y s gd)
327 My j=1 Myt My st are the scalar ¢ couplings to u t, two fermions, and two
. eg? 3 m% gauge bosons G, respectively. The expressions for qu:f g¢
DVH = W Z gzt*gzﬂmrh 3 - are given in [50,51] and for g¢ can be obtained from Eq.
Tem W oj=1 My (12). The loop functions, fy(z), h(z), g(z), are given by [75]
2
ny o =2x(1—x) . x(1—2x)
+8x 8K muk | — = 5/ dx In
mili fi1 @) 2 Jo * x(I—x)—z Z ’
2 1
m z dx
VT Vi h = - -
+g7 gR er<m%1i)}, @ 2/0 x(I—=x)—z
z x(1—x)
x 11— In ,
x(1—=x)—z Z

2
mvj
2

H* _ Vi
D‘I)L - 327t2m An-2.2 2 Z {g})?‘[*gR mh

=My j=I
, m,
+gzt*ngLka 2./
m?.
+er e mur | == | ¢ - (17)
mHi
with the functions f, g, h, k and r defined by
foy = W04t 78x% — 49x7 + 4x* + 18x7 Inx
Y= 12(x — 1) :
*) 8 —38x + 39x% — 14x3 + 5x* — 18x2Inx
X) = s
§ 2k — 1)
1—6x+3x2+2x3—6x2Inx
h(x) = k(x) = ,
(x) = k(x) G 1)
x) = —1+x2—2xlnx (18)
O YRR B

The neutral Higgs contribution to DZ g Via the one-loop dia-
gram is
2
Mg 3
m2 2’

and the two-loop correction to D)L/  being given by [75]

ch 1 m?f
T f m¢

g//«‘fgrr
DVL_D{R_«/_Z SELE (n (19)

¢

DVL _ DVR _zzgur 1r
o.f

oz ! 1 x(1—x)
g(z)—E/O dxx(l—x)—zln p .

In the limits z >> 1 and z < 1, the functions f(z), g(z) and
h(z) can approximately be written as follows:

(20)

<1, f(2) = §<lnz>2, 2(2) = g(ln 22 h(z) =zInz,

Inz 13
]9 = To0
z> 1, f(2) 3+18
e = M2 py =z ] @1)
Z 2 2

For z ~ O(1), the functions f, g, h ~ z can be accurately
calculated. Let us estimate each kind of diagrams contribut-
ing to T — py via numerical studies. We choose the param-
eters as follows:

my = 80.385 GeV, m, = 0.000511 GeV,

my = 0.1056 GeV, m; = 1.176 GeV

sin?(f12) = 0.307, sin®(623) = 0.51, sin®(#13) = 0.021,

1
o = —, u =246 GeV
137

Amiy =mp, —m} =753 x 1077 eV?
2 -3

2 =245x10

Ao = A1 =0.09, sV ~ 10710,

Am% = mi —m
(22)

The results shown in Fig. 2 suggest that the two-loop dia-
grams can provide a dominant contribution to T — py. The
Br(r — wy) strongly depends on the lepton flavor-violation
coupling [(U )Th/eUe] . If we choose [(U yine Ue]

2 /My
u

, the two-loop contribution to T — uy dominates

@ Springer
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| | 1 loop
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W 2000
B

\

Br(t—uy)

[ | 1 loop

| I loop with neutral H
W 200

B o

\

3000 4000 5000

A (Ge)

1000 2000

Fig. 2 The dependence of branching ratio Br(t — py) on the scale
of new physics A in 1-loop, 1-loop with new neutral Higgs boson
H, 2-loop and total contribution, respectively. The green solid line is

over the one-loop contribution. However, the branch ratio,
Br(t — puy), is only consistent with the predictions of the
experiment when the new physical scale is above the Landau
pole. If [(U;})Th/"Uz]M = 5x 10~*, the two-loop contribu-
tion can be less important and the main contribution comes
from one-loop diagrams with the conversed lepton couplings.
In this case, we obtain the upper bound on the new physics
scale: A > 2.4 TeV from the lower bound on Br(t — uy)
of the experiment. Comparing the results given in Figs. 2 and
3, we find that the above conclusions change slightly when
the factor % is changed.

