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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

+ K] CD];dJ]XH'X__ +k2<I>£CI>2n+7r— +I<’2<1>7;CI>2X++X__

+h3(®T Dy + DL D )T + kg (@T Dy + DT DY) XX

+ks(mt )2 +ke(x T x )2+ (ur T x T +hc).
(8)

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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We obtain the mass matrix of top quark and the partner (¢, T),

@ (o m ) (5) (2

In this paper, we assume m} to be very small so that there is
no mixing between t and T. If the ®; has the interactions with
Q:; and Tg, the mixing of t and T will appear. Here we do not
consider this case. Due to the absence of the mixing of t and T,
the top partner mass is mr. Using the Eq. (2), the Eq. (11) gives
the Yukawa interactions,

yro - N _7
~— ot TR —i=—=At TR — yrH by Tg + h.c.. (13)
2" NG

Using the Eq. (4), the Eq. (13) gives the top partner couplings to
the Higgs bosons,

HELTR = HTRtL : ,V_T sind

V2
- = yr
ht TR =hTgty: — = cos0
V2
- - YT
At TR = —ATRty : i—
V2
H_ELTR =H+TRt1_ZyT. (14)

Due to the absence of the mixing of ¢t and T, there are not the
diagonal couplings of HTT and hTT. For cosd # 0, the T — th
channel will be open, and some simulations on the channel at the
LHC have been studied in [17]. In this paper we will take cos® =0
for which the coupling of htT is absent.

For the singlet T; and Tg, the general neutral and charged cur-
rent interactions are [18]

g . _[1 2 2
rNC — aZut [(5 — 55‘2,\, +6gi)PL+(—§S%/V)PR t

L2
Cc

-1 2, T 2,
ZyT ((z — sy +08)PL+(—5sy)Pr| T
w 2 3 3

+ iZMT [Sg[tPL] t+h.c.,
Cw

g = g =
£CC = EW’”@L EyuPLb+ EW’”SQ T yuPrb+h.c.
(15)
Where cg, = cos6; and sg, = sin6; with 6; being the mixing angle
2 2
of the left—l:alzded top and the partner. (Sgi = —SGTL, Sg[ = —%TL
and 6g]* = "L In this paper we assume that there is no mixing
of t and T, namely sy, = 0. For this case, the Eq. (15) shows that
the couplings of ZTt and W+ Tb are zero, and there are no decays
of T— Zt and T — Wb,
Similarly, we can introduce the bottom partner and the Yukawa
interaction is given as

—L=yp Q¢ 2Bgr +mpB Bg +myBbg +h.c., (16)

where Bgr and Bj are two SU(2) singlet bottom partners. When
mj approaches to zero, there is no mixing between b and B. From
the Eq. (16), we can obtain the bottom partner couplings to Hig-
gses,

HELBR :HBRbLZ y—BSiDQ

V2
hl_)LBR =hBgb;: — %COS@
ABLBR = —ABgby : —i%

H+ELBR:H_ERtLI—yB. (17)

Table 1
The specified values of «y, k4 and k; for the four traditional types of 2HDMs.
Type 1 Type 1I Lepton-specific Flipped
Ky 1/tang 1/tang 1/tang 1/tang
Kd 1/tanp —tangp 1/tanB —tanp
K¢ 1/tanp —tang —tang 1/tanp

Similar to the top partner, there are no couplings of hbB, hBB,
HBB, ZBb and W ~ Bt for cosd =0 and the absence of the mixing
of b and B.

3. Numerical calculations and discussions

The 2HDM is usually described in the physical basis and Higgs
basis. In the physical basis, the two Higgs doublet ®; and @, have
the non-zero VEVs, and tan g is defined as v,/vq with vy and v,
being the VEV of the first and second scalar doublet. In the Higgs
basis, the VEV of @, is zero, therefore, the parameter tang is ab-
sent. The coupling constants of Higgs potential in the Higgs basis
as shown in the Eq. (1), can be expressed using the coupling con-
stants and tan 8 in the physical basis [19].

In the Higgs basis, the Yukawa interactions of fermions are pa-
rameterized by the «y, k4 and k; as shown in Eq. (6) and Eq. (7),
and which can be mapped to the four traditional types of 2HDMs
via the «y, x4 and «; specified in Table 1.

