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Abstract

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 (7')/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 — T'T 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.
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I. INTRODUCTION

Very recently, both the ATLAS data with 3.2 fb~! and the CMS data with 2.6 fb~! [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. Combining the 8 and 13
TeV data [2], the observed signal strength ox x Br(X — 77v) 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], ¢ [4],
diboson or dilepton channels, understanding such an excess becomes a challenging task. So
far, many new physics models have been proposed for this excess 2, 5-12], among which, a
singlet scalar is usually introduced as the 750 GeV resonance.

Different from the previous singlet scalar explanations, we attempt to interpret the 750
GeV resonance as a heavy doublet Higgs boson, which is mainly from the QCD top partner
(T') or bottom partner (B) pair production process followed by the decay T — Ht or
B — Hb. Obviously, such a scenario still needs the extra particles to enhance the 750
GeV Higgs decay 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 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 very small
couplings or no couplings to the SM particles .

Compared to the direct g9 — H production, there are several benefits for the production
of H from the QCD process pp — T1T /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 — ~~ by suppressing the 750 GeV Higgs coupling to the top quark. Moreover, if T'/B
is heavy enough, this can explain the tension between 8 TeV and 13 TeV data (the 8 TeV
LHC did not give a clear excess). Although the cascade decays have other objects in the
diphoton events, 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.



Our work is organized as follows. In Sec. II we present the Zee-Babu extension of the
2HDM with the top/bottom partner. In Sec. III 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. IV.

II. MODEL
A. Two-Higgs-doublet model

The general Higgs potential is written as [14]
Vo= m2 (®10,) + m2y (Dl d,) — [mfz(cbi% + h.c.)}
A (R]D1)7 + Mo (BhDs)* + Aa(B1D1) (D) Ds) + Ay (D] D,) (BLE,)
+ [A5(q>§q>2)2 + h.c.] + [A6(q>1<1>1)(q>1<1>2) + h.c.}
+ [A7(<1>;<1>2)(<1>1<1>2) + h.c.] . (1)

Here we focus on the CP-conserving case where all \; and m?, are real. In the Higgs basis,

the two complex scalar doublets with the hypercharge Y = 1 can be written as

Gt HT
o, = ) . , By = ) . . (2)
75 (v+ p1+1Go) 75 (p2 +i4)
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
4 = e + (50— Xs). (3)
The physical CP-even Higgs bosons h and H are the linear combination of p; and ps:

1 sinf  cosf h
= . (4)
P2 cosf) —sinf H

To satisfy the 125 GeV Higgs data, we focus on the so-called alignment limit [15], which
corresponds to A\¢ = 0 and cos @ = 0. In this limit, the two CP-even Higgs masses are given
as

1
mi = 2\ 07, m3 = mas + 02(5)\4 + X5). (5)



The general Yukawa interactions without the tree-level FCNC can be given by [16]
—L = y.Qp ((i)l + /‘ﬁué2) up+ yaQp (P1 + Ka®2) dp
+yl ZL ((I)l + Ky (I)Q) er + h.c. s (6)
where QT = (ur, ,dr), LY = (v,11), and 51,2 = i12®] 5. Yu, ya and y, are 3 x 3 matrices in

family space, and k,, kg and k, are the coupling constants. The couplings of neutral Higgs

bosons normalized to the SM Higgs boson are give by

Yt = sin ), y? = sinf + cos Ok,
ytl = cos, y]{{ = cost —sinbky,
y\é =0, y;? = —i7’Ku, ygé = 2.75'%61% (7)

where V' denotes Z and W, and f denotes u, d and /.

B. 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, the charged Higgs of 2HDM (H?*) can not enhance the branching
ratio of diphoton for this case. A light H* can enhance the width of H — 7y, but the
decay H — H*WT will be open and enhance the total width more sizably. Therefore, some
additional particles are needed to enhance the 750 GeV Higgs decay into diphoton, such as
vector-like fermions or the charged scalars. Since the amplitude of H — 7+ is proportional
to the square of electric charge of the particle in the loop, the multi-charged particle can
enhance H — v+ sizably.