33 (-2,

The new physics of the 3-3-1 model contributes to the muons’
anomalous magnetic moments a,, via the flavor-conserving
couplings was considered by [76,77]. The 3-3-1 model also
has FCNC, so it can make its own contribution to the anoma-
lous magnetic moment. First, we investigate only the con-
tribution of the FCNC to (g — 2),,. There exists a one-loop
contribution to (g — 2),, through flavor-violating couplings
of the Higgs to pt. According to the work in [75], the one-
loop contribution mediated by the neutral Higgs contribution
to (g — 2),, can be expressed by

2 mym, [8 x2
(20, = 3 () 5 [ ax
" Z¢: ¢ 8t mé —x(mé — m2)
2
2 mym m 3
T nte ¢
~ In———-]. 23
§(g¢ ) 871217135 <nm% 2) (23)

@ Springer

3000 4000 5000

A (GeV)

10‘00 20l00
the experimental constraint Br(t — uy)gxp < 4.4 X 108, We fix
[(UpTheUs] . = 2557 and [(UR)ThUf ], = 5 x 107, for

"t
A3

left and right panels, respectively. The factor " 1 for both panels

We plot in Fig. 4 the muon’s anomalous magnetic moment
Aa ﬁ’l 331 a5 a function of the self-Higgs coupling A2, assuming
A =2000GeV, [(UR)'heUf], . = 255w = A u =
246 GeV. This choice leads to the branching ratio h — T
and can be close to the upper limit value of the experiment or
as low as 107> but the flavor-changing interactions of neu-
tral Higgs and two leptons contributed negligibly to Aa ﬁ’l 3L
see Fig. 4. We would like to emphasize that the new contri-
bution to the muon magnetic moment (g — 2),, in the con-
text of the simple 3-3-1 model comes from the doubly gauge
bosons Y ¥+, new singly charged vectors V*, and new singly
charged Higgs H*. The dominant contribution is the dou-
bly charged gauge boson running in the loop [77]. The total
doubly charged boson contribution is given by

2

28 m
Aa,(XTHy ~ 21 24
@ (X) 3 u?+w? @4)

It is easy to check that an energy scale of symmetry breaking
SU3) around 2 TeV, 1.7 TeV < w < 2.2 TeV, is favored as
regards explaining the discrepancy of the measured value of
muon’s anomalous magnetic moment and the one predicted
by the standard model [78—80],

(Aa)Exp—su = (26.1 £8) x 10710, (25)

As mentioned in [50,51], the LHC constraint over the Z’
mass in the simple 3-3-1 model is M/, > 2.75 TeV. It can be
translated into the lower bound on the VEV, w, as follows:
w > 2.38 TeV. Therefore, the parameter space of w, which
is favored for explaining (Aay) gx p—sm. is slightly smaller
than the lower limit of the LHC (very close to the LHC’s
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W 2000
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B ol

=

1.x1077
5.x10°

1.x1078
5.x107°

Br(t—uy)

3000 4000

A (Ge)

1000 2000

Fig. 3 The dependence of branching ratio Br(t — py) on the scale
of new physics A in one-loop, one-loop with new neutral Higgs boson
H, two-loop and total contribution, respectively. The green solid line
is the experimental constraint Br(t — wuy)exp < 4.4 x 1078, We

A= 150
5)(10714 /\3:10/\2
A3=01

2x 10714
=
jae}
23 x10 M
<

5x 10719

A3 =4y
2x 10710
0.1 0.2 0.5 1.0 2.0
A2

Fig. 4 Contribution of the HLFV interactions to Aa ﬁ” 31 a5 a function

of self-Higgs coupling A, for different factors of i—; and fixing A =
2000 GeV

allowed space). In other words, in the parameter space that
allows an interpretation to be made of LHC’s experimental
results, the value of the muon’s anomalous magnetic moment
is predicted, (Aa,)331 < 13.8 x 1071%. The upper limit is
very close to the constraint given in Eq. (25).

4 Quark flavor-violating Higgs boson decay

We would like to note that the third family of quarks is trans-
formed differently from the first two families under trans-
formation; it causes the FCNC at the tree level. This work

5000

3000 4000 5000

A (GeV)

1000 20
fix [(U§)ThU; ]
(R VL],

The factor ;—; =5 for both panels

ur = 27%"'% by the Cheng—Sher ansatz [95] and
= 5 x 1074, for left and right panels, respectively.

