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The LHC phenomenology of a low-scale gauged flavor symmetry model with inverted hierarchy
is studied, through introduction of a simplified model of broken flavor symmetry. A new scalar (a
flavon) and a new neutral top-philic massive gauge boson emerge with mass in the TeV range along
with a new heavy fermion associated with the standard model top quark. After checking constraints
from electroweak precision observables, we investigate the influence of the model on Higgs boson
physics, notably on its production cross section and decay branching fractions. Limits on the flavon
i from heavy Higgs boson searches at the LHC at 7 and 8 TeV are presented. The branching
fractions of the flavon are computed as a function of the flavon mass and the Higgs-flavon mixing
angle. We also explore possible discovery of the flavon at 14 TeV, particularly via the p — Z°Z°
decay channel in the 2¢2¢' final state, and through standard model Higgs boson pair production
@ — hh in the bby~y final state. We conclude that the flavon mass range up to 500 GeV could
probed down to quite small values of the Higgs-flavon mixing angle with 100 fb~! of integrated

luminosity at 14 TeV.

PACS numbers: 11.30.Hv,12.60.Fr,14.80.Ec,14.80.-j

I. INTRODUCTION

The standard model (SM) of particle physics describes
physics at the electroweak symmetry breaking (EWSB)
scale of the visible sector remarkably well. With the dis-
covery of a Higgs boson behaving much like that of the
SM at the Large Hadron Collider (LHC) [T} 2], all of
the expected SM particles have been detected. Attention
has turned to precise determination of the properties of
the Higgs boson, notably its decay branching fractions,
and to the search for possible new physics beyond the
SM. Given current precision, the branching fractions al-
low some, if limited, deviations from SM predictions.

The SM poses several puzzles. These include the ori-
gin of the fermion mass hierarchy and the flavor struc-
ture parametrized in the well-known CKM matrix [3}, 4].
The dynamics of flavor mixing is well described within a
framework of three generations of quarks. The fact that
no significant deviations from SM predictions have ap-
peared in any flavor-related physics processes indicates
that that any TeV scale new physics (NP) does not in-
troduce any important new source of flavor change or CP
violation beyond the SM. This hints at flavor symmetry
(horizontal symmetry) in a NP model. The idea that the
NP interactions are invariant under a flavor symmetry
group is known as minimal flavor violation (MFV) [5].

In the MFV scenario, the SM flavor symmetry is bro-
ken explicitly by the non-vanishing SM Yukawa coupling
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constants. This symmetry could nevertheless be a true
symmetry of nature at some high energy scale but broken
by non-zero vacuum expectation values (vev’s) of scalar
fields which are usually called flavons. In such a case, the
SM Yukawa coupling constants are related to the ratio
between the vev’s of flavons and some cutoff scale.

If the full non-abelian flavor symmetry of the fermion
kinetic terms and gauge couplings is a global symmetry
broken by flavons, this yields Goldstone bosons subject
to stringent constraints. This problem can be avoided if
the non-abelian flavor symmetry is gauged, giving mass
to the Goldstone modesE Anomaly cancellation in such
a theory requires introduction of exotic fermions[I0HIH]
to cancel gauge anomalies. These mix with the SM
fermions. The SM fermion masses are the smaller eigen-
values of the mass matrix and are proportional to the in-
verse of the flavon vev’s, corresponding to an inverted hi-
erarchy. The masses of all NP particles, such as the extra
fermions, flavons, and flavor gauge bosons, are controlled
by the flavon vev’s and therefore are approximately pro-
portional to the inverse of the SM Yukawa constants.
Constraints from low energy precision observables and
flavor physics are carefully considered in [13] [16].

The lightest new particles in such a flavor symmetry
model with inverted hierarchy are the exotic fermions,
the flavon which couples to the third generation of SM
fermions, and a massive top-philic gauge boson. Their
masses could be at the TeV scale, and it should be possi-
ble to search for them at the LHC. The LHC phenomenol-

I Other scenarios include abelian flavor symmetries [6} [7], discrete
flavor symmetries [8], and the little Higgs mechanism [9]; these
are not considered in this work.
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ogy of the flavon, the top-philic gauge boson and the
heavy fermion partner of the top-quark might be inter-
estingly rich.

In this paper we do not focus on details of flavor physics
per se. Rather, we address the implications of flavons and
the heavy fermion partner of the top-quark for Higgs bo-
son physics, and the LHC phenomenology of a simplified
flavor symmetry model with inverted hierarchy. We be-
gin in Sec. [0 with an explanation of the motivation and
origin for the inverted hierarchy in a flavor symmetry
model. The simplified Lagrangian and the mass eigen-
states are shown in this section also. In Sec. [ we
briefly review the constraints from electroweak precision
observables (EWPOQO) and flavor violation experiments.
We study the effects of the flavor symmetry model on
the production and decay properties of the SM Higgs bo-
son in Sec. [[V] The inclusive Higgs boson production
cross section is suppressed relative to the SM by a fac-
tor ¢?, = cos? 0y, where 0y is the mixing angle of the
scalar flavon and the Higgs boson. This suppression is
allowed by the LHC data at 7 and 8 TeV, within lim-
its. We show that most of the Higgs boson couplings
to SM particles are just rescaled by a factor ¢y, includ-
ing the loop induced hgg and h~y~ vertices in the heavy
fermion limit. The hZ%y vertex deviates from the simple
cy rescaling, but the deviation is small. The Higgs bo-
son decay branching ratios are nearly unchanged relative
to the SM since every sizable partial width is changed
by an overall factor ¢%. In Sec. we investigate limits
on the flavon from LHC data at 7 and 8 TeV and pos-
sible signals of the flavon at 14 TeV. Flavon searches at
the LHC can focus on the SM Higgs-like decay channels
(Z°Z°, W+W~) and on the Higgs boson pair decay chan-
nel ¢ — hh. We compute and display the decay branch-
ing fractions of the flavon as a function of the flavon
mass and mixing angle 8. Only the WTW—, Z°Z° hh
and tf channels are significant in flavon decay. We ex-
amine bounds on the parameter space of flavons from
heavy Higgs boson searches at 7 and 8 TeV. Because the
flavon can be produced singly, if it decays into the hh fi-
nal state with an appreciable decay branching ratio, the
Higgs pair cross section will be enhanced significantly by
this resonance effect. We perform a detailed simulation
of the signal and backgrounds for the ¢ — hh — bby~y
channel at 14 TeV for an assumed integrated luminosity
of 100fb™*, deriving both 2 standard deviation exclusion
limits and 5 standard deviation observation bounds as a
function of flavon mass. In some regions of parameter
space the search for a hh signal will give a stronger con-
straint on the NP model than the Z°Z° channel. Our
conclusions are summarized in Sec. [VI1

II. FROM GAUGED FLAVOR SYMMETRY TO
A SIMPLIFIED MODEL OF BROKEN FLAVOR
SYMMETRY

The flavor symmetry of the quark kinetic terms and
gauge couplings is

Gf = U(g)QL ® U(3)UR ® U(’?’)DR ) (1)

