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Abstract

In this paper we simultaneously explain the excesses of the 750 GeV diphoton
resonance, muon g-2 and h— in an extension of the two-Higgs-doublet model
(2HDM) with additional vector-like fermions and a CP-odd scalar singlet (P)
which is identified as the 750 GeV resonance. This 750 GeV resonance has a
mixing with the CP-odd scalar (A) in the 2HDM, which leads to a coupling
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between P and the SM particles as well as a coupling between A and the vector-
like fermions. Such mixing and couplings are strongly constrained by — , muon
g-2 and the 750 GeV diphoton data. We scan over the parameter space and find
that such an extension can simultaneously account for the observed excesses
of 750 GeV diphoton, muon g-2 and h— . The 750 GeV resonance decays in
exotic modes, such as P—hA, P—>HA, P—HZ, P>W=H , and its width can be
dozens of GeV and is sensitive to the mixing angle.

PACS numbers: 12.60.Fr, 14.80.Ec, 14.80.Bn

Introduction

Very recently, the ATLAS and CMS collaborations have both reported an excess
of 750 GeV diphoton resonance [1], with a local significance of 3.6 and 2.6
respectively. Combining the 8 and 13 TeV data, the production cross section
times the branching ratio is around 1.86 fb for CMS and 10.6£2.9 fb for ATLAS
[2]. However, there are no excesses for dijet [3], t7t [4], diboson or dilepton
channels, which gives a challenge to possible new physics explanations of the
750 GeV diphoton resonance [2, 5-13].

In addition, CMS has reported a 2.4 excess in the lepton-flavor-violating (LFV)
Higgs decay h— (here h is the 125 GeV SM-like Higgs), i.e., Br(h— ) =
(0.84 3 . )% [14], while the ATLAS data is Br(h— ) = (0.74+0.62)% [15]. This
excess can be explained in the general two-Higgs-doublet model (2HDM) with
LFV Higgs interactions. Also such a model can give a sizable positive contribu-
tion to the muon anomalous magnetic moment (muon g-2) and accommodate
the long-standing anomaly [16-18].

Attempting to simultaneously explain the excesses of 750 GeV diphoton, h—
and muon g-2, we in this work introduce additional vector-like fermions and
a CP-odd scalar singlet (P) to the general 2HDM. The singlet P is identified
as the 750 GeV resonance, which has a mixing with the CP-odd scalar (A) in
the original 2HDM. Therefore, the model can lead to the P couplings to SM
particles and the A couplings to vector-like fermions.

In addition to the 125 GeV Higgs and 750 GeV resonance data, the LF'V Higgs
decay — can give strong constraints on the couplings and mixing. The dom-
inant decays of the 750 GeV resonance can be some exotic modes, such as
P—hA, P-HA, P—HZ and P-W+H . Considering various relevant experi-
mental constraints, we examine the diphoton production and decay of the 750
GeV resonance, as well as muon g-2 and h— . Our work is organized as follows.
In Sec. II we introduce additional vector-like fermions and a CP-odd scalar
singlet to the 2HDM. In Sec. III we perform numerical calculations and discuss
the muon g-2, h— and the diphoton production and decay of the 750 GeV
resonance in the allowed parameter space. Finally, we give our conclusion in
Sec. 1V.
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II. Model

We introduce a CP-odd scalar singlet field P to the general 2HDM with the
assumption that P does not develop a vacuum expectation value (VEV). The
Higgs potential is given by [18, 19]

1
V = Vappu + 5mpe POP — inP'®I®, + hec.,

where

Vorupm = ,u1(@1@1)+p2(@;@2)+u3®1@2+h.c.+)\1(<I>1<I>1)24—)\2(@£©2)2+)\3(<I>J{<I>1)(@;@2)+)\4(<I>J{<I>2)(<I>;<I>1)—)

In the Higgs basis, the ® field has a VEV v = 246 GeV, and the VEV of ®
field is zero. The two complex scalar doublets with hypercharge Y = 1 can be
expressed as

o, = ¢ D, = 1
P\ Gt +iGY) )0 T2 (e, +i4%) )

The Nambu-Goldstone bosons G and G are eaten by the gauge bosons. The
physical CP-even Higgs bosons h and H are the linear combinations of —and

h\ [ cosa sina) (p;
H) \—sina cosa) \py)’
where tan2 = 2 v2/(m? _H - m? h) with

2 _ 2 2 _ .2 2
My, 11 = 2M00%, My 99 = Mg + 02 (Ay + Ag).

The masses of two CP-even Higgs bosons are given as

1
mp g = 3 ( Wil TR T \/(m%,n — M} 99)% + 4/\%714) .