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

The potential of the two singlet scalars can be written as

Vo= mirta +mix T+ k@i T+ ki Ty T
oIyt + KDL Do T T + ks (BIDy + BLD )t

kg (DT Dy + DI ) T + ks ()2 + ks (X T TT)? + (ur X+ hee). (8)
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The gauge invariance precludes the singlet Higgs fields from coupling to the quarks. The

Yukawa coupling of singlets to leptons are
L= ful% Liytt + g ES, Emx ™t + hec.. 9)

The trilinear p term in Eq. (8) breaks the lepton number and gives rise to the neutrino Ma-
jorana 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 ky and k| terms of Eq. (8) that contain the 125 GeV Higgs couplings
to charged Higgs are proportional to sin @, we assume k; and k] to be very small and ignore
them in our calculations. Then, after the ®; acquires the VEV, the masses of 7™ and
are m, and m,, and the CP-even Higgs couplings to the charged Higgses are determined by

ks and k, terms,

hotn™ : —kscosOv, hxTTx~ = : —kycosbv,

Hrtn™ tkysinfv,  Hx Ty~ : kysinfv. (10)

Considering the constraints of perturbativity and stability of the potential, we simply
take 0 S k3 = k4 S 4w, and fix m, = m, = 375 GeV, which will give the maximal value of

the form factor of scalar loop in the H — ~7.

C. Top/Bottom Partners

Next, we introduce the top partner to interact with ®, in the 2HDM. The Yukawa

interaction is given as
— L =yr Qi ©oT + my Ty T + myIitr + hoc. (11)

where QL = (t; by)? and tg are the left-handed SU(2) doublet of third generation and
the right-handed SU(2) singlet of top quark, respectively, while Tk and T}, are two SU(2)
singlet top partners.

We obtain the mass matrix of top quark and the partner (¢, T'),

_ m 0 t
(. 70) t " (12)
m’T mr TR



In this paper, we assume m/. to be very small so that there is no mixing between ¢ and 7.
Due to the absence of the couplings of TtZ and TbW™, the current LHC constraints from
the searches for the exotic quarks can be safely avoided.

From Eq. (III), we can obtain the top partner couplings to the Higgs bosons,

7 i Yyr .
HtLTR:HTRtL : ~—sinf
V2

T = yr
ht;Tr = hIgt;, : — —=cosf
LLR RVL \/5
n 7 . Yyr
At Thr = —ATgRty 1 1==
LLR RYL \/§
H_BLTR = H+TRtL “yYr (13)

If the ®; has the interactions with Q7 and Ty, the mixing of ¢t and T" will appear. Here we
do not consider this case.

Similarly, we can introduce the bottom partner and the Yukawa interaction is given as
— L =yp Qi P2Br + mpBBr + mBrbg + h.c., (14)

where B and By, are two SU(2) singlet bottom partners. When m/; approaches to zero,
there is no mixing between b and B, and the couplings BbZ and BtW ™ are absent. From
Eq. (I4]), we can obtain the bottom partner couplings to Higgses,

7 5 YB .
HbLBR:HBRbLI ~—sinf
V2

hBLBR = hBRbL .= y—\/B§COSQ

7 % - YB
Ab,Br = —ABRb, : —i—=
LPR If L \/§
H+ELBR = H_BRtL L —YB (15)

III. NUMERICAL CALCULATIONS AND DISCUSSIONS

Since we focus on the 750 GeV diphoton data, we fix m; = 125 GeV, myg = 750 GeV,
sinf = 1, kg = k,=0. The last three choices can naturally satisfy the bounds from the
measurements of the diboson, dijet and dilepton. The 125 GeV Higgs couplings to the new
charged Higgs, T and B quark equals to zero for sinf = 1.



A. T and B decay

As discussed above, the partners T and B have no couplings to the gauge bosons and 125
GeV Higgs in the parameter space taken in this paper. Therefore, T" and B can be hardly
constrained by the current experimental data of the exotic quark from the ATLAS [17] and
CMS [18] 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 myg = 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 m4
in Fig. [l Since the widths of T — tH, T — tA and T — bH ™ are proportional to y2, their
branching ratios are independent on yp, which also holds for the B quark and yg. Both
Br(B — bH) and Br(T — tH) are very small for m4 and my+ are much smaller than my,
and increase with m4 and mpy+. For mp = 770 GeV and my = my = myg+ = 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 my = 940 GeV and my = my = mg+ = 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 my4 are very closed to my and mg, T'— tH and B — bH are the dominant

decay modes.