However, here we take sinf =1, k4 = k¢ = 0. For this choice,
the Eq. (7) shows that the 750 GeV Higgs (H) couplings to the
down-type quark and lepton are zero, and the coupling to gauge
boson is zero, which can naturally satisfy the bounds from the
measurements of the diboson, dijet and dilepton. The 125 GeV
Higgs (h) couplings to up-type quark, down-type quark, lepton
and gauge boson are the same as the SM Higgs, and the cou-
plings to the new charged Higgs, T and B quark equal to zero for
sind = 1. The H coupling to the up-type quark is proportional to
Ky, which can control the width of H — tt and is taken as a free
input parameter. However, the experimental data of the 750 GeV
Higgs diphoton rate will give the upper bound of the width of the
750 GeV Higgs.

3.1. T and B decay

As discussed above, the partners T and B have no couplings
to the gauge bosons and the 125 GeV Higgs in the parameter
space taken in this paper. Therefore, T and B can be hardly con-
strained by the current experimental data of the exotic quark from
the ATLAS [20] and CMS [21] searches. The main decay modes are
T—tH, T—tA and T — bH™ for the T quark, as well as B —
bH, B— bA and B — tH™ for the B quark. For my = 750 GeV,
the oblique parameters favor my+ and m4 to have the degenerate
mass, especially for that their mass have sizable deviation from
750 GeV.

We take mp = 770 GeV and my = 940 GeV, and plot their
branching ratios versus my in Fig. 1. Since the widths of T — tH,
T — tA and T — bH™' are proportional to y%, their branching
ratios are independent on yr, which also holds for the B quark
and yp. Both Br(B — bH) and Br(T — tH) are very small for
ma and my+ are much smaller than my, and increase with my
and my+. For mp = 770 GeV and my = mg = my+ = 750 GeV,
B — tH™ is kinematically forbidden, and Br(B — bH) and Br(B —
bA) have the same value and equal to 50% nearly. For mp =
940 GeV and my = my = my+ = 750 GeV, T — bH* dominates
over T — tH and T — tA since the former has an enhanced factor
of 2 from the coupling, and T — tH and T — tA are suppressed
by a large phase space. Only for my+ and my are very closed
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Fig. 1. The branching ratios of T and B versus my with my+ =ma and my = 750 GeV.
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Fig. 2. The samples allowed by the theoretical constraints from the vacuum stability, unitarity and perturbativity for mq =my+, my =750 GeV and cos6 =0.

to mr and mg, T — tH and B — bH are the dominant decay
modes.

3.2. The production rate of 750 GeV diphoton resonance

In order to obtain the maximal production rate, we assume
my = my+ to be larger than mp and mr, which leads Br(B —
bH) = Br(T — tH) = 1. Also H - AZ, H - H*WTF, H —» AA
and H — HYH~ are kinematically forbidden for this case. For
ma =my=, Aq and As are determined by my and my+ from the
Eq. (3) and Eq. (5),

Ag
i . hH=
2 ° 2v2
For my+ > my, A4 and As are negative, which will be constrained
by the vacuum stability to some extent. As discussed in the Sec-

(18)

tion 2, cos® = 0 determines Ag =0 and A1 = % and Ay, A3 and
A7 are the free parameters, which can be tuned to satisfy theo-
retical constraints from the vacuum stability, unitarity and pertur-
bativity. Refs. [22-25] give the corresponding well-known classi-
cal formulas for the constrains on the coupling constants of the

physical basis. We employ 2HDMC [26] to perform the theoreti-
cal constraints on the coupling constants in the physical basis, and
then use the formulas of Eqs. (A16)-(A22) in the Ref. [19] to trans-
form the results into the constraints on Ay, A3 and A7 in the Higgs
basis, namely expressing Ay, A3 and A7 with the allowed param-
eters of the physical basis. In the Fig. 2, we project the samples
allowed by the theoretical constraints on the planes of A, versus
ma, A3 versus ma and Ay versus my for my =mpy+, my =750 GeV
and cosf = 0. Fig. 2 shows that A; is required to be larger than 0.
With the increasing of ma and mpy=+, the absolute values of A4 and
A5 become large (A4 and A5 are negative), which favors the large
A3 and the A7 with a small absolute value._