The field H is the mass eigenstate of the charged Higgs boson, and the CP-odd
Higgs field A has a mixing with P :

A\ ( cos® sing) [A°

P) \—sinf cosf) \P°)’
where tan2 = 2v/(m?>_P -m?_ A ) with m> A =m? H+ + v?( - ). The
masses of two CP-odd scalars are given as
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The 750 GeV Higgs boson P couplings to other Higgs bosons and gauge bosons
are:

PARh: cpsgu[(Az + Mg —2A5)c, — A7 ](pr — pz)w

2s?

PhZ : J(C(;Seca)(pl _p2)u’
Cw

PAH : cpsgu[(Az + Mg — 2X5)5, + Arco](P1 — P2) s

2
PEDS

Cw

PHZ :

(cos9Sa)(P1 — pg),u
PH=WT: cysy(py —Pz)w

The general Yukawa interactions of the SM fermions are given by
Ly =y, QrP1up+y,Qr®1dp+y, Ly ®1ep+p,Q Potg+pyQp ®odg+p L Prep+hec,
where QF = (u;,dy), LT = (v, ¢;), @y 5 = iTy®] 5, and Yy, Y4, Yos Pus Pg and
p, are 3x3 matrices in family space.
Also, we introduce a singlet quark with 2/3 electric charge and multiple singlet
leptons. The Yukawa interactions of vector-like fermions are written as

Ly =mgTT +iyp PPTysT + > my LL;+i Yy, PPLiysL,.

i i

Then we obtain the Yukawa couplings of the neutral Higgs bosons:

Ynij = Sadij + Cczp'{j (for u), yp;; = o0 + Sapzfj (for d, 1),
Yasi = icep! (for u) o =isgpl. (for d, ¢
Aij Gpij y o Yaig Zsepij or a, )7

Ypij = is9pzfj (for u), yp;; = icgpf-cj (for d,£),
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Yarr = WrSes  Yprr = WrCy)

YarL,L, = 'r,5 Ypr,L, = 'YL, C6-

For the diagonal matrix elements of p,, p; and p,, we take p, = K, pg = Kq,
py = Ky, which corresponds to the aligned 2HDM [20]. We assume that pﬁT and
pﬁu are nonzero, and other nondiagonal matrix elements of p,, p, and p, are
zero.

The vector-like quark is introduced to make the 750 GeV Higgs singlet to be
produced via the gluon-gluon fusion process. However, the vector-like quark
can also enhance the cross section of gg — A, which will be constrained by
the experimental data from the ATLAS and CMS searches. Therefore, we ex-
pect that the vector-like leptons play the main role in enhancing the 750 GeV
diphoton production rate. The decay P — 7~ can be enhanced by the vector-
like leptons, and its amplitude is proportional to the couplings and the square
of electric charge. Here we do not discuss the electric charge and coupling of
every vector-like lepton as well as the quantity of vector-like leptons in detail;
instead we focus on the total contribution of vector-like leptons, which depends
on Yy, =3y, Q7 where L; denotes the i-th vector-like lepton.

ITI. Numerical Calculations and Discussions
A. Numerical calculations

In our calculations, we scan over the parameters in the following range:

—0.06 < s, < 0.06, 0.05<p,, =p,, <1, —0.3<s,y<0.3,
—50 < Ky <50, 0<Y, <50, 0< g\, <4n,

200 GeV < my < 450 GeV,

and fix m;, = 125.5 GeV, mp = 750 GeV, my. = m, = 500 GeV, m = 400
GeV, mp =700 GeV, yr =2.0, K, = Kz = 0.

During the scan, we consider the following experimental constraints and observ-
ables:

(1) Precision electroweak data. According to the expressions for the
oblique parameters S, T and U in the 2HDM [21], we require [22] S =
0.054+0.11, T =0.01 £ 0.12, U = 0.05 + 0.12.
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(2) The 125 GeV Higgs data. For —0.06 < s, < 0.06, k, = k; = 0
and —50 < K, < 50, the 125 GeV Higgs couplings to the gauge bosons,
up-type quark and down-type quark are very close to the SM values, but
the coupling to 77 can have a sizable deviation from the SM value. The
signal strength of 77 channel is ji,, = 1.41%03. from ATLAS [23] and
fi.r = 0.89703% from CMS [24]. We require 0.33 < fi,, < 2.21 and such
a bound will give strong constraints on s, and x, for which the absolute
value of the coupling of the 125 GeV Higgs and 77 is around the SM value.