B. The production rate of 750 GeV diphoton resonance

In order to obtain the maximal production rate, we assume m 4 = mpy+ to be larger than
mp and my, which leads Br(B — bH)=Br(T — tH)=1. Also H — AZ, H — H*WT,
H — AA and H — H"H~ are kinematically forbidden for this case. The widths of H —
WW, ZZ, hh, bb, 77 are zero for cosd = 0 and kg = k; = 0. Therefore, H — tf is the
dominant decay mode for a large k,. Also the decays H — g9, H — ~v, H — Z~ 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), singlets, for the charged

scalars give the dominant contributions to H — 77, there is an approximate relation,

T'(H—~v):T(H = Z7):T(H = ZZ) =1: 0.6 : 0.09. (16)
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FIG. 1: The branching ratios of T and B versus m4 with my+ = ma and my = 750 GeV.
We define the production rate of the 750 GeV diphoton,

R,, = o(g9 — BB (TT)) x Br(BB (TT) — HHbb (tt)) x Br(HH — vy + X)
+o(g99 — H) x Br(H — v7)
= 0(g9 — BB (TT)) x Br(HH — vy + X) + o(99 — H) x Br(H — ~vv). (17)

At the LHC, the cross sections of gg — BB (TT) with mg = 770 GeV (mgy = 940 GeV)
are approximate 240 (65) fb for \/s=13 TeV and 28 (5.5) fb for /s=8 TeV [19].
In our calculations, we consider the relevant collider bounds from LHC searches at \/s=8

TeV [20-23]:

o < 550 fb, Oy <2 fb,
Uz-y<4fb, Ogzz < 12 fb. (18)

Taking ky = 47, m; = m, = 375 GeV, mp = 940 GeV and mp = 770 GeV, we project the
surviving samples on the plane of R, versus x, in Fig. 2l 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 (T'T) is independent on k,, and the total width of
750 GeV Higgs increases with &, the production rate from gg — BB (T'T) decreases with
increasing of k,. The production rate from latter dominates over the former for the small

Ky, and equals to the former for s, = 0.8 (0.42). R,, > 1 fb favors &, to be smaller than
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FIG. 2: The production rate of 750 GeV diphoton versus k,, for mp = 770 GeV and mp = 940 GeV.
The heavy CP-even Higgs coupling to the new charged Higgs k4 is fixed as 47, and m, = m, =375
GeV.

0.9 for mp = 770 GeV and 0.45 for mp = 940 GeV. Compared to the bottom 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 my = 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 my = 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 — v7). Therefore, the very small , is mainly excluded by the
experimental data of the diphoton rate at the /s = 8 TeV, and the lower bound of x, is
0.14 for mp= 770 GeV and 0.05 for mp = 940 GeV.

In Fig. B we project the surviving samples on the planes of k4 versus k,,, I'y versus k4 and
Iy versus k,. The large R, favors a small k,, 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 — ~~ via the
charged Higgs couplings to the 750 GeV Higgs. R,, > 2 fb favors x, < 0.46 and ks > 0.05
for mp = 770 GeV, and k, < 0.24 and k4 > 1.0 for my = 940 GeV. For mp = 770 GeV,
the total width can reach 7 GeV for R, = 2 b, and be larger than 2 GeV for R, < 6 fb.
For mp = 940 GeV, the total width can reach 2 GeV for R,, = 2 b, and be larger than 0.8
GeV for R, < 4 fb.
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FIG. 3: The surviving samples projected on the planes of k4 versus k,, I'g versus k4 and 'y
versus Ky for mp = 770 GeV and m7 = 940 GeV, with 1 fb < R, < 2 fb for the circles (green),
2 fb < R,y < 4 fb for the pluses (red), 4 b < R,y < 6 fb for the bullets (black) and 6 fb < R, <
10 b for the triangles (blue).

With the increasing of the mass of bottom partner and top partner, the cross section of
g9 — BB (TT) will decrease rapidly and be around 2 fb for mp = ms = 1500 GeV. For
the enough small top quark Yakawa coupling to the 750 GeV Higgs, the 750 GeV Higgs
will mainly decay into vy, Zv and ZZ, and Br(H — ~) is around 60%. Therefore, the
production rate of the 750 GeV diphoton will reach 1.2 fb for mg = my = 1500 GeV. For
mp and myp 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. Therefore, the precise measurement of width at the LHC can be as a

sensitive probe of the bottom partner and top partner.
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IV. CONCLUSION

To accommodate the 750 GeV diphoton excess, we proposed an extension of 2HDM with
the top and bottom partners. In addition, we took the approach of Zee-Babu model which
introduces two scalar singlets (one is singly charged, the other is doubly charged) to naturally
give a small neutrino Majorana mass. In this model, the production rate R,, 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,., > 2 fb favors k,, < 0.46 and ks > 0.05, and the total width of the
750 GeV Higgs can reach 7 GeV for R, = 2 fb. For mqy = 940 GeV, R, > 2 fb favors x, <
0.24 and k4 > 1.0, and the total width can reach 2 GeV for R,, = 2 fb. To obtain enough
large production rate of the 750 GeV diphoton, the total width tends to decrease with the
increase of bottom partner and top partner masses. Therefore, the precise measurement of
the width of the resonance at the LHC can be as a sensitive probe of these bottom partner

and top partner.
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