The widths of H — WW, ZZ, hh, bb, tT at the tree-level
are zero for cos® = 0 and k4 = k; = 0. Therefore, H — tt is the
dominant decay mode for a large k,. Also the one-loop decays
H— gg, H— yy, H— Zy and H — ZZ are considered, and
the last three modes can be sizably enhanced by the new charged
scalars at the one-loop. Since the 7+ and x*+ are SU(2), sin-
glets, for the charged scalars give the dominant contributions to
H — yy, there is an approximate relation,

I'H—vyy):'(H—>Zy):I'(H— ZZ)=1:0.6:0.09. (19)
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Fig. 3. The diphoton production rate of the 750 GeV Higgs versus k, for mp =770 GeV and mr = 940 GeV. The 750 GeV Higgs coupling to the new charged Higgs (ks) is

fixed as 47, and my =my =375 GeV.

We define the production rate of the 750 GeV diphoton,

R,y =0 (gg— BB (TT)) x Br(BB (TT) — HHDD (tf))
X Br(HH — yy + X)
+o(gg— H) xBr(H— yy)
=0(gg — BB (TT)) x Br(HH = yy + X)

+0(gg— H) X Br(H— yy). (20)

At the LHC, the cross sections of gg — BB (TT) with mp =
770 GeV (mg = 940 GeV) are approximate 240 (65) fb for /s =
13 TeV and 28 (5.5) fb for /s =8 TeV [27].

In our calculations, we consider the relevant collider bounds
from LHC searches at /s =8 TeV [28-31]:

o <550fb, o0y, <21b,

(sz <4ﬂ), Uzz<12fb. (21)

Taking k4 = 47, myz =m, =375 GeV, mr =940 GeV and mp =
770 GeV, we project the surviving samples on the plane of R,
versus k, in Fig. 3. Since the heavy CP-even Higgs coupling to
top quark is proportional to x,, the production rate from gg — H
increases with k. Since the cross section of gg — BB (TT) is
independent on k,, and the total width of 750 GeV Higgs in-
creases with «, the production rate from gg — BB (TT) decreases
with increasing of «,. The production rate from latter dominates
over the former for the small «,, and equals to the former for
ky = 0.8 (0.42). Ry, > 1 fb favors k; to be smaller than 0.9 for
mp = 770 GeV and 0.45 for my =940 GeV. Compared to the bot-
tom partner, the top partner mass is required to be larger than
930 GeV to open the decay T — tH. The cross section of gg — TT
with mr =940 GeV is 65 fb at the LHC with /s = 13 TeV, which
is much smaller than that of gg — BB with mp = 770 GeV, 240 fb.
Therefore, the constraints on mr = 940 GeV are more strong than
those on mg =770 GeV.

For a very small top Yukawa coupling, the total width of
750 GeV Higgs is very narrow, which leads a large Br(H — yy).
Therefore, the very small «,, is mainly excluded by the experimen-
tal data of the diphoton rate at the /s =8 TeV, and the lower
bound of k is 0.14 for mg =770 GeV and 0.05 for mr =940 GeV.

In Fig. 4, we project the surviving samples on the planes of k4
versus ky, I'y versus x4 and I'y versus «y. The large R, favors
a small «, and a large k4, and the former can suppress the total
width of the 750 GeV Higgs, and the latter can enhance the decay
H — yy via the charged Higgs couplings to the 750 GeV Higgs.
Ryy > 2 fb favors ky < 046 and kg4 > 0.05 for mp =770 GeV,
and k, < 0.24 and k4 > 1.0 for my =940 GeV. For mg =770 GeV,
the total width can reach 7 GeV for Ry, =2 fb, and be larger than
2 GeV for Ry, < 6 fb. For mr =940 GeV, the total width can reach
2 GeV for Ryy, =2 fb, and be larger than 0.8 GeV for Ry, <4 fb.