(3) Non-observation of additional Higgs bosons. For —0.06 < s, < 0.06
and k, = kg = 0, the cross sections of H and H* at the collider are very
small, and hence H and H* can be hardly constrained by the current
experimental data from the ATLAS and CMS searches. The pseudoscalar
A can be produced via the gluon-gluon fusion process with vector-like
quark loop, and the decay A — vy, A — vZ and A — ZZ can be enhanced
by the vector-like quark and leptons at one-loop level. For m, = 500
GeV, we impose the following relevant bounds at the 8 TeV LHC [25-29]:
R, <61tb, Ry, <451b, Ry <6.81b, R;,; <60 b, R.. <26 fb.

(4) The 750 GeV resonance data. The 750 GeV Higgs singlet P can be
produced via the gluon-gluon fusion process with vector-like quark loop,
and the decays A — vZ and A — ZZ can be enhanced by the vector-like
quark and leptons at one-loop level. Due to the mixing with A, the 750
GeV singlet can decay into the SM particles, such as hZ and 77. For the
750 GeV Higgs singlet, we impose the following bounds at the 8 TeV LHC
[25-29]: R, <2fb, Ry, <121fb, R, <4 1tb, R,, <19fb, R. <12 fb.
At the 13 TeV LHC, we require the 750 GeV diphoton production rate as
2ftb <R, <10 fb.

(5) The data of Br(h— ). The branching ratio of h — u7 is given by

(Prr + 02)
Br(h o I
K(h — ur) = PP,
where I';, is the total width of 125 GeV Higgs. To explain the h — u7 excess
reported by CMS within 20 range, we require 0.1% < Br(h — ut) < 1.62%.

(6) The muon g-2 data. The dominant contributions to the muon g-2 are
from the one-loop diagrams with the Higgs LFV coupling [30]:

Sal-loor — AN PurPry (10 m%i _ 3)

" 8m2m?,. m2 2
The muon g-2 can also be corrected by the two-loop Barr-Zee diagrams with the
fermions loops, W and Goldstone loops. Using the well-known classical formulas
[31], the main contributions of two-loop Barr-Zee diagrams in this model are
given as
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5a27loop — o

f 02 @ 2
u 132 > NEQW oo rFo@ o)+ gzz D Yo {93ww BFa(@ws) + Falew
é=h,H,A,Pf=tb,7.T,L, b=h.H

where ;4 = m?‘/miv Twe = m%/l//miv IHWW = Sa> Ihww = Co and

[ Fuly) (for 6= )
Falt) = {Ff@) (for 6= A, P)’

Foly) = 32//0 dx1—2m(1—x) loga:(l—x)

a(l—x)—y y

y [ 1 z(1—x)

Fu(y) 2/0 dmx(l—x)—ybg y
B ! 1 z(1—x)
G(y)—y/o dmx(l—:c)—ybg o

The experimental value of muon g-2 excess is [32] da,, = (26.2 £ 8.0) x 10717

(7) The data of Br( — ). The LFV coupling of the Higgs boson gives the

dominant contributions to the decay — . The branching ratio of — is
given by

3
_amg

Br(r — wy) = 18757

(1AL +[Ag[?),

where A, = A% + A§, + Ayp and Ap = AVp + ASp + Ayp. Here A9, A5,
A%, and Ay are from the one-loop diagrams with the Higgs bosons and tau
lepton [17], and

y;T y¢7‘7' 2 1 m2

Ay = Afp = § o T <+10gT
2, 2 2 |
Soh T AP 167 mg, 3 6 my

A(l)R - A?L (y:;w = Your Yorr = y:;‘rfr)a AiR = 0.

Here Ay; and A,y are from the two-loop Barr-Zee diagrams with the third-
generation fermion loops, vector-like fermion loops and W loops [17]:

Fo2 .
4 NeQFaygr, Yoru®
2L — i3

[Re (W) Fra (o) + iy ) Palegg)] + > 4, m;

¢=h,H

2T » — 4
3 (o
¢=h,H,A,P;f=t,b,7,T,L; Amemom
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Agp = Aor,Whry = Ygpurst — =),

where T3, denotes the isospin of the fermion, th = s, /ck, Ty = m?/mzz,
Ty, = mi,/m% and

ﬁ‘H(x’w _ xFH(y;:zFH<I)’ FA(x,y) _ xFA(yi:zFA(x).

The terms in the first two lines of Eq. (38) come from the effective ¢y vertex
and ¢Zv vertex induced by the third-generation fermion loop and vector-like
fermion loop. Other terms are from the effective ¢yy vertex and ¢Z~ vertex
induced by the W-boson loop. The current upper bound of Br( — ) is [33, 34]
Br(r — py) < 4.4 x 1078,

B. Results and discussions

In Fig. 1 [Figure 1: see original paper], we project the surviving samples on the
planes of k, versus s,, p,, versus my, Y versus s, and p,. versus s,. The
upper-left panel shows that there is a strong correlation between s, and , due
to the experimental constraints of the 77 channel data of 125 GeV Higgs. The
surviving samples have two different 125 GeV Higgs couplings to 77, and their
absolute values are around the SM value. One is the SM-like Higgs coupling
with the same sign as the coupling of the gauge boson, and the other is the
Yukawa coupling with the opposite sign to the coupling of the gauge boson for
a relatively large x,.