If this symmetry is gauged with only SM fermions
present, the theory is anomalous. A “minimal” model
of new fermions that cancel the anomalies was described
in [I3]. This model has exotic fermion partners of the SM
quarks, flavor gauge bosons, and two scalar flavon fields
Y, and Y; for the up-like and down-like quarks. U(1)q,
remains anomalous, but the rest of the flavor symmetry
(1) is taken to be gauged. The most general renormaliz-
able interaction Lagrangian between the flavon fields and
the SM and exotic fermions takes the form

Lyv = Lxinetic + gauge
—(=MQrHY g + X, U, Y, Vg + M, U, Ug
—)\dQLH\I/dR + )\iqudyd\:[ldR + MU ,Dgp + h.c.)
—V(Y., Yy, H) . (2)

Here @, Ug, D are the SM quark fields, ¥,, ¥,g,
Uy, and WgR are the partner fermion fields, H is the SM
Higgs doublet field, and H; = €;;H; where €;; is the anti-
symmetric tensor with e10 = 1. X and )\ are dimension-
less parameters, M is a parameter with the dimensions
of mass, and V is the scalar potential. The representa-
tions under the gauge groups to which these these fields
belong is shown in TABLE [} One can verify that both
the SM gauge symmetry and the flavor gauge symme-
try are anomaly free with the contributions from the ex-
otic fermion fields. If flavor symmetry breaks via flavon
vevs with (Y) > M, the masses of the SM fermions are
inversely proportional to the vev of the corresponding
flavon field component, resulting in the asserted inverted
hierarchy.

The large hierarchy between the masses of the SM
quarks thus corresponds to a large hierarchy between the
vevs of the flavons which suggests that the flavor symme-
try could be broken sequentially [I7]. Guided by this re-
alization, we assume that the breaking of the Lagrangian
in Eq occurs in a sequence of steps. From the effective
field theory point of view, one successively integrates out
heavy degrees of freedom.

If we integrate out the heavy degrees of freedom asso-
ciated with the first and second generations, we are left
with a simplified flavor symmetry model with a manage-
able number of BSM degrees of freedom (a flavon, an
exotic fermion, and a massive vector boson) associated
with the top-quark and bottom-quark sectors. However,
because the vev of the flavon associated with the bottom-
quark is nearly two orders of magnitude larger than the
vev of the flavon associated with the top-quark, this sug-
gests finally integrating out the flavon associated with



TABLE 1. The representation of the fields in Eq under the
SM gauge group and the flavor symmetry group.

[SU3)0, [SUB)u, SUB) b, |SUB).[SU@)L|U0)y

QL 3 1 1 3 2 1/6
Ur 1 3 1 3 1 2/3
Dr 1 1 3 3 1 | -1/3
0, 1 3 1 3 1 2/3
W, 1 1 3 3 1 | -1/3
Vgl 3 1 1 3 1 2/3
Uar| 3 1 1 3 1 | -1/3
Ya 3 3 1 1 1 0
\7 3 1 3 1 1 0
H 1 1 1 1 2 1/2

the bottom-quark. Thus, at the TeV scale, we have the
effective Lagrangian

Liopfiavor = AQLHU,p — N U, ®W,p — MUt p+h.c., (3)

where ® is a complex flavon associated with the top-
quark. There is also a residual U(1) gauged flavor sym-
metry under which only the ®, ¥; and tp fields carry (the
same) charge. Chiral phase rotations of the fermions al-
low us to take, without loss of generality, A\, \', M > 0.
We can consider the Lagrangian separately from our
discussion of the higher-scale flavor structure, as a sim-
plified model extending the top and Higgs sectors. The
usual SM Yukawa interactions for the remaining fermions
are added to this LagrangianEI
After EWSB and FSB,

V2

_ Pt
® = 7 ()

in the unitary gauge, where v = 246 GeV is the vev of

the Higgs field, h is the physical degree of freedom of

the SM Higgs doublet field, and ¢ is the physical degree

of freedom of the top flavon. The mass eigenstates are

linear combinations of h and ¢ which will be given below.
The mass matrix of the fermions is

ew=(u ) (422 (o) @

It can be diagonalized by separate left and right rota-

2 There are other models with similar Lagrangians, although aris-
ing from different motivations. For example, see [18] [19].

tions. This results in mass eigenvalues given by

1 2
2 _
me =g _‘\/(21\42 + A20% + N202)7 — 8A2 M 202
F2M? 4+ N0+ NP0 |,
- ]
mh =, \/(2 M2 4 A202 4 N202)% — 8\ZM 202

+2M? + N%? 4 /\/Z’Ui , (7)

which are positive and real for real A\, X, M. Here my;
should be the running mass of the top quark which is
163 GeV [20]. One can find Nv, in terms of the other
parameters, if my is fixed to be the mass of the SM top
quark. Reality of N'v, requires

(M? —m7) (\*v® —2m7) > 0. (8)

The case m; > M and \v < \/ﬁmt would correspond
to the SM top quark being the heavier fermion; we do
not treat this scenario because a light colored fermion T'
which also couples to the electroweak gauge boson and
the Higgs boson would be highly constrained by current
data. Thus, T" will denote the heavy partner of the top
quark.

When M > m; and v > v/2my, the other mass eigen-
value is

Mo\
\/th.

9)

mr

The right and left components of the two fermion mass
eigenstates, the SM top quark ¢ and a heavy fermion T,

are
tr _ p, CO.SQR sin g t . (10)
Yir —sinfp cosbr T
tr, _p, co.sﬁL sin 6y, t . an
v, —sin @, cosfy, T

It is easy to derive

mt\/m (12)
Noy/MZ — 2 13
JMZNE —2m]
\/émt\/m (14)
MVRE I
JMZEAZ — 2m?

s, =sinf; = —

cr, =cosfy =

sSr =sinfg =

cr =coslr =



The Yukawa interactions are therefore

A -
Ly = = [—ttcLsR +t(=sLsrPr + cLcrPr) T

V2

—I-T (CLCRPL - SLSRPR) t+ TTSLCR

)~
14 |:t_tSLSR — t_(CLSRPL + SLCRPR)T

V2
—T (spcrPr + cpspPr)t+ TTcpcr|,  (16)

while the gauge interactions are

2esw ~ 352
L = e T’y” |:<1—48%f[’/)PL+PR:| TZ#
2esw -, 3c2
CLCL (gym P, T + T PLt) 2"
T Yswen (ty*PLT + Ty*Ppt)

_ L g +_ _CCL o -
\/iswt’y PLbWM \/iswb’y PLtWM
_ CSL & + €SL 7 . _
T T PUW bR

2e 2e -
fget«th,L - gTy“TAH, (17)

where sy (ew) is the sine (cosine) of the weak angle.

