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We present a study of the flavor changing decays: tc (¢ = Hr, Ar) of the CP-even and”' P-odd scalar flavons at the large hadron
collider and its next stage, the high-luminosity large hadron collider. The theoretical framework is an extension of the standard model
that incorporates an extra complex singlet and invokes the Froggatt-Nielsen mechanism with an Abelian flavor symmetry. The projected
exclusion and discovery regions in terms of the model parameters are reported. We fifid timatld be detected at the LHC by considering
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1. Introduction haps of Abelian typd/ (1)) forbids the Yukawa couplings
with the SM fermions charged under this symmetry; however,

) the Yukawa couplings can arise through non-renormalizable
Itis well known that the standard model (SM) has been sucpperators. The scalar spectrum of this model includes both a
cessful in predicting results experimentally tested to a highy p_eyven FlavonH » and aC'P-odd FlavonA . The former
accuracy, culminating with the recent discovery of a neWcan mix with the SM Higgs boson when the flavor scale is of
scalar boson compatible with the SM Higgs boson [1, 2].the order of a few TeVs. A detailed study of the Flavon phe-
However, despite its success, some issues remain une¥pmenology can be consulted in Refs. [29-33]. Our study
plained by the SM: the lack of a dark matter candidate, the,ot only could serve as a strategy for the Flavon search, but it
hierarchy problem, unification, the flavor problem, etc. Thiscan also be helpful to assess the order of magnitude of flavor

encourages the study of SM extensions. In the framework ofjpjation mediated by this particles, which is an indisputable
the SM there are no tree-level flavor changing neutral currentgignature of physics beyond the SM.

(FCNC), which are, however, predicted by several SM exten-

sions, being mediated by the Higgs boson or other new scalar The organization of this paper is as follows: in Sec. 2 we
or vector boson particles. In the context of these models, itlescribe the most relevant theoretical aspects of the Froggatt-
is worth studying any signal that could give clues for newNielsen singlet model (FNSM), which are necessary for our
physics (NP), such as the widely studied procgss> Tu,  study. In Sec. 3 we obtain the constraints on the model pa-
with ¢ a C P-even orC'P-odd scalar boson [3-17]. FCNC rameters from the most recent experimental results on the
signals can also arise from the top quark decays cX Higgs boson coupling modifiers; [34], the full decay width

(X =9¢,7,9,7Z, H) [18-26], and from the less studied decay of the Higgs boson [35], anomalous magnetic dipole mo-
of a new heavy scalar boson into a top-charm quark pair [27]ment of the muon [36] and the perturbative limit. In ad-
which could be searched at the LHC and the future high lumidition, we include the current bound and the projections at
nosity LHC (HL-LHC). The latter aims to increase the LHC the future colliders oBR(¢ — ch) in order to constrain
potential capacity by reaching a luminosity updo= 3000  the g4 coupling. Section 4 is devoted to study the signal
fo—! around 2035 [28]. In this work we present a study ofpp — ¢ — tc(t — fv,b) and the potential background as
the¢ — tc decay in a SM extension that incorporates a com-well as the strategy used to search for the- tc decay at
plex singletSr via the Froggatt-Nielsen (FN) mechanism, the LHC and the HL-LHC. Finally, the conclusions are pre-
which assumes that above some sdgjea symmetry (per- sented in Sec. 5.
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2. The Froggatt-Nielsen complex singlet The corresponding mass eigenstates are obtained via the stan-
model dard2 x 2 rotation

We now focus on some relevant theoretical aspects of the ¢” = cosah +sinalp,
FNSM. In Ref. [37] a comprehensive analysis of the Higgs
potential is presented, along with constraints on the param-
eter space from the constraints on the Higgs boson signalith o a mixing angle. Heré is identified with the SM-like
strengths and the oblique parameters, including a few bencliiggs boson, with mass:;, = 125 GeV, whereas the mass
mark scenarios. Also, the authors of Ref. [11] report aeigenstatddr is theC P-even Flavon.

study of the lepton flavor violating (LFV) Higgs boson de- As for the mass matrix of the imaginary parts, itis already
cay h — £;¢; in the scenario where there 8P violation  diagonal in the @, p) basis:

induced by a complex phase in the vacuum expectation value

s=—sinah+ cosaHp, @)

(VEV) of the complex singlet. M3 = < 8 2722 ) , (8)
S2
2.1. The scalar sector where the physical mass eigenstate = p is the C' P-odd