From the upper-right panel of Fig. 1, we see that the muon g-2 favors p,, to
increase with my. As shown in Eq. (27), the muon g-2 can obtain positive
contributions from the H loop and negative contributions from A and P loops
for p,, = p;,. With the decreasing of the mass splitting of H and A, the
cancellation between the contributions of H and A loops becomes sizable so
that a large p,,, is required to enhance the muon g-2. From the lower-left panel,
we see that the upper bound of — favors a large absolute value of «, for a large
Y,. The vector-like leptons with a large Y can sizably enhance Br( — ) via the
two-loop Barr-Zee diagrams, and such contributions can be partially canceled
by the one-loop diagram for a properly large x, and a proper sign of sy. The
lower-right panel shows that the experimental data of Br(h— ) requires p,,. to
increase with the decreasing of the absolute value of s, and —0.05 < s, < 0.05
and 0.05 < p,, < 0.7 are favored by the above constraints.

In Fig. 2 [Figure 2: see original paper], we project the surviving samples on
the planes of the total width of 750 GeV singlet (I'p) versus sy, Y, versus I'p
and Y} versus s,. From the left panel, we can find that I'p is very sensitive
to sy since the P couplings to SM particles are relevant to s,. The I'p value
increases with the absolute value of sy, and reaches 35 GeV for |sy| = 0.3. No
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matter how large the I'p value is, the 750 GeV diphoton production rate R,
can vary from 2 fb to 10 fb. The middle panel shows that, with the increasing of
the total width, Y; becomes large enough to enhance Br(P — ~7), and further
make R, to be in the range of 2 fb and 10 fb. For I'p = 35 GeV, R, >4 b
requires Y; to be larger than 30. The right panel shows that a large absolute
value of s, favors a large Y; since s, with a large absolute value will enhance
the total width of 750 GeV Higgs sizably.

In Fig. 3 [Figure 3: see original paper|, we project the surviving samples with
20 GeV < I'p < 40 GeV on the planes of the widths of the main decay modes
of the 750 GeV Higgs singlet versus A3, my and A,. This figure shows that
P+ hA P — HZ, P — HA and P — W*HT are the main decay modes,
and the decay P — hZ is insignificant due to the suppression of s,. The decay
P — Ah is sensitive to A\; and increases with A\;. The width of P — Ah can
reach 20 GeV and dominate over other decay modes for A; = 47. The decay
P — HZ is sensitive to my and decreases with the increasing of my. The
width of P — HZ can reach 10 GeV and be larger than those of P — HA and
P — W*HT for my = 200 GeV. The decay P — H A increases with \; and can
be larger than the width of P — W*HT for A; = 10. The width P — W*HT
is in between 2 GeV and 4 GeV for my. = 500 GeV, and not sensitive to my,
Az or A;. With the increasing of m, and my., the decay P — hA, P - HA
and P — W*+HT will be kinematically forbidden, which will reduce the width
of 750 GeV Higgs sizably.

IV. Conclusion

To simultaneously accommodate the excesses of the 750 GeV diphoton, muon
g-2 and h— , we proposed an extension of 2HDM with vector-like fermions and
a CP-odd scalar singlet P, which is identified as the 750 GeV resonance. There
is a mixing between the 750 GeV Higgs and the CP-odd scalar A, which leads
to the P coupling to SM particles and A coupling to vector-like fermions. In the
2HDM the Higgs bosons have tree-level LFV interactions with u-7, which can
be responsible for the excess of h — pu7 and also give sizable contributions to
the muon g-2. The 750 GeV Higgs can decay into P — hA, P - HA, P - HZ
and P — W*HT, and its total width is sensitive to s, and can reach 35 GeV for
|sg| = 0.3. Since the 750 GeV Higgs has a large width, the vector-like leptons are
required to enhance Br(P — 7) to obtain R, > 2 tb. Meanwhile, such vector-
like leptons will give sizable contributions to Br( — ) due to the mixing of P
and A. Therefore, the Higgs couplings to 77 are required to be properly large
to cancel the contributions of vector-like leptons to Br( — ). Considering the
current constraints of the LHC data, precision electroweak data and Br( — ),
we scanned over the parameter space and found that such an extension can
simultaneously explain the excesses of the 750 GeV diphoton, muon g-2 and
h— .
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