In the scalar potential, the trilinear interaction be-
tween ® and H is forbidden by the SU(2). and flavor
symmetries. However, the interaction

(@) (' H) (18)

is still allowed. This term can be generated through a
combined top-quark and heavy fermion T loop in the
one-loop effective potential even it is forbidden artificially
at tree-level (FIG. . The general renormalizable La-

o HT
+ +
v, Qr
¥ +
(0] VR H

FIG. 1. Contribution to the one-loop effective potential from
Eq . Each black dot means an insertion of the vertex and
a zero-momentum external scalar.

grangian of the scalar fields of the complex gauge singlet
extension of the SM can be written as

L= (D,H)" (D*H) + (D,®)" (D*®) — V (H,®) (19)

with scalar potential

V (H,®) = %H (HTH)2 + %‘I’ (@*®)* — %m‘j'{ (H'H)

_%mg@*@) +E(0°D) (HTH) ; (20)

the parameters Ay and A\g describe the self-interactions
of the Higgs field and the flavon field. The gauge covari-
ant derivative of the SM doublet Higgs field is the same
as the one in the SM. The gauge covariant derivative of
the flavon is

D,® = 8,® — igrZ7,®, (21)

where g7 is the gauge coupling constant of the residual
U(1) flavor gauge symmetry, and Zp, is the gauge field
of the residual U(1) flavor gauge symmetry.

The vev’s of neutral components are found to be

B /)\q)m%[ — Smé
v = )\H)\q) — 52 ) (22)

Apm3, — Em?,

= . 23
U‘P )\H)\‘ii' _ 52 ( )

Avoidance of a flat direction of the vacuum requires
Ao — &2 > 0. (24)

The vev of the SU(2), doublet field is determined by the
weak interaction coupling constant and the masses of the
SM massive gauge bosons. Therefore there is a constraint

Aom? —Em3

e € 246GeV. (25)
The physical degree of freedom which is dominated by A
should be the SM-like Higgs boson h. Its mass should
be my, = 125.4 GeV [21, 22]. Assuming the other scalar
field mass eigenstate has mass m,, we can solve for the
parameters myg and £, and present the results in terms
of my,v,my,, Ay and Ag, where the first two parameters
are determined by current experiments. We can also de-
termine )\ using these parameters as

1 [Ae (M2 —m7) (\v? — 2mf)
m?a + m,% — Agv? '

N = (26)

me

We define the mass eigenstates (h, ) of the scalar fields

by
h _ cosfy sinfy h 27)
%) —sinfy cosfyg % ’

where the rotation angle 0y is given by

Arv2 — m2

sinfyg = 7113 n;h, (28)
m? —mj,
m2 — Agv?

cosly = “027112. (29)
m —mj,



The deviation of the Higgs field self-interaction strength
A from its value A3 = m? /v? in the SM can be written
as

’I7’L2 - m2
A= MM+ *”U—2h sin? 0. (30)

The additional massive gauge boson Zr,, whose mass

is mg, = gT\/(mic%, +m?s?) /Ae, couples at tree-
level only to the SM top-quark, the heavy fermion, the
flavon, and the Higgs boson through

L=grZr, [fy" (SQLPL + CQRPR) t 4 Ty (C%PL + SQRPR) T
— t_’)/u (SLCLPL — SRCRPR) T — T"y” (SLCLPL — SRCRPR) t]

+ grmzrcapZr, 2y — grmz.sahZr, ZY.
1
2

2 M
— grsucahwZr,Zy.

1
+ —grcH O Zr 2l + Eg%s%qhQZT“Zéf

Searching for such a top-philic gauge boson is a challeng-
ing task at colliders when it does not mix with the SM
ZY at tree-level [23-27].

In summary, this section has presented a simplified
model of spontaneous flavor symmetry breaking, which
arises from the the gauged flavor symmetry model with
inverted hierarchy in which only degrees of freedom re-
lated to the third generation are considered. There is a
heavy fermion T which mixes with the SM top-quark, a
heavy scalar flavon ¢ which mixes with the SM-like Higgs
boson, and a heavy top-philic vector boson Z7,. The ba-
sic couplings that we will need have been presented in this
section.

III. CONSTRAINTS FROM THE
ELECTROWEAK PRECISION OBSERVABLES

The interactions between the fermions and the SM
gauge bosons are different in the low-scale gauged fla-
vor symmetry model from the SM interactions. The new
scalar also couples to the SM gauge bosons such that the
strength of these interactions should be constrained by
SM electroweak precision observables [28]. The modifi-
cation of the charged current will also change the predic-
tion of b — svy. Constraints from the EWPO and flavor
physics were considered in the original paper [13]. In this
work, we rexamine the EWPO constraints and include
the contribution from the flavon ¢ in our calculation.

Because the new physics effects occur above the Z-
pole, their influence on the SM EWPO can be described
with the well known oblique parameters S, T, U [29].
When the SM reference values of m; and my, are chosen
to be

mp ref = 126G6V, Mt ref = 173G6V, (32)

I 1 o fit region
[ 2 o fit region
[13 o fit region

Constraint from STU parameters -
sin,=0.01
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02300 400 600

I 1 o fit region
2 o fit region
13 o fitregion

Constraint from STU parameters -
sin®0,=0.20

800 1000
m; (GeV)

B ‘ Ll Ll
05’00 400 600

FIG. 2. The constraint on the mass of the heavy fermion
mr and the mixing angle of the left handed fermions sz, from
the electroweak oblique parameters. The flavon mass my, is
chosen to be 300 GeV. In the upper panel, the scalar mixing
angle is s%; = 0.01. In the lower panel, s% = 0.20.

the best fit values of the oblique parameters are [30]

S = 0.03 £ 0.10,
T = 0.05 4 0.12, (33)
U = 0.03 +0.10,

while the correlation coefficients matrix is [30]

1 089 —0.54
089 1 —083|. (34)
—0.54 —0.83 1

The contribution from the exotic real scalar boson ¢ to
the oblique parameters [31] is suppressed by the mixing
angle 6. The contribution from the third generation is
given in [I3]. Using a x? check, we show the one standard
deviation (1o), 20 and 30 fit regions in FIG. 2| A de-
tailed analysis of AF = 2 flavor physics observables and



of B — X7 in this model is presented in Ref. [16]. After
inclusion of the contributions from the gauge bosons of
the flavor group, this model could resolve the ex — Sy k-
tension but result in a more serious tension from AMp, ,
and Rpr/ap than in the SM. Contributions from the
flavons are not included. Interested readers can find the
constraints in Ref. [I6]. The tension from flavor physics
comes from the off-diagonal flavor gauge bosons (which
are heavy and integrated out in our simplified model).
They introduce additional tree-level flavor-changing neu-
tral current (FCNC) processes. However, we do not dis-
cuss them numerically since they do not constrain the
top-flavon sector.

IV. HIGGS BOSON PHYSICS

In this section, we investigate Higgs boson physics in
the simplified flavor symmetry model under considera-
tion. The interactions between the SM-like Higgs boson
and other SM particles are different from those in the
pure SM. The differences have two origins. First, there is
mixing between the SU(2), doublet and the flavon. Sec-
ond, there is sizable mixing between the SM top-quark
and the heavy fermion 7.

