Physics Letters B 756 (2016) 309-316

www.elsevier.com/locate/physletb

Contents lists available at ScienceDirect

Physics Letters B

PHYSICS LETTERS B

Explaining 750 GeV diphoton excess from top/bottom partner cascade
decay in two-Higgs-doublet model extension

@ CrossMark

Xiao-Fang Han?, Lei Wang™®*, Lei Wu¢, Jin Min Yang %-¢, Mengchao Zhang ¢

@ Department of Physics, Yantai University, Yantai 264005, China
b [FIC, Universitat de Valéncia-CSIC, Apt. Correus 22085, E-46071 Valéncia, Spain

€ ARC Centre of Excellence for Particle Physics at the Terascale, School of Physics, The University of Sydney, NSW 2006, Australia

d Institute of Theoretical Physics, Academia Sinica, Beijing 100190, China
€ Department of Physics, Tohoku University, Sendai 980-8578, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 7 January 2016

Received in revised form 23 February 2016
Accepted 14 March 2016

Available online 17 March 2016

Editor: G.F. Giudice

In this paper, we interpret the 750 GeV diphoton excess in the Zee-Babu extension of the two-Higgs-
doublet model by introducing a top partner (T)/bottom partner (B). In the alignment limit, the 750 GeV
resonance is identified as the heavy CP-even Higgs boson (H), which can be sizably produced via the
QCD process pp — TT or pp — BB followed by the decay T — Ht or B — Hb. The diphoton decay rate
of H is greatly enhanced by the charged singlet scalars predicted in the Zee-Babu extension and the total

width of H can be as large as 7 GeV. Under the current LHC constraints, we scan the parameter space
and find that such an extension can account for the observed diphoton excess.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Very recently, both the ATLAS data with 3.2 fb~! and the CMS
data with 2.6fb~! [1] have reported an excess of the diphoton
resonance (X) around 750 GeV. The local significances of their
results are 3.60 and 2.60 in the respective experiments. Com-
bining the 8 and 13 TeV data [2], the observed signal strength
ox x Br(X — yy) is 10.6+2.9 fb for the ATLAS and 4.47+1.86 fb
for the CMS. Since there are no excesses observed in the dijet [3],
tt [4], diboson or dilepton channels, understanding such an ex-
cess becomes a challenging task. So far, many new physics models
have been proposed for this excess [2,5-12], among which, a sin-
glet scalar is usually introduced as the 750 GeV resonance.

Differently from the previous singlet scalar explanations, we at-
tempt to interpret the 750 GeV resonance as a heavy Higgs boson
from a second doublet, which is mainly originating from the QCD
top partner (T) or bottom partner (B) pair production process fol-
lowed by the decay T — Ht or B — Hb. Obviously, such a scenario
still needs the extra particles to enhance the 750 GeV Higgs de-
cay into diphoton. Therefore, we introduce a top partner/bottom
partner to the Zee-Babu extension [13] of the two-Higgs-doublet
model (ZB-2HDM), where two extra charged singlet scalars can
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enhance the decay of diphoton mode and generate the neutrino
mass. Considering the LHC Higgs data, our study will be focused
on an interesting limit of this model, in which one of the neutral
Higgs mass eigenstates is almost aligned with the direction of the
scalar field vacuum expectation values. In this limit, the 125 GeV
Higgs boson tends to have the gauge couplings as in the Standard
Model (SM) and is easily consistent with the current Higgs data,
while the heavy CP-even Higgs boson has the very small couplings
or no couplings to the SM particles.

Compared to the direct gg — H production process, there are
several benefits for the production of H from the QCD process
pp — TT/BB — HH + tt/bb. Since the production of T/B and the
decay of H are generally unrelated, it is easy to obtain a large
branching ratio of H — yy by suppressing the 750 GeV Higgs
coupling to the top quark. Although the cascade decays have other
objects in the diphoton events, such as the additional top or bot-
tom quark jets, the status of whether or not there are other objects
in the event is unclear at the moment. So, currently, the cascade
decay is still a feasible way to interpret the 750 GeV diphoton ex-
cess although not very likely.

Our work is organized as follows. In Sec. 2 we present the Zee-
Babu extension of the 2HDM with the top/bottom partner. In Sec. 3
we perform the numerical calculations and discuss the 750 GeV
diphoton production rate and the total width of the resonance in
the allowed parameter space. Finally, we give our conclusion in
Sec. 4.
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2. Model
2.1. Two-Higgs-doublet model

The general Higgs potential is written as [14]

V=@ ®1) + p3(@}02) + [13(@] @ +he)]
+ (@] 012 + A (D)D) + 43(@] 1) (@) D2)
+ ha(@] ) (@ 1)
+ [1s(@] @) + e | + [6(@] 01)(@] B2) + hic ]
+ [ (@] @) @] @) +he]. (1)