is in [50,51]; the authors studied the tree-level FCNCs due
to the new neutral gauge boson exchange. However, the
FCNC is not only caused by the new neutral gauge boson
(Z) exchange but also caused by the SM Higgs boson and
a new Higgs boson. After electroweak symmetry breaking,
the operators of Eq. (4) give rise to the interaction of neutral
Higgs bosons with a pair of SM quark of the form

u

_ 1 h" u
Ly D —ugR {05; (M”)ab —|—S§%b_

B } ubLh

—Ug4R s§£(M”)ab—c§hAﬁ%}ubLH
—dur ssi(Md>ab+c5h;“ib;}dbLH+h.c., (26)
where b, = 0ifa = 3, h%, = 0ifa = 1,2 and

the remaining values of A, th are nonzero. We define
. / _ / / / T i

the physical sates up p = (ulL,R’ Upyr g u3L,R) R dL,R

di, g d5p g dip R)T. They are related to the flavor states

u =d(M1L,R, urp g u3L,R) . d = (diLgr. dopr. dsr,r)T by
VZ:R matrices by uz g = V{' pu} p,dL R = Vg’Rd}"R. In
the physical states, the Lagrangian given in Eq. (26) can be
rewritten as follows:

Ly D u'gGiu h +d' rGild} h

+u' G u H +d' [ GhdRH + h.c., Q7
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where G = — (Vi) {eetmr stV gf =
T

— (Vi estmd —selesbvis gy = — (v

[edmr—celtafves and gl = (V)

{Sg;Md + ngj} Vg
Besides, the tree-level FCNC associated with the field Z //1
is given in [50,51] as

8

L - °
FCNC ﬁm
<A (Var),, Var)s; @iv" a2, (28)

We would like to recall that the tree-level FCNC associated
with the neutral gauge boson Z’ was considered in [50,51].
The strongest bound on the Z’ mass, mz > 4.67 TeV, came
from a measurement of Bx—BS oscillations. This value is
close to a Landau pole. Around this point, the gauge coupling
of the U (X) becomes very large and thus the theory loses the
perturbative character. To avoid this difficulty, we extinguish
the tree-level FCNC source caused by the new gauge boson
7' in the d-quark sector by setting (V1 )3, = 0. Therefore,
only the flavor-violating Higgs couplings to quarks can gen-
erate the FCNC at tree level, and these couplings can be con-
strained by K and B0 meson oscillation experiments. After
integrating out the nggs fields, the effective Lagrangian for
meson mixing can be written as follows:

(@, ] [@n,]

LHl e = e (Girgjr)’
+ [(gi);i] [(g:i;;l]z (GiLgjr)’
Lo L) (]
+ [(iiij = 4 (irqjL) (Givajr) (29)

The predicted results for By —Bgs, K°-K©, and D°-D°
mixing are obtained as in [81-83]. Note that there are two
scalar fields that have flavor-violating couplings to quarks.
Both of them yield the FCNC at tree level.

To compare the contribution of each type, let us esti-

M i~ m%’ tan? &. In the limit,
(19), ] m — ™

w >> u, we find the value of x to be always smaller
than one unit. This means that the new scalar Higgs gives
more contributions to the FCNC than the SM like Higgs

mate the ratio k =

@ Springer

Table 1 The upper limit on flavor-violating decays of the SM-like
Higgs boson to the light quarks at 95% CL from experiments with
mesons

Observable

Constraint

1 1 - 4
D oscillations Br(h — uc) < 2710

T
Bg oscillations Br(h — db) < Ljro

K9 oscillations Br(h — ds) < 210 o

1+1

K

. . L -3
BY oscillations Br(h — sb) < 7741:1

K

boson. Fitting these results with the experimental measure-
ments of Amgp, ., Amp, Amgo, we get the bound on the
flavor-violating Higgs couplings. The strongest bound for
new physics comes from the B;—B; mixing. The experimen-
tal values of Am p, lead to the bound on (92)32 as follows:

2(14 2160

1 A%u“
=2\ 1+ )5
K /) Aw

The lower bound on the new physics scale w depends on the
choice of other parameters. Due to ’;—; > 1 and VI(Qi’ h? not
being fixed, the constraints from the mixing mass matrix of
the mesons not only translate to the new physics scale, w, but
also translate to other parameters. Therefore, the new physics
scale can be chosen far from the Landau pole. The pertur-
bative character of the theory is ensured. The constraints on
the flavor-violating SM-like Higgs boson couplings to the
quarks can be translated into upper limits on the branching
fraction of the flavor-violating decays of the SM-like Higgs
boson to light quarks. In our model, the upper limits for the
branching ratios of 4 — g;q; are predicted to decrease by
% times that of the predictions in [84,85]; for details see

|[(V,§)"‘hdvgl]23 2 <1.8x10°.