- ) ) Flavon. BothH » and A are considered to be heavier thfan
In addition to the SM-like Higgs double®, a FN complex

singletSr is introduced. They are given by 2.2, Yukawa sector
o - ( X GJ; _ > ) The model, in addition to the new complex scalar singlet, also
I5 (v+ e +iGL) ) invokes the FN mechanism [38]. The effective EN1) -
1 invariant Lagrangian can be written as:
Sp=—7=(u+s+ip), )
V2

e =ty (32)" uonnn . (35)" @1
wherev is the SM VEV andu is that of the FN complex Y =P\ Ap AN B

singlet, wherea&'+ andG* are identified with the pseudo- ¢
Goldstone bosons that become the longitudinal modes of the | )¢ (SF> "Ly &g +He, 9)
W andZ gauge bosons. "\ Ap Y

We consider a scalar potential that respects a giolt&)  \hich includes terms that become the Yukawa couplings
symmetry, with the Higgs d_g)ublet and the singlet transform-once the/(1) flavor symmetry is spontaneously broken.
ing asé — <I>.andSF — e Sp. In general, such afgalar Hereqifj (f = u, d, ¢) denote the charges of each fermion
potential admits a complex VEV, namel5r)o = ue™,  tyne under some unspecified Abelian flavor symmetry, which
but in this work we consider the special case in which thehelp to explain the fermion mass hierarchyf; are dimen-
Higgs potential is”'P conservingj.e. we consider the limit - sjon|ess couplings seemingly 6(1), A represents the fla-
with vanishing phase. SuchtaP-conserving Higgs potential ,or scale and
is given by: B

Qﬂ = (uLm sz‘)’

_ 1 25T 1 2 Q* 1 2 *2 2 _
V= —§m1(I> o — imSISFSF — 3™ (S5 + S%) Lgi = (vi,, I1,), (10)

+%)\1 (<1>T<1>)2 s (SESE)2 +A11 (@7@) (S5Sr), (3) ® = ig?P*.

. S We now write the neutral component of the Higgs field in
2 - -

wherems, stand§ for al/(1)-soft-breaking term, which is the unitary gauge and use the first order expansion
necessary to avoid the presence of a massless Goldstone bo-

son, as will be evident below. Once the minimization condi- Sp i u+t s+ ip\ %
tions are applied, the following relations are obtained: A = (\/§I\>

F
2

mi = ’Uz)\l + ’Uzz)\lh (4) qij .
| () e (5]
m3, = —2m2, + 2u* A, + 0. 5) V2Ar u
i i fo_
In this C'P-conserving potential, the real and imaginary along with Egs. ), (7) and 10). We also defmeYZ.j -

f ~
parts of the mass matrix do not mix. Thus, the mass matriw{;(U/\@AF)qi-f, M = (U/\/i)YJ, rs = v/(v/2u). Inor-
for the real components can be written in taé (s) basis as  der to diagonalize the mass matfix/, the electroweak fields

) are redefined as
2 AU A11UV
Mg = ( Auv 22u? ) ©)

Fr, — UgFL, fR - UIJ;JCR = Y‘f = U{TydjicagoUR’ (12)
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Higgs doublet and the complex singlet. In Table | we show
TaBLE |. Couplings of the SM-like Higgs bosdnand the Flavons ~ the coupling constants for the interactions of the SM-like
Hpr and Ar to fermion pairs and gauge boson pairs in the FNSM. Higgs boson and the Flavons to fermions and gauge bosons.
Herers = v/v/2u.

Vertex (X X) Coupling constantg; x x) 3. Constraints on the FNSM parameter space
hfif; %ML’; — sarsZifj . : ;
Hefif; so M 4+ eor 21 To evaluate the decay widths and production cross-sections
Bl v of the FlavonsH and A, we need the bounds on the pa-
Ar fif s Zi; rameter space of our model, they are:
hZZ Iz e, N
AW gmwca e The mixing anglex.
HrZZ o S e The VEV of the FN complex singlet.
HeWW @ . =
r gmws e The matrix element;..
whereY{ 0 = (v2/v)diagdme, my,, m;) = (V2/v)M*, e The Flavon masses s, andm.,..

analogously for the case of quarks. Thus, one gets the follow-
ing Yukawa Lagrangian for the Higgs- and Flavon-fermion3.1. Constraint on the mixing anglea and VEV of sin-

interactions: gletu
1 .- _ _
Ly = " [UM"U + DM®D + LM*L] (cah + s HF) It turns out that these parameters can be constrained via the
o s o Higgs boson coupling modifiers; (j = W, Z, g, b, 7, 1)
+ 1 {UiZ“Uj + DZ-ZdDj + LZ-Z’ZL]} [34], which are defined for a given Higgs boson production

modei — h or decay channél — j as
X (—=sqh + coHp +iAp) + Hec., (13)
wheres, = sina, ¢, = cosa. A fact to highlight is
that the intensity of the flavor violating (FV) couplings are
encapsulated in theZ!, = U/"z/U] matrices. In the
flavor basis, thez/, matrix elements are given bg/, =

K =o0;/of™M or K2 =T; /M (14)
where o$M (I'$M) stands for the pure SM contributions,
whereasr; (I';) includes new physics contributions.