Gluon fusion is the most important production channel
of the SM Higgs boson at the LHC. In the NP model,
the interaction between the SM-like Higgs boson and the
gluon is mediated by both the SM top-quark and the
heavy fermion 7. Denoting the SM and the NP hgg
interactions as

SM a v,a NP a v,a
MpGa, Grre,  NPRGe G, (35)

respectively, we have

ChNgZ _ \vey {CLSR _ SLCRTT [1 + (1 — TT) f (TT)]}
cﬁ% V2 my mr7 [L+ (1 —7) f (72)]

Nvsy {SLSR

crertr 1+ (1 —717) f (77)] }
V2

my mrr 1+ (1= 7) f ()]
(36)

where sy (cg) = sinfg(cosOp), 7 = 4m?/m3 and
arcsin? 1/7]), T2>1,
f(7)={ st (Vi) (37)
—g log (ny/n-) —in]”, 7<1,

where n4 = 14++/1 — 7. The ratio is nearly independent
of \, M and X in the 30 fit region from EWPO. In the
limit of large fermion mass (m > my,), we obtain

NP
Chgg A\veyg (CLSR B SLCR>
SM

Chag V2 my mr

Nvsy <SLSR chR>
- +
V2 my mr

= CH. (38)

The Ay~ interaction is also modified in the NP model.
The contributions from the light fermions are highly sup-
pressed by the fermion mass, so we consider only the con-
tribution from ¢, T and W¥. Denoting the SM and the
new physics (NP) h~y+y interaction as

A BE W F* e B hF,, F*, (39)
and
NP NP
Chgg Chy~y
K/gzcsiM7 vy = CSM’ (40)
hgg hyy
we derive
o — NCQ%Al/QHg + CHAl (41)
! NeQ3Arj2 + Ay
where
Avpp =7 1+ (L —1) f(7e)]s (42)

Av= o [24 3w 43 (@2nw — ) £ (w)], (43)

N, =3, and Q¢ = 2/3 are the color factor and charge of
the top-quark. In the limit of large fermion mass,

Kg = Ky = CH (44)

is a very good numerical approximation for this model.

Because ® does not couple to the SM fermions except
the top-quark, all of the other hff coupling strengths
are rescaled by a factor of c¢g. Therefore the NP effects
will not change the SM-like Higgs boson decay branch-
ing ratios, but they will change the production cross sec-
tion. The gluon-gluon fusion channel, vector boson fusion
(VBF) channel, and the vector boson associated produc-
tion (VH) channel are all suppressed by a factor of ¢Z.

For the htt interaction, the ratio between the coupling
constant and the top-quark Yukawa coupling constant in
the SM is

VSR

\/imt

It will deviate from cy by a small amount, but the tth
production channel has a much smaller cross section than
the other three channels.

The results from a fit of the Higgs boson inclusive cross
section pt = o/ogp by the CMS collaboration [21] is

()\CHCL - )\/SHSL) . (45)

@ =0.80 £ 0.14. (46)
The result from the ATLAS collaboration
1= 1.30 £ 0.12(stat) T5-11 (sys). (47)

would exclude most of the parameter space of the NP
model [32]. However, at the 3 o C.L., the region s% < 0.2
is still allowed.

Although the h — VV and h — ff decay branching
ratios are not changed in this NP model, owing to the
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FIG. 3. Feynman diagrams for the additional contributions
to h — Z%y. Both t and T appear in the fermion loops.

universal rescaling factor cy of RVV and hff (h — tt is
forbidden because m;, < 2my;), it is worth checking the
h — Z°%y decay branching ratio. In the NP model, there
are additional contributions from both the T-loop and
the ¢ — T-loop (FIG.[3). The contributions from the t-
loop and the T-loop can be read out from the rescaling of
the SM amplitude. The additional contribution from the
Feynman diagrams shown in FIG. [3] must be calculated
independently. The effective operator can be written as
Chzyh 2 F*Y, where Z,,, and F),, are the field strengths
of the Z% and the electromagnetic field, respectively. The
partial decay width of the Higgs boson is

3
r— |Ch2§\2mi (1 _ mZZ> , (48)
Y8

In the SM, there are contributions from the fermion loops
and the W* loop. The contribution from the top-quark
loop is

SMt _ agQy (85%1/ - 3) Tt ¢

hZy 167rmWchW Tt — >\t
+2m?Cy (mi,mQZ,O,mf, mf,mf)
2777,?7})%

2,2 2 .2 2
Co (mj,,m%,0,m7, m¢,m;)
T — At

TtQAt

(¢ — )\t)Q

B0 ()] (49)

+ [BO (mQZ7 mf, mtz)

where A\, = 4m?/m%, Bo and Cj are the standard
Pasarino-Veltman functions. We use the htt coupling
constant y; = (gmy) / (2my ) in the SM. The contribu-

tions from the pure top and T loops in the NP case are

NPt V2mysg (83‘2,[, — 30%)

hzy = gmy (8s%, — 3)
X ()\CLCH — )\,SLSH) CSM’t (50)
hZ~ >
NPT \/QchR (SS%V — 35%)
ChZV -

gmr (8s%, — 3)
X (Aspew + Nepsm) cf%t (t—T). (51)

The new contributions from the ¢ — 7" mixing loops are
3alQichersy

_ 2 2
4 2rswew (m2 —m2)? {mT (mi, = m?)
X [CLCR (m,2Z — 2m2T — mQZ) + 2mtstLsR]

xCy (m%,m%ﬂ,m%mf,m?) —my (m% — m2Z)

NPT
ChZ’y -

X [sLsR (m,2Z — 2mf — m2Z) + 2mtmTchR]
xCy (m,%,mzzﬂ,mf, sz,mz) -2 (m% — m2Z)
X (mpepcr — MySLSR) — 2m2Z (mTchR

—mtsLsR) [Bo (m%, mg, m2T)
0 ()

3aNQispernsy
427 sy ew (m? —m?,

X [chR (771,2I — 2m2T — mQZ) — thmTcLsR]

; {mT (m2 —m3)

xCy (m%,mZZ,O,mQT,mf,mQT) + my (mi — mQZ)
X [CLSR (771,2I — 2mt2 — mQZ) — 2mtstLcR]
xCy (m%,mZZ,O,mf, mQT,mQ) -2 (mi — mZZ)
X (mrspcgr + mecrsg) — 2m% (stLcR

+mycrsg) [Bo (mi,, m{, m7)
—By (m3, m{,m%)] } (52)

The analytic formulas of the Passarino-Veltman functions
can be found in [33],[34]. The correction from NP is com-
parable to the contribution from the SM fermion loops.
Because the partial width is not rescaled by just ¢Z; but
has a more complicated behavior, the branching ratio
is changed by the NP. We show the ratio between the
Br (h — Z%) in the NP and the SM in FIG. [4 As seen
in FIG. {4] the NP contribution increases Br (h — Z%y).
When the sinfl;, and mp parameters satisfy the SM
EWPO at 3 o C.L., the correction to Br (h — Zow) is
small.

Last but not least, an important question is how the
SM Higgs pair-production cross section [35] is changed in
this model of NP. There are two sources of change. The
first is from flavon decay. The flavon can be produced
singly at the LHC. If it decays into the hh final state with
a sizable decay branching ratio, the hh cross section will
be enhanced significantly owing to the resonance. The
second source comes from corrections to the htt and hhh
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FIG. 4. The ratio between Br (h — Zofy) in the NP model
and the SM is shown as a function of the mass of the heavy
fermion mr and the mixing angle of the left handed fermions
sr.. We show the result in the region where the model can
fit the EWPO at 3 ¢ C.L.. We choose m, = 300 GeV and
Ao = 1.0. In the upper panel, we choose s% = 0.01. In the
lower panel, s% = 0.20.

vertices. We leave flavon production and decay to the
next section but discuss the modifications of the vertices
here.