(30)

Table 1. The weakest constraints are in the b—s sector, Br(h—
bs) < 3.5 x 1073, which is too small to be observed at
the LHC because of the large QCD backgrounds, but these
signals are expected to be observed at the ILC [94] in the
future.

The flavor-violating Higgs couplings to the quarks given
in Eq. (27) leads to the non-standard top-quark decay mode
t — hu;, u; = u, c, the rate for which is given by (here we

2
have neglected terms of (9(:11—‘2'))

2\2
| f§|2 + |g§ti|2 (mz2 - hh)

't = hu;) = T m?

€1y}
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Br(t—>hc)=1()’7/

<l= 8

Br(t—>hc)=10’6/

5 Br(t-hc)=10~*

Br(toh)=10" 83—

2 4 6 8 10
A3
A2

Fig. 5 Top-quark rare decays into hc

The branching ratio for the decay + — u;h is defined as
follows:

't — u;h)

Br(t — ujh) ~ ——r 2 i)
= uih) = Sy

(32)

t w

The Higgs mediated FCNC in top-quark sector is actively
investigated at the LHC by [86]. No signal is observed and the
upper limit on the branching fractions Br(t — hc¢) < 0.16%
and Br(r — hu) < 0.19% at 95% confidence level are
obtained. In Fig. 5, we plot the Br(r — hc) in the i‘—;—% plane
for fixing [ (Vi) nevy] = [(vi) nevy] =295
The top-quark rare decays into Ac could reach up to 1073
if the new physics scale is several hundred GeVs, and the
factor i—z > 5. In this region of parameter space, the mix-
ing angle & is large. The model encounters the difficulties as
mentioned in Sect. 4. Br(+ — ch) drops rapidly as the factor
% is increased. For small mixing angle &, Br(¢+ — hc) varies
from 107 to 10~3. Our results are consistent with [87-93].

2 . m2 m2 m2
where (1 — bW™T) ~ &2t <1 — m—vzv) <1 — Zm—‘:z" + m—{)

5 Conclusion

We study the non-standard interactions of the SM-like Higgs
boson that allows for sizable effects in FCNC processes in
the simple 3-3-1 model. We examine some effects in flavor
physics and constraints on the model both from the quark and
lepton sectors via renormalizable and non-renormalizable
Yukawa interactions. Specifically, due to the couplings of
the leptons to both Higgs triplets, it creates the lepton flavor-

violating couplings at tree level. The existence of these inter-
actions is completely independent of the source of non-zero
neutrino masses and mixing. This means that, if the source
generating mass for neutrinos is turned off, the lepton flavor-
violation processes such as &7 — [;lj or l; — Iy ...are per-
fectly possible. The branching for 4 — ut decay depends
on the non-renormalizable Yukawa coupling 4, the mix-
ing angle &, and the new physical scale. For large mixing
angle &, Br(h — pt) can reach the experimental upper
bound of the ATLAS and CMS, while for small mixing
angle, Br(h — put) can be 107>, The t — puy radiative
decay is considered by both lepton flavor-conserving and -
violating couplings. The contributions coming from two-loop
diagrams with lepton flavor-violating vertex and all one-loop
diagrams (including lepton flavor-violating/conserving ver-
texes) are comparable. The lepton flavor-violating contribu-
tion to (g — 2),, is suppressed if the parameters are selected
to satisfy the limits from 2 — ut and t — wy, while the
flavor-conserving coupling of the muon to the new gauge
boson Ylfi almost allows one to explain the muon’s anoma-
lous magnetic moment, (Aa;)331 < 13.8 x 10710, due to
the constraint of LHC over the Z’ mass.

We investigate the flavor-violating interactions of the
Higgs boson with a pair of quarks. These interactions not only
generate the FCNC, which are testable in By 4, K 0 meson
oscillation experimental but also introduce the additional
decay modes for the Higgs boson. The binding conditions
from the meson oscillation experiment were transferred to
the upper limit on the branching ratio of these decay. They are
H;l smaller than the predictions given in [84,85]. Directly

tes{ing these Higgs decays seems to be outside the LHC reach
but they are promising as regards searching in the future ILC
[94]. A search for FCNC in events with the top quark is pre-
sented. The upper bound on the branching fraction of top-
quark decay, + — hc strongly depends on the new physics
scale. It can reach 107> or be as low as 1078,
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