; Figure 1a) shows the, — u plane, where each colored
pfj(u/\/ﬁAF)‘lw' qu, which remains non-diagonal even after area represents the allowed regions:pyonsidering the ex-
diagonalizing the mass matrices, thereby giving rise to F\pected results at the HL-LHC at a confidence leveRof
scalar couplings. In addition to the Yukawa couplings, weBesides, in the same plot, the intersection ofrgl is in-
also need theVV (V = W, Z) couplings for our calcu- cluded, which coincides witk.. since the latter is the most
lation, which can be extracted from the kinetic terms of therestrictive. Meanwhile, we present separately in Fig. 1b) the

SpaceMath
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FIGURE 1. a) Allowed regions by alk; coupling modifiers in the., — u plane, wherd” = Z, W'; b) Only intersection o&’; s and excluded
zone by perturbative limit.
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Upper limit on BR(t—-ch)
TABLE Il. Model parameter values considered in the numerical 3.0F A A et
analysis. : : ' : '
Parameter Value 2.5_____;_ -.- + ...... . _____ . ______ 4 _________________
Ca 0.999 : ; : ; :
u 600 and 1000 (GeV) pobot b A ]
Ly 0.5 : : _ :
be 01 } Allo!wed reglon bg
Zie 0.05, 0.2 and0.45 R S A Ny o o ] !
Zer 0.1 [14] , . , . ;
Zuu 1073 [14] 1.0F---- :_ - _ ..... ....... :_.___._: ______ ....... ________
Zry 0.35
ma, 0.2 —1(TeV) 0.5F--
My 0.2 —1(TeV)
. : . 0.0 =5 . ; : : : : .
intersection of all«s and the allowed region by both the 100200 300 400 500 600 700 800

perturbative limit applied on the parameter of the potential
A = (m?%, + m3, +mis?)/(2u®) < 47 and the cur- i
rent discrepancy between the experimental measurement aftcure 2. Allowed region in theu — Z;. plane from the current
the SM theoretical prediction [36] of the anomalous magnetidound onBR(t — ch) < 1.1 x 10~* (blue color) and the projec-

u(GeV)

dipole moment given by tion at the FCC-hh (orange color).
Aa, = (25.1£5.9) x 1071 TABLE IIl. Benckmark points used in the Monte Carlo simulation.
AgFNSM my Z Z ngzug Benchmark points (BMP)
H 2 N

16m e At T BMPL: Zi. = 0.45, u = 600, 1000 GeV

) BMP2: Z;. = 0.2, u = 600, 1000 GeV

< [21n "ﬁ; _3) (15) BMP3: Z;. = 0.05, u = 600, 1000 GeV

my

We notice in Fig. 1b) that,, is close to unity, this is to be As for the bounds on th&* diagonal matrix elements,

expected because the dominant term of ghe 7, coupling  we use those obtained in Ref. [14]. We summarize in Table II
in Table | is proportional ta,. Whenc,, = 1, the SM case the values of the FNSM parameters used in the evaluations;
is recovered. As far as the VEV of the FN complex singletwhile in Table Il we define three benckmark points to be
is concerned, it is a lower limit imposed by the perturbativeused in the Monte Carlo simulation.

limit; the most stringent is whem 4, = my, = 1000 GeV,

u > 281 GeV. The exploration of the muon anomalous

magnetic dipole moment help us to find a upper limit on4. Search for¢ — tc decays at the HL-LHC

u < 1100 GeV, in addition to imposing a lower limit on

co > 0.995. We also explored the total decay width of the 4-1. Flavon decays

Higgs boson in order to find additional constrains on the mix—W he behavior of the b hi i £ th
ing anglea andu, however this observable is not restrictive. € how present the behavior o t_ € branching _ratlos 0 the
main Flavon decay channels, which were obtained via our