According to the low-energy theorem [36H39], in this

NP model we have at large M

Chgg = CE%CHa (53)

S M
—_ Chhgg ] 2 2 (m4 + m?)
22 1 T+ my

Chhgg
2(mz —mj

—2)\%p? (m2T + mf) + )\41)4]

—2cHsH\/(2m2T — A\202) (A\202 — 2m?)

)\/
X ()\21)2 —m3 — m?) by
2 2 2.2\ (12,2 oy A
+s% (2m7 — A*0?) (A%v® — 2mj) )\2},(54)

where cppgg is the coupling constant of the interaction
hhGY,G*¢. In the allowed parameter space \v —

\/imt + 0+7
Chhgg = Ci}%gc% (55)

is therefore a very accurate approximation. We use this
approximation in our numerical calculation. Moreover,

mi [ 4 3 Ap 2
Anni = 20 <CH °H m2,ci +m%s%> ’ (56)
where Appp, is the trilinear coupling strength of the SM-
like Higgs boson.

It was argued recently that a contribution from a
higher dimensional operator such as (H tH ) QrLHtr
might be important in new physics models [40]. In the
present model, such higher dimensional operators can
be generated when we integrate out the heavy fermion
and gauge boson degrees of freedom at the cutoff scale
A > 10 TeV (FIG. . These operators are suppressed

HT)——T">" H HT) o H
«
Y Ve —) >
*
HT)—=<—t-<-- HI  {T) s H
FIG. 5. The Feynman diagram by which the (HTH) QLfItR
operator can be generated. The ¥, . are the heavy fermion
eigenstates of the first and the second generations in the UV

completion of the flavor symmetry model with inverted hier-
archy.

by the mass of ¥, ., the heavy fermion eigenstates of the
first and the second generations in the UV completion of
the flavor symmetry model with inverted hierarchy, and
also by a second power of the flavor changing interac-
tion strength between the third and the first (or second)
generation. Since the mass of V¥, . is of the order of
Mwv/m, 2 100 TeV, the contribution from these oper-
ators will be small, and we do not include them in our
calculation.



We use the program HPAIR [41] to calculate the NLO
cross section including the vertex corrections. In the pure
SM case, o), = 34 fb at 14 TeV. The result in the NP case
is shown in FIG. @ In most of the 6y, m,, space, the SM
Higgs pair production cross section is nearly independent
of the mass of the flavon for small A\g. Without including
flavon decays into hh, o, is suppressed for large s2;.

— 40—
3 Or T T T T 1
\-; i ]
£ [ ]
bSOj 7]
20 .
10F .
© A,/(4m)=0.01 i
07””\”H\HH\HH\H"

0 0.1 0.2 0.3 0.4

2
sin“6,,

FIG. 6. The SM-like Higgs pair production cross section in the
NP model (without the flavon resonance effect). We choose
Ao/ (47) = 0.01 in the calculation.

To summarize this section, we investigated the produc-
tion cross section and the decay properties of the SM-
like Higgs boson h in the gauged flavor symmetry model
with inverted hierarchy. We showed that the coupling
strengths of most of the vertices are just rescaled by a
factor cgy. We checked the loop induced interactions also.
The hgg and hy~y vertices are rescaled by the factor ¢y in
the heavy fermion limit. The hZ%y vertex deviates from
the simple cy rescaling, but the deviation is small. The
inclusive Higgs production cross section is suppressed by
a factor c%, allowed by the LHC data at 7 and 8 TeV.
The decay branching ratios are nearly unchanged relative
to the SM since every sizable partial width is changed
by an overall factor ¢%. Finally, we computed the hh
production cross section in this NP model (without the
contribution from the flavon resonance decay).

V. FLAVON PHENOMENOLOGY AT THE LHC

In the previous section, we explored the influence of the
NP model on SM-like Higgs boson physics at the LHC.
In this section, we investigate searches for the flavon apEl

3 A study of flavon phenomenology in Froggatt-Nielsen models [42]
can be found in [43] [44].

The flavon is produced dominantly through gluon fu-
sion at the LHC. The effective interaction between ¢ and
gluons is

Csogg“PGZuGW’aa (57)
where
Cogg _ Nvey {SLSR crerrr 1+ (1 —77) f (TT)]}
cf% V2 my mr7e [L+ (1 —7¢) f(74)]
_ Ausy {CLSR _ speptr (14 (1 —77) f(TT)]}
V2 my mr7 [1+ (1= 7) f(7¢)]
(58)
Here cﬁ% is the SM hgg effective coupling constant for

a Higgs boson with the same mass as the flavon. When
the flavon is heavy, the heavy fermion limit is not a good
approximation (FIG. E[) In this work, we calculate the
flavon production cross section using the full expression
Eq. . A global fit of Higgs boson production cross
sections at 7 and 8 TeV by the CMS collaboration, pro-
vides s% < 0.62 at 30 C.L.[21]. According to the global
fit by the ATLAS collaboration, s% should be smaller
than 0.21 at 30 C.L. [32].

In contrast to the gluon fusion case, the flavon cross
sections in the VBF and vector boson associated produc-
tion channels, where loop effects do not play a role, are
just rescaled by a factor of s%; relative to the Higgs boson
cross sections.

® 2
N s
\'9‘0 4 =3

0, f/lc

0.5

300

450 500
m,, (GeV)

350 400

FIG. 7. The deviation of |c¢gg/cf§‘f][|2 from the heavy fermion
limit s% is plotted as a function of Ag and the flavon mass
M.

The flavon has the same decay modes as the SM
Higgs boson. For a light flavon (m, < 2m,), the par-
tial decay widths of the regular decay channels (except
© — 99,77,7Z) are all rescaled by a factor of s%, which
will not affect the decay branching ratios of the flavon.

In addition, it is important to calculate the ¢ — hh
decay width and, for a relatively heavy flavon (2m; <
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FIG. 8. The decay branching ratios of the most important ¢ decay channels. Only the WTW =, Z°Z° hh and tf channels are
significant in ¢ decay. In this calculation, we choose M = 2000 GeV, and A = 1.1.

my, < my +mr), the ¢ — ¢t decay width. For ¢ — hh,
we find

)‘ihhﬁh

8Tm,

where 8, = (/1 —4mj,/m? and

(mi + Qm%) SHCH
2v

I'(p — hh) =

; (59)

Aphh =

)\@1}2

X \|\cg+s —— 55 | - 60

In the small mixing limit (s% — 0), we have

m2 + 2mi

A hh — L2
® 2v

In particular, in the heavy flavon limit (m, > mp, mz)
with small s%;, we have I'(p — hh) = T (¢ — 2°2°)
which is a natural expectation of the equivalence the-
orem [45].

The contribution from the 3-body decay ¢ — hh* —

hff is [46)

2 2
/\@thcmf

r (4,0 - hff) B ; 256m3m,v2v/z — 1

x {2 (z — 4) arctan ((Z_44)—3§_1)

+(z—4)¢zf1(4+1ogj)}

(62)

It is numerically small (z = 4mj, /m?,).

