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Diboson resonance with mass around 2 TeV in the dijet invariant mass spectrum is reported by ATLAS and
CMS experiments in proton-proton collisions at /s = 8 TeV. We propose that the candidate of resonance
is a heavy neutral Higgs H® or charged Higgs H* and use the extended two-Higgs-doublet (THD) to
demonstrate the potentiality. We find that the large Yukawa coupling to the first generation of quarks
can be realized in THD and the required value for producing the right resonance production cross section
is of ©(0.06-0.2). Besides WW /ZZ channels, we find that if the mass of pseudoscalar A? satisfies the

jet mass tagging condition [mj —mz,w| < 13 GeV, the diboson excess could be also caused by ZAY or

W A° channel.

© 2015 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.

A resonance of around 2 TeV in the dijet invariant mass spec-
trum is recently reported by ATLAS with the data collected at
/s =8 TeV and 20.3 fb~! [1], where each jet is recognized as
resulting from a boson decay. A moderate excess at the same
mass region is also found by CMS [2]. Since the tagged jet mass
m; is determined by |m;j —my| < 13 GeV, the reconstructed bo-
son could be W or Z in the standard model (SM). The resul-
tant significances at ATLAS in the region around 2 TeV for WZ,
WW and ZZ channels are 3.40, 2.60 and 2.90, respectively.
The associated cross sections o (pp — R)BR(R — VV’) are in the
region of 16-30 fb, where R is the resonance and V) is the
weak gauge boson W/Z. In order to interpret the diboson ex-
cess, the possible candidates are a spin-2 Kaluza-Klein mode of
the bulk Randall-Sundrum graviton [1], composite spin-1 parti-
cle [3-5], spin-1 bosons e.g. W’'/Z’ [6-17], and composite spin-0
and/or spin-2 particles [18-20]. A possible interpretation by tribo-
son mode is also discussed in Ref. [21].

We propose another alternative, where the resonance of TeV
scale is the heavy scalar boson and it could be a neutral or charged
particle. In conventional approach, due to the small couplings to
the light quarks, the difficulty for a scalar to be the resonance can-
didate is the low production cross section. We will show how the
large couplings of scalar to the first generation of quarks work in
the framework of two-Higgs-doublet (THD). The same idea could
be applied to more general multi-Higgs models. Besides the gauge
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couplings of heavy neutral scalar HOW W~ and H°Z Z, which are
similar to the SM Higgs gauge couplings, THD also provides the
new interaction H°Z.A% with A% being the pseudoscalar boson.
Basically, if the mass of A satisfies the jet mass tagging at AT-
LAS, i.e. m 40 ~my,z, we see that Z.AY9 channel could also make a
contribution to the fully hadronic final states. However, a light A°
in THD is excluded due to the width of H® being over the narrow
resonance requirement (NRR) I'r < O(100) GeV [1]. The tension of
problem could be easily relaxed by extending the Higgs sector. For
instance, a light complex scalar singlet mixes with Higgs doublets.
Due to the mixing effect, the width of H° decaying into a light
A% and Z then could match the ATLAS limit. We note that since
the gluon sub-jets provide unbalanced sub-jet momenta and have
a higher number of charged-particle tracks (ngy), ATLAS also ap-
plies the sub-jet analysis and imposes a cut on the nyy to reduce
QCD backgrounds. Hence, when the A9 decays into quark jets, the
cut efficiency of A% should be same as that of Z.

As known, the custodial symmetry is preserved in multi-Higgs-
doublet models and p =m?,/m% cos? 0y =1 is guaranteed at the
tree level. Due to the custodial symmetry, the interaction H*W¥Z
is forbidden. However, the coupling HEW¥ A in THD is allowed.
If m 40 ~mw/,z, the events from W A% channel will be similar to
those from W Z. Similar to the case of decay H? — Z.A%, the decay
width of W A° channel in THD is over NRR of ATLAS. Therefore, we
need to extend the Higgs sector to get a light pseudoscalar. Hence,
in this work we are going to explore the potentiality of HO or H*
as the 2 TeV resonance and investigate the influence of a pseu-
doscalar with mass of O(100) GeV.
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At first, we demonstrate how the couplings of a scalar to the
first generation of quarks can be large in the THD model. We start
writing the Yukawa sector of quarks as [22,23]

—Ly = QLY%]URl:Il + QLYé’URsz
+ QLYPDRrH1 + Q1YPDrHy + hic. (1)

with Hy = ityH}. By recombining Hq and Hj, the new doublets
are expressed by

. G+
h=sinfH, + cos fH, = <(v +h°+iG°)/ﬁ> ’

+
H ) , @)

H=cosfH; —sinBH, = ((HO +iA%/V2

where sing = vi/v, cosp = va/v, v =,/vi+v3 (H) =0 and
(h) = v/+/2. As a result, Eq. (8) can be rewritten by

—Ly = QJ’?URE + QLYSURI:I

+ QLYPDrh — QL YPDRrH +h.c. 3)
with
1_/][]((2[;) =singY."? +cospyy P,

YY =cospYY —sinpyy,
YP = —cosBYP +sinpY?, (4)

where 17:]((2?) are related to the mass matrices of quarks while

?%’)} ) provide the couplings of new neutral and charged Higgses

to the SM particles. Since the couplings to leptons are irrelevant
issue, we do not further discuss the leptonic couplings. In terms of
Egs. (2) and (3), the physical mass matrix for quarks is given by

dia v
mg NG
where o = 1(2) while F = U (D) and VLF_R are the unitary matrices
for diagonalizing the quark mass matrix. Clearly, if ?f(z) and )_/ZF(])
cannot be diagonalized simultaneously, the flavor changing neutral
currents (FCNCs) at tree level will occur and the associated effects
are related to the doublet H.

It is found that if ?1F(2) and 375(]) exist some nontrivial relation,
not only could FCNCs be avoided but also new scalars have unusual
couplings to quarks [22,23]. To see how this happens, we set

VEYEVET (5)

0 a O 0 0 a
112=<b 0 0),131=<0 b 0) (6)
0 0 c c 00
where a, b and c are arbitrary complex numbers. Multiplying the
mass matrix of Eq. (5) by I;j following (M{i2);; = I,-jm‘g‘alfj, we get
a’mp 0 0
(M%iay;, = 0 b’mp 0 ,
0 0  cmys
a’mp 0 0
MéH3 = 0o  Bmp 0 . 7)
0 0 mp

Besides the diagonal forms are preserved, the diagonal matrices of
Eq. (7) may not have the same mass hierarchy as shown in Eq. (5).
Since there are many possible I;;, here we just show two examples.
The detailed discussions could be referred to [22,23]. As a result,

the Yukawa couplings of new Higgs bosons to the first generation
of quarks could be of order one in principle.

Hence, the couplings of H® and H* to quarks in THD could be
formulated by

0 i 10

_ _ H° +iA

CH:(dﬂDPRd—unUPLu)T
+a(vnDPR+n},vTPL)dH++h.c., (8)

where V is Cabibbo-Kobayashi-Maskawa (CKM) matrix and
diany = (Yu.ye.y0) and dian, = (ya.ys.yp) are free parame-
ters. For producing TeV H® or H* in proton-proton collisions,
we set dianyp) ~ (Yuw@),0,0) and yy@q is of 0(0.1). As men-
tioned earlier, we need to modify the THD model to get a light
pseudoscalar. Although it