With the increasing of the mass of bottom partner and top
partner, the cross section of gg — BB (TT) will decrease rapidly
and be around 2 fb for mgp = m7 = 1500 GeV. For the enough small
top quark Yakawa coupling of the 750 GeV Higgs, the 750 GeV
Higgs will mainly decay into yy, Zy and ZZ, and Br(H — yy)
is around 60%. Therefore, the diphoton production rate of the
750 GeV Higgs will reach 1.2 fb for mp = mr = 1500 GeV. For mg
and my are smaller than 1500 GeV, the more large production rate
can be obtained. However, the total width of the 750 GeV Higgs is
required to be very narrow to enhance the production rate. There-
fore, the precise measurement of width at the LHC can be as a
sensitive probe of the bottom partner and top partner.

For the 750 GeV resonance, the CMS slightly prefers a narrow
width, and the ATLAS favors a width of 45 GeV. Such large width
can be obtained by the enhancement of «;, and x4 which can en-
hance the widths of H — tt, bb. However, with the increasing
of the total width, the branching ratio of the diphoton mode de-
creases, which will suppress the diphoton production rate. For the
model with one singlet bottom partner (mg = 770 GeV), the total
width of the 750 GeV Higgs is required to be smaller than 7 GeV
in order to obtain Ry, > 2 fb. Some additional charged particles
need be introduced to enhance the width of H — yy in order to
obtain Ry, > 2 fb and I'y >~ 45 GeV.

In this paper, we discussed the two different scenarios of the
singlet top partner and the singlet bottom partner. Besides, one
can attempt to introduce the doublet fields,

T, Tg
qji:(&)’ \p,g:(BR)

The Yukawa interactions can be given as

(22)
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—L =y V] Ootg + yp U] dabg +m| Wk +m' Qe Wy + hoc..
(23)

In order to avoid the experimental constraints of the ATLAS and
CMS searches for the T — Wb, T — tZ, T — th, B— Wt, B— bZ
and B — bh, one can assume that there are no mixings of t and T
as well as b and B, namely m’ = 0. For this case, the T and B have
the degenerate mass,

mr =mpg=m, (24)

and the charged current of T and B still appears since they are the
doublets of SU(2);,

£ = %W’”‘T YuB+hc. (25)

In order to obtain the large cross sections of pp — BB/TT, one
should take the small masses of B and T. For mr =mpg =770 GeV,
the 750 GeV diphoton production rate from pp — BB — HHbb
process is the same as the model with the singlet B; and Bg.
Also the 750 GeV diphoton resonance can be originating from
the pp — TT followed by the off-shell decays T — t*H and T —
W*B*(— Hb). Since T will partly decay into the other objects, in-
cluding the off-shell 750 GeV Higgs, the 750 GeV diphoton rate
from the pp — TT is smaller than that of the pp — BB. This

model predicts the existence of the top partner and bottom part-
ner simultaneously, and the particle spectrum is more complicated
than the model with one top partner and the model with one bot-
tom partner which are studied in this paper.

4. Conclusion

To accommodate the 750 GeV diphoton excess, we proposed
an extension of 2HDM with the top and bottom partners. In ad-
dition, we took the approach of Zee-Babu model to introduce
two scalar singlets (one is singly charged, and the other is dou-
bly charged), which can naturally give a small neutrino Majorana
mass and enhance the 750 GeV Higgs decay into diphoton. In this
model, the production rate Ry, of the 750 GeV diphoton is from
both gg — BB (TT) and gg — H, and the former dominates over
the latter for a small top quark coupling with the 750 GeV Higgs,
and is comparable to the latter for a large top Yukawa coupling.

For mp =770 GeV, R,y > 2 fb favors ky < 0.46 and k4 > 0.05,
and the total width of the 750 GeV Higgs can reach 7 GeV for
Ryy =2 fb. For mr =940 GeV, Ry, > 2 fb favors xy < 0.24 and
ks > 1.0, and the total width can reach 2 GeV for R,y =2 fb. To
obtain enough large production rate of the 750 GeV diphoton, the
total width tends to decrease with the increasing of the bottom
partner and top partner masses. Therefore, the precise measure-
ment of the width of the resonance at the LHC can be as a sensi-
tive probe of these bottom partner and top partner.
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