We may calculate the partial width for ¢ — t(*)#(*)
(on-shell or off-shell top quarks) by rescaling the SM h —
t*)1*) with the factor

shv?
2m?

(/\CHCL — )\/SHSL)2 . (63)

Since there is no s% suppression in the @tf vertex, the
flavon will decay into #t with a large branching ratio at
small sy if allowed by phase space. However, the flavon
production cross section is highly suppressed by s% in
this region. The signal will be hidden under the SM ¢t
background making this signal for the flavon hard to find.

For a heavy flavon, as noted before, the heavy
fermion limit is not a good approximation. We calcu-
late the branching ratios of the loop-induced processes



(v, 99, Z%) using the exact formula. The calculation is
straightforward, but the result depends on all parame-
ters. For m, > 160 GeV, the contribution from the loop
induced channels is negligibly small, and the most im-
portant decay modes are bb,tt, WTW =, Z°Z° and hh.
These are the decay modes we must consider since we
treat only m, < mr and my, < 2mz, in this work. The
decay branching ratios for the dominant decay channels
can be found in FIG. For small sy (s% = 0.01), o — tt
dominates ¢ decay when the channel is open. This re-
sult arises because the it interaction comes from the
flavon-top interaction in Eq.

In summary, ¢ — hh is an important decay channel of
the flavon, and it might be used to discover the flavon at
the LHC.

Flavon searches at the LHC can focus on the SM Higgs-
like decay channels (Z°Z° W*W~) and on the light
Higgs boson pair decay channel. Although the SM Higgs-
like decay channels of the flavon are suppressed by the
presence of the hh decay channel, one should nevertheless
check them carefully. In the remainder of this section, we
examine constraints on the flavon from data at 7 and 8
TeV at the LHC and study flavon phenomenology at 14
TeV.

A. Limits from the 7 and 8 TeV LHC data

At 7 and 8 TeV, the strongest limit on the flavon is pro-
vided by the Z°Z° — 2¢2¢' channel in heavy SM Higgs
boson searches [47, [48]. The CMS collaboration also in-
vestigated the hh channel [49] [50]. For a heavy enough
flavon, tt resonance searches may also constrain the pa-
rameters [51], 52]. However, the small production cross
section makes this constraint weak. We do not discuss it
here.

1. The o — Z°Z° channel

The Z°Z° channel has been examined by the ATLAS
and CMS collaborations. ATLAS uses data correspond-
ing to integrated luminosities of 4.6 fb~! and 20.7 fb=!
at 7 TeV and 8 TeV, respectively [47] (the constraint on
a heavy SM Higgs boson is from the 8 TeV data only).
The CMS collaboration uses data corresponding to inte-
grated luminosities of 5.1 fb=! and 19.7 fb~! at 7 TeV
and 8 TeV, respectively [48]. We use these results to
place constraints on the flavon.

For the ATLAS analysis, we use the gluon fusion chan-
nel because this channel is the dominant production
channel for ¢ at the LHC. We use the expressions pre-
sented in this paper to rescale the Higgs boson production
cross sections in [53] to get a NNLO QCD result. The nu-
merical results are shown in FIG. [9] where we present the
lower bound of the 20 exclusion region of s, from heavy
SM Higgs boson searches at 7 and 8 TeV as a function of
the flavon self-iteraction parameter Ay and its mass m,.
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FIG. 9. The lower bound of the 20 exclusion region of s%
from the Z°Z° channel heavy SM Higgs boson searches at 7
and 8 TeV is shown as a function of A¢ and m,. We choose
M = 2000 GeV in this calculation. In the red region, the
constraint from fitting the Higgs boson inclusive cross section
is stronger. The peaks and valleys in the figure reflect the
structure of the experimental exclusion bound.

In the blue region, values of s% above 0.2 are excluded
at 20.

2. The ¢ — hh channel

The CMS collaboration searched for a heavy scalar
(pseudo-scalar) decaying into hh (Z°h) at 8 TeV with
19.5 tb~! of data [49, 50]. Multilepton events with or
without a diphoton and bby~ in the final state were used
in those searches. This channel could be important for a
flavon search when the ¢ — hh channel opens. However,
with current luminosity, it does not yield a stronger con-
straint on NP than the SM Higgs global-fit. The ATLAS
collaboration searched for a TeV-scale resonance decay-
ing into hh at 8 TeV with 19.5 fb~! of data using the
bbbb final state [54] and bby~y final state [55].

It might seem strange that the hh channel cannot pro-
vide a stronger constraint even when the Z°Z° channel is
highly suppressed, but it is understandable once we check
the result carefully. The 20 level lower bound on s% from
the Z°Z° channel is 0.1 —0.2. However, the upper bound
ono (pp — ¢ + X — hh + X) is several picobarns, which
is already above the SM heavy Higgs boson cross section
in that mass region. Thus it cannot provide a constraint
on s%.

B. Searches for ¢ at 14 TeV

We investigate the possibility of discovering a flavon at
14 TeV with 100 fb~! integrated luminosity.



1. Z°Z° channel

There are simulations by the ATLAS collaboration [50]
and the CMS collaboration [57] for this channel. We
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FIG. 10. The expected lower bound of the 20 exclusion region
of s% from searches for heavy scalar decays to Z°Z° at the
LHC at 14 TeV with 100 fb~! integrated luminosity is shown
as a function of A\e and m,. We choose M = 2000 GeV in
this calculation.

rescale their upper bounds to 100 fb~! integrated lumi-

nosity by 1/ Lins/100fb~ . The constraint from this chan-
nel is shown in FIG When m,, < 2my, it is evident
from the left blue and green band in the figure that the
7979 channel can provide a very strong constraint on the
NP model (e.g., all s greater than ~ 0.08 is excluded).
When m, > 2my,, the constraint on s is at O (10_1).
In this region of s, the hh channel will be the dominant
decay channel of .

2. hh channel

We focus on the bbyy channel and present the results
of our detailed simulation of the signal and backgrounds.
Efforts have been made to use this channel for new res-
onance searches, for example, see [58H61]. The bortr—
channel [62] is also useful but we do not discuss it. The
bbW W~ channel, which is useful when the final state
SM Higgs bosons are boosted [63], is less important be-
cause the Higgs bosons are not highly boosted in our
case. There are several irreducible SM backgrounds

pp — bby7,
pp — Z°h — bbyy,
pp = 2%y = bbyy, (64)
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and reducible SM backgrounds

pp = bbjj (5 =),

pp = jjvy (3 —=b),

pp = tt = bjjbjj (7 — ),

pp — tth — bl vbl™ yy (Ei missed) . (65)

We generate the signal and background events at the par-
ton level using MadGraph 5 [64] [65] with CTEQGL1 par-
ton distribution functions (PDF) [66]. For signal events,
we generate pp — ¢ + nj to n=1. All of the parton
level signal and the background events are showered us-
ing Pythia6.4 [67]. The MLM matching scheme [68] is
used to avoid double counting. Detector effects are mim-
icked with PGS4 [69]. Jets are defined in the events with
the anti-kp algorithm, with R = 0.4. The cross sec-
tion of the ZOh process is reweighted to the value sug-
gested by the LHC Higgs Cross Section Working Group
in which the NNLO QCD and NLO EW corrections have
been included [53]. The Z%yy and bbyy cross sections
are reweighted to the NLO QCD results by mutiplica-
tion with a simple K-factor [T0H72]. The jet fake rate is
rescaled by [73]