Here we focus on the CP-conserving case where all A; and m%z are
real. In the Higgs basis, the two complex scalar doublets with the
hypercharge Y =1 can be written as

G+ H*
cbl:(%(wmﬁco))’ ¢2:<%(P2+i/\)>' )

The @, field has the vacuum expectation value (VEV) v = 246 GeV,
and the VEV of &, field is zero. The G° and G* are the Nambu-
Goldstone bosons which are eaten by the gauge bosons. The H
and A are the mass eigenstates of the charged Higgs boson and
CP-odd Higgs boson, and their masses are given by

1
m% =m?. +v2(§?»4—>»5). 3)

The physical CP-even Higgs bosons h and H are the linear com-
bination of p; and p»,

o1\ _ sinf cos6 h (4)
p2 ] \cos® —sind H
To satisfy the 125 GeV Higgs data, we focus on the so-called align-

ment limit [15], which corresponds to Ag =0 and cosé = 0. In this
limit, the two CP-even Higgs masses are given as

1
m2 =21v?, m%{:mi[i+vz(5)\4+)\5)~ (5)

The general Yukawa interactions without the tree-level FCNC
can be given by [16]

—L =y, Qr (D1 +kyP2)ug + ya Q1 (D1 + kg P2) dR

+ YL (D1 + ke Do) eg + hc, (6)

where Q/ = (ug,dp), LT = (v, 11), and &1, =ita®%,. yy, ya and
y, are 3 x 3 matrices in family space, and ky, kg and k; are the
coupling constants. The couplings of neutral Higgs bosons normal-
ized to the SM Higgs boson are give by

y(’, =sinb, yf} =siné + cosfky,

y =cos#, y’f = cosf — sinfky,
¥ =0, yi=—iv’ku, Vi,=ivka, (7)

where V denotes Z and W, and f denotes u, d and £.

2.2. Zee-Babu extension

In order to enhance the branching ratio of the 750 GeV Higgs
boson decay to diphoton, we can suppress the total width by
taking a small heavy CP-even Higgs coupling to the top quark.
However, for this case the charged Higgs of 2HDM (H*) cannot
enhance the branching ratio of diphoton sizably. The perturbativity
will give the upper bound of the heavy CP-even Higgs coupling to
the charged Higgs. A light H* can enhance the width of H — yy,
but the decay H - H*WT will be open and enhance the to-
tal width more sizably. Therefore, some additional particles are
needed to enhance the 750 GeV Higgs decay into diphoton, such
as the vector-like fermions or the charged scalars. Since the am-
plitude of H — yy is proportional to the square of electric charge
of the particle in the loop, the multi-charged particle can enhance
H — yy sizably.

Here we take the approach of Zee-Babu model to introduce two
SU(2), singlet scalar fields 7+ and y ** with hypercharge 1 and 2
[13], respectively. In addition to enhancing the decay rate of H —
yy sizably, this model can naturally give rise to the small neutrino
Majorana mass.

The potential of the two singlet scalars can be written as

2
/4
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The gauge invariance precludes the singlet Higgs fields from cou-
pling to the quarks. The Yukawa coupling of singlets to leptons
arell

V=migta +myx T x T +k1<I>J]rd>1n+7r‘

L= falS Lipm™ + gaES Erpx T + hec. (9)

The trilinear w term in Eq. (8) breaks the lepton number and
gives rise to the neutrino Majorana mass contributions at the two-
loop level. The detailed introductions on the neutrino mass can be
found in [13]. Here we focus on the charged Higgs couplings to the
heavy CP-even Higgs. Since the ki and k) terms of Eq. (8) that con-
tain the 125 GeV Higgs couplings to charged Higgs are proportional
to sin®, we assume ki and k} to be very small and ignore them in
our calculations. Then, after the & acquires the VEV, the masses
of 7% and x** are m; and m,, and the CP-even Higgs couplings
to the charged Higgses are determined by k3 and k4 terms,

hX ++ pa
Hyx ™ %™~ :kqsinov. (10)

For cos® = 0, the couplings of hrt7~ and h ** x ~— are zero.
Considering the constraints of perturbativity and stability of the
potential, we simply take 0 S k3 =kg4 S 4w, and fix mz =my =

375 GeV, which will give the maximal value of the form factor of
scalar loop in the H — yy decay.

hmtm~ : —k3cosév, : —kqcosév,

Hr T~ :k3sinfv,

2.3. Top/bottom partners

Next, we introduce the top partner to interact with &, in the
2HDM. The Yukawa interaction is given as

—L=yr Qu ®2Tg +mr T, Tg +myTitg +hoc., (11)

where Q[TL = (t; by)T and tg are the left-handed SU(2) doublet of
third generation and the right-handed SU(2) singlet of top quark,
respectively, while Tg and T are two SU(2) singlet top partners.
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