3.2. Constraint onZ,, own Mathematica package so-calleGpaceMath [40],

that implements the analytical expressions for the corre-
So far, we only have considered the bound on the diagosponding decay widths. A cross-check was done by com-
nal couplings; however, we need a bound on fhe ma-  paring our results with those obtained GalcHEP [41], in
trix element in order to evaluate the — tc decay. To our which we implemented the corresponding Feynman rules via
knowledge, there are no processes from which we can exhe LanHEP package [42]. In Fig. 3 we show the branch-
tract a stringent bound 0#,., but we can assess its order ing ratios of theC' P-odd FlavonA r as functions of its mass
of magnitude by considering the upper limB& (¢t — ch) <  m4,; we use the parameter values of Table Il. As does
1.1x 1073 [35]. We also consider the prospect for the branch-not couple to gauge bosons at tree-level, its dominant decay
ing ratioBR(t — ch) < 4.3 x 107° searches at the FCC- modes aredr — tt, Apr — 7~ u*, andAp — tc, with a
hh [39]. This is shown in Fig. 2. branching ratio at th&®(0.1) level for masses of the Flavon
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FIGURE 3. Branching ratios of the two-body decay modes @ B-odd flavon as a function of its mass for the parameter values of Table II
(u = 1000 GeV andZ;. = 0.45).
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200 400 600 800 1000~ HeowH 200 200 600 800 1000
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FIGURE 4. Branching ratios of the two-body decay modes af B-even flavon as a function of its mass for the parameter values of Table Il
(u = 1000 GeV andZ;. = 0.45).

Ap inthe200 < my4, < 1000 GeV. Other interesting chan-
nels such asly — gg andAr — bb search a branching ratio
of O(1073) — O(1072).

As far as theC P-even FlavonHpg is concerned, the
branching ratios for their main decay channels are presented
in Fig. 4, for the same parameter values used for Ahe
decays. We observe that the domin&fit decay channels
areHrp — 7 pt andHp — tefor mpy, < 2my,p, With
branching ratios of orde®(10~!). Another important chan-
nel is Hr — hh(h — ~v, h — bb) which was studied
by one of the authors of this project in Ref. [43]. Con-
versely, whenmyg, > 2my,,, the dominant channels are
Hy — tt, WTW~—, ZZ andr—pu*. Other decay modes
suchasdyp — bb, Hr — 71+, Hp — yyandHp — gg
have branching ratios ranging frond—% to 10~3, whereas
the decaydlr — Zvy andHp — pu are very suppressed.

104

300 fb™1)

1000¢

\s =14 Tev

mm g9 > He>tc(t->1vb)
m gg > Ar > tc(t - 1vib)

100

Events (£

10§

400 600 800 1000

my(GeV)

200

FIGURE 5. Number of events produced for the procggs— ¢ —
te (t — fuveb) as afunction of the Flavon mass, at/s = 14 TeV
ith an integrated luminosity of = 300 fb~*.

4.2. Events

In this section we now present a Monte Carlo analysis for the
production of both thefr and theAr Flavons at the LHC FCNC decayy — tc. We apply realistic kinematic cuts and
via gluon fusiongg — ¢ (¢p = Hr, Ar), followed by the consider tagging and miss tagging efficiencies. We then ob-
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FIGURE 6. Normalized transverse momentum distributions associated to the top decay: a) leading b-jet, b) leading charged lepton; c)
tranverse missing energy due to undetected neutrinos; d) transverse momentum distribution of the c-jet; e) top quark transirefsg)mass
and f) CP-odd Flavon transverse méssy,, .) consideringn ., = 350 GeV.

tain the statistical significance, which could be experimen- are missed when one of the top quarks decays semi-
tally confirmed. leptonically.

We present in Fig. 5 the number of events produced _ ) o
o(gg — ¢ — te(t — b)) x L (= N,), where£ = In Fig. 6 we present the kinematic distributions generated

300 fb! is the integrated luminosity at the final stage of POth by the background processes and the decayofor

the LHC. For this computation, we us§salcHEP [41] with MAp = 200 GeV, namely, the transverse momentum of the
the CT10 parton distribution functions [44]. We note that pe}mcles produced by the decay of th_e ‘F’p quark: (a) leading
for both Flavon masses:,, N, is similar in the400 < b-jet, (b) the charged 'e.pto_”' © the missing energy transverse
mg < 1000 GeV interval. Meanwhile, for masses in the (MET) due to the neutrino in the final state are displayed. The
rangEQOO < my < 350 GeV, N4, ~ 3Np,.. These results transverse momentum of the leading jet is shown in (d). Fi-
are encouraging since similar statistical significance will benally, the transverse masses of the top quarks and CP-odd

obtained, despite different kinematic behaviors. Flavon are depicted in (€) and (). Meanwhile, in Figs. 7, 8,
9 is shown the same as in Fig. 6 but only for the signal to
4.2.1. Kinematic cuts ma, = 200, 400, 900 GeV.

The kinematic cuts imposed to study a possible evidence
We now turn to the Monte Carlo simulation, for which we use of the¢ — tc (mgy = 200 GeV) at the LHC are as follows:
Madgraph5 [45], with the corresponding Feynman rules

generated vid.anHEP [42] for a UFOmodel [46]. To per- 1. We requiere two jets withy’| < 2.5 and p7. >
form shower and hadronization we uRgthia8 [47]. 30 GeV, one of them is tagged ad-get.

The signal and the main background events are as fol- 5 e require one isolated leptoadr 1) with 1’| < 2.5
lows: andp4. > 20 GeV.

e SIGNAL: The signal isgg — ¢ — tc — blyye with
¢ = e, un. We generated0® events scanning over
me € [200, 1000] TeV and considered the parameter
values of Table II.

3. Since an undetected neutrino is included in the final
state, we impose the cut MET30 GeV.

4. Finally, we impose a cut on the transverse masses
e BACKGROUND: The dominant SM background Miy,e aNdmy,, as follows:
arises from the final staté® ;j + Wbb, tb + tj andtt,
in which either one of the two leptons is missed in the -
semi-leptonic top quark decays or two of the four jets ® 0.8miop < My, < 1.2m10p.

e 0.8ma, <mi,.<1l2ma,,

Rev. Mex. Fis69 020803
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Events (scaled to one)
o |
o
o)}

ma.=900GeV
ma,=400GeV
ma.=200GeV

0

100 200 300 400 500 600 700
Pr (b1) (GeV)

0.14
ma,.=900GeV

< 012 ma, - 400GeV
g ma,.=200GeV
80'10
©
2 0.08
©
(9}
4,
—0.06
c
2 0.04
L

0.02

0.00
b) 0 100 200 300 400 500 600 700

pr (1) (GeV)

FIGURE 7. Normalized distributions generated by the decaylef for m4, = 200, 400, 900 GeV. Transverse momentum of a) leading
b-jet and b) leading charged lepton.
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FIGURE 8. Normalized distributions generated by the decaylef for m4, = 200, 400, 900 GeV. a) Transverse missing energy due to
undetected neutrino, b) transverse momentum distribution of the c-jet.
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ma, =900 GeV
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©
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2
1 0.02
C
[
>
(WN]
0.01
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FIGURE 9. Reconstructed CP-odd Flavon mass fory, =

200, 400, 900 GeV.

The kinematic analysis was done \NéadAnalysis5
[48] and for detector simulations we uBelphes [49]. As
far as the jet reconstruction, we use the jet finding package
FastJet [50] and the antik; algorithm [51]. We include
also the tagging and misstagging efficiendigagging effi-
ciencye, = 90% and to account for the probability that a
c-jetis miss tagged aslgjet we considee, = 10%, whereas
for any other jet we use; = 1%.

We now compute the signal significancé =
Ns/+/Ns + Np, whereNg (Np) are the number of signal
(background) events once the kinematic cuts were applied.
We show in Figs. 10-12 the contour plots of the signal sig-
nificance as a function of. 4, and the integrated luminosity
for the BMP1-BMP3, respectively, as shown in Table Ill. The
results for the case of th@ P-even Flavori -, as well as the
MadGraph files, will be shown upon request.
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5. Conclusions along with the flavory production cross-section at the LHC

and its next stage, the HL-LHC. We present a Monte Carlo
We study an extension of the SM with a complex singlet thatanalysis of both the signgly — ¢ — tc — bly,c and the

invokes the Froggatt-Nielsen mechanism with an Abelian flamain standard model background, focusing on integrated lu-
vor symmetry. Such a model predicis”-even and”’P-odd  minosities in the rang&40 — 1000 fb~!, which allow us to
Flavons that mediate FCNC at tree-level and thus can decayssess the possibility that this channel could be detected at the
as¢ — tc (¢ = Hp, Ar), which is the focus of our work. |LHC in the best scenario of the model parameters. However,
We found the region of the parameter space consistent witlyith the advent of the HL-LHC operating & ~ 1000 fb—!,

both experimental and theoretical constraints. Then, we det could be possible to detect the decays— tc for a rea-

fine a few benchmark points to evaluate the— tc decays
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