€ (pT)]A)"/ =93 x 10_3 X exXp (_275%) . (66)

We require the events to have at least two hard isolated
photons in the central region, which means

pr > 20GeV, || < 2.0, (67)

and no hard jet or charged lepton in the AR = 0.4 region
around the photon. The events should also have at least
two hard b-tagged jets with

Py >40 GeV, || < 2.0. (68)

The average b-tagging efficiency is reweighted to 70% [73]
in this analysis. The light flavor (g,u,d,s) and charm
quark mis-tag rates are chosen to be 3.9% and 25.7%,
respectively. To suppress the SM tth background, we
reject events which contain hard isolated charged leptons
with

P >20 GeV, |nf| <25, (Iiso <0.1for p*) (69)
and events which have a large missing transverse energy
Fr > 30 GeV. (70)

We require signal events to satisfy hard cuts designed
for the Higgs boson pair signal. The leading and sub-
leading photon in the events should satisfy

My, —125.4 GeV| < Amy7 . (71)

The transverse momentum of the leading and of the sub-
leading photon should satisfy

PT > Plcuss PT > Plcut (72)
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FIG. 11. The reconstructed diphoton, bb, and hh mass distributions are shown at 14 TeV with 100 fb~' integrated luminosity.
We choose m, =400 GeV. The total cross section is rescaled to the value of the SM like Higgs boson with the same mass. The
decay branching ratio Br (¢ — hh) is set to be 100%. In the left and middle panels, the events passed the all of the cuts except
the v and bb invariant mass cuts. In the right panel, the events pass all of the cuts. Note that the horizontal scale differs in

the three distributions.

We require the leading and subleading b-tagged jets to
satisfy

ey, — 125.4 GeV| < Am’.. (73)

5¢'yba the smallest of Ad)’n by A¢’Yl ba>s A¢’Y2b1 ) A¢72b2 (the
differences between the azimuthal angles of the objects)
should be less than Ag.y.

The energy resolutions of b-jets and photons are ob-
tained from the Z°% — ptp~b and the Z% — ptpu=vy
processes. After including the energy resolution, we can
reconstruct the invariant mass peak of the flavon.

The values of the ple.., D7 s AP e, Ay
A¢~p and the invariant mass window of the hh system
are chosen with the mass of the flavon to get a maximal
signal significance (TABLE [ and [[TT). When the mass of
the flavon increases, a larger leading photon pr cut will
give larger significance because the final state Higgs bo-
son is more boosted. Such a large leading photon pr cut
will suppress the SM background so that we can release
the diphoton invariant mass cut to include more signal
events.

For a flavon whose mass is relatively small, the b-
jets (diphoton) from the Higgs boson decay are not too
collinear. In such a case, a A¢,, cut can suppress the
QCD background from ¢ — bbyy where the b-jets are
from a virtual gluon splitting and the photons are from
the initial state radiation (ISR). This is the reason a small
A¢~yp can give larger significance for light flavons. For the
m, ~ 280 —290 GeV region, the production cross section
drops and the Ag,, cut will remove many signal events
and not be helpful for increasing significance if we cannot
increase the pr cuts. Thanks to the “bump” structure
in the gg — ¢ cross section around m, ~ 2m;, there
is a larger cross section for that region of flavon mass.
More signal events allow us to use harder pr cuts and
the A¢p cut. For a heavy flavon, the two b-jets (dipho-
ton) are more and more collinear and A¢. is no longer

a good cut. In FIG. we show the results for the
reconstructed diphoton, bb, and hh mass distributions
using events which satisfy all the cuts. The resonance
signal is very clear. The dominant background is bby~,
and the other backgrounds are numerically small. The
diphoton resonance is extremely clear, and the bb peak is
wide owing to the larger energy smearing of jets.

After a scan over the mass of the flavon, we show ex-
pected limits from the search for the ¢ — hh — bbyy
signal at 14 TeV with 100 fb~! in FIG.[12] The number
of events is small so we calculate the 20 exclusion bound

using
\/2 {nb In <”+”b> - n] =2, (74)
np

where ngs and m;, are the numbers of signal and back-
ground events, respectively [74]. The 5o discovery signif-
icance is calculated using

\/—2 [(nb +ng)In <n’jrbnb> + n] =5 (75)

The limits shown in FIG. can be translated into a
constraint on the NP parameters.

Combining the results from the SM-like heavy Higgs
boson search for ¢ — Z°Z° and the ¢ — hh — bbyy
search at 14 TeV with 100 fb~! integrated luminosity,
we show the constraint on s% in FIG. The combined
50 discovery significance is shown in FIG.[[4] In FIG.[13]
the search for the ¢ — hh — bby~y signal gives a stronger
constraint in the cross-hatched region. This signal can
give a stronger constraint in the large Ag region when the
@ — hh channel opens. This figure shows that a strong
constraint on the neutral scalar ¢ can be obtained with
a combination of the two channels.
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TABLE II. The combination of cuts which gives the largest significance for excluding the flavon with different mass.

Exclusion DR cut PR eut Am)7 Am;’fcut ‘ A ‘ mpp window
my, = 260 GeV 30 GeV 20 GeV 3.5 GeV 20 GeV 0.5m 230 GeV ~ 280 GeV
my, = 270 GeV 35 GeV 20 GeV 3.5 GeV 20 GeV 0.5m 245 GeV ~ 295 GeV
m, = 280 GeV 35 GeV 20 GeV 3.5 GeV 15 GeV s 265 GeV ~ 300 GeV
m, = 290 GeV 30 GeV 20 GeV 3.5 GeV 15 GeV s 275 GeV ~ 310 GeV
m, = 300 GeV 35 GeV 20 GeV 4.0 GeV 15 GeV 0.7m 280 GeV ~ 325 GeV
m, = 320 GeV 40 GeV 20 GeV 4.0 GeV 15 GeV 0.7 300 GeV ~ 345 GeV
m, = 340 GeV 45 GeV 20 GeV 4.0 GeV 15 GeV 0.87 320 GeV ~ 365 GeV
m, = 360 GeV 45 GeV 20 GeV 5.5 GeV 15 GeV T 340 GeV ~ 385 GeV
m, = 380 GeV 40 GeV 20 GeV 5.0 GeV 15 GeV T 355 GeV ~ 405 GeV
m, = 400 GeV 50 GeV 25 GeV 5.5 GeV 20 GeV s 370 GeV ~ 435 GeV
me = 450 GeV 50 GeV 25 GeV 6.5 GeV 20 GeV m 420 GeV ~ 485 GeV
me = 500 GeV 45 GeV 20 GeV 7.5 GeV 20 GeV T 465 GeV ~ 535 GeV
me = 550 GeV 45 GeV 20 GeV 8.0 GeV 20 GeV s 510 GeV ~ 585 GeV
me = 600 GeV 50 GeV 25 GeV 8.0 GeV 25 GeV s 555 GeV ~ 640 GeV

TABLE III. The combination of cuts which gives the largest significance for discovering the flavon with different mass.

Discovery DI eut DL cut Am]Y o AMY e ‘ Ay ‘ mpn, window
my = 260 GeV 30 GeV 20 GeV 3.5 GeV 20 GeV 0.5m 230 GeV ~ 280 GeV
my = 270 GeV 35 GeV 20 GeV 3.5 GeV 20 GeV 0.5m 245 GeV ~ 295 GeV
my = 280 GeV 30 GeV 20 GeV 3.5 GeV 15 GeV T 265 GeV ~ 300 GeV
my = 290 GeV 30 GeV 20 GeV 3.5 GeV 15 GeV T 275 GeV ~ 310 GeV
my = 300 GeV 35 GeV 20 GeV 3.5 GeV 15 GeV 0.7 285 GeV ~ 320 GeV
my = 320 GeV 45 GeV 20 GeV 4.0 GeV 15 GeV 0.7m 300 GeV ~ 345 GeV
my = 340 GeV 45 GeV 20 GeV 4.0 GeV 15 GeV 0.8m 320 GeV ~ 365 GeV
my = 360 GeV 45 GeV 25 GeV 5.5 GeV 15 GeV 0.8m 340 GeV ~ 385 GeV
m, = 380 GeV 50 GeV 25 GeV 5.0 GeV 15 GeV 0.87 360 GeV ~ 405 GeV
m, = 400 GeV 50 GeV 25 GeV 5.5 GeV 15 GeV ™ 380 GeV ~ 425 GeV
m, = 450 GeV 50 GeV 25 GeV 6.5 GeV 15 GeV ™ 425 GeV ~ 475 GeV
m, = 500 GeV 45 GeV 20 GeV 6.5 GeV 15 GeV ™ 475 GeV ~ 530 GeV
m, = 550 GeV 45 GeV 25 GeV 7.5 GeV 15 GeV ™ 515 GeV ~ 580 GeV
m, = 600 GeV 25 GeV 25 GeV 7.0 GeV 15 GeV ™ 565 GeV ~ 640 GeV

In this section, we investigated flavon phenomenol-
ogy at the LHC in detail. We first examined the de-
cay branching ratios and the production cross section of
the flavon . The dominant decay channels are W W~
Z97°, hh and tt. We checked the limits on the flavon
from heavy Higgs boson searches at 7 and 8 TeV. The
hh signal was simulated in detail at 14 TeV. We showed
that in some parts of parameter space the search for a
hh signal yields a stronger constraint on the NP model
than the Z°Z° channel. Finally, we presented a com-
bined result using the hh — 202y and the Z°Z° — 2¢2¢
channels.

VI. CONCLUSIONS

This paper has investigated a model of physics beyond
the SM in which there is a new scalar, a flavon, a new
heavy fermion associated with the SM top-quark, and a
new neutral flavor gauge boson. This model arises as the
low-energy limit of a theory of gauged flavor symmetry
with an inverted hierarchy, giving a simplified model with
spontaneous breaking of flavor symmetry. This model
may be considered independently of its origin from the in-
verted hierarchy, as a model that could result from other
physics and be interesting in its own right. The flavon
mixes with the SM Higgs boson, and the heavy fermion
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FIG. 12. The 20 C.L. exclusion bound and the 50 C.L. ob-
servation bound of the flavon production strength p from the
pp — @ — hhX — bbyyX and the pp — ¢ — ZZX — 2020’
channels. u = o(pp— ¢ — ZZ) /o (pp — H) for the ZZ
channel and p = o (pp — ¢ — hh) /o (pp — H) for the hh
channel. The region above the curves will be excluded (dis-
covered) at 20 (50) C.L..

alters the production and decay properties of the Higgs
boson at the LHC, all in ways that are consistent with
data at current levels of precision. The flavon and the
heavy fermion might appear at the hundreds of GeV to
the TeV scale. There is a sizable allowed parameter space
in which existing constraints from electroweak precision
observables and flavor physics are satisfied.

The mixing of the flavon, which is a gauge singlet scalar
under the SM, with the SU(2), doublet Higgs field pro-
duces two notable effects. First, its influence on Higgs
boson physics could be examined with more precise mea-
surements of the SM Higgs-like scalar at 125 GeV dis-
covered recently at the LHC. Second, the mixing makes
it possible to produce and detect the flavon at the LHC.

In this NP model, the production cross section of the
SM-like Higgs boson at the LHC is suppressed by a factor
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the ¢ — hh — bby~y search. In the upper part of the figure, in
the irregularly shaped region above the broad-dashed line, the
@ — hh — bbyy process is more sensitive to the NP model.

cos? 0, where @y is the mixing angle between the Higgs
boson and the flavon. However, neither mixing nor the
triangle loop from the heavy fermion change the Higgs
boson decay branching ratios significantly. The h — Z%y
decay channel is an exception. With large mixing which
is still allowed at the 3o level, the branching ratio of
this channel can be increased by about 5%. It is not an
easy task to measure this branching ratio precisely at the
LHC, but it would be possible to check the modification
of the hZ%y vertex at a future Higgs Factory.

The possibility to search for the flavon at the LHC



is explored in detail in the paper. Generally, the mix-
ing between an exotic scalar field ¢ and the SM Higgs
field can be generated from O (®) (HTH), where O (®)
is some operator constructed from ®. As long as the
scalar interacts with the SM sector, this interaction will
arise from loop corrections even if forbidden artificially
at tree-level. The phh vertex usually appears once there
is ¢ — h mixing, and a NP heavy scalar boson which can
decay into a SM Higgs-pair will also decay via the SM
Higgs boson decay modes. This is also the case in this
flavor symmetry model where the flavon decays to a SM
Higgs-pair, ¢ — hh, as well as through the SM Higgs
boson decay modes.

We investigated the ¢ — Z9Z° discovery channel. At
7 and 8 TeV at the LHC, the Z°Z° channel will give a
stronger constraint than ¢ — hh owing to limitations of
integrated luminosity. The large mixing required to get
a large enough cross section is excluded by the global-fit
of the Higgs boson inclusive cross section. At 14 TeV
with 100 fb~! integrated luminosity, we showed that the
small mixing region can be reached where the Z9Z° de-
cay channel is highly suppressed. In this region of the
parameter space, the ¢ — hh signal is more important
for discovery. Our result can be used to discover or ex-
clude not only the flavon, but also singlet scalars in other
models which can be produced through gluon fusion and
decay into a Higgs pair [I8], 19, BT, [75].

The SM Higgs pair production cross section is changed
in this model of NP. The flavon can be produced singly
at the LHC. If it decays into the hh final state with a
sizable decay branching ratio, the hh cross section will be
enhanced significantly by this resonance effect. A second
source of change comes from corrections to the h#t and
hhh vertices. These corrections generally reduce the SM
Higgs pair rate as shown in FIG. [f]

In this work, we investigate the case my > m,, in which
the new heavy fermion is more massive than the flavon.
Such a heavy fermion has special decay modes and sig-
nals at the LHC. A relatively heavy flavon and the new
massive vector boson Zr, might produce a four-top sig-
nal at the LHC, which is a potential discovery channel for
these states. A study of the heavy fermion phenomenol-
ogy and the top-philic vector boson phenomenology is
left for another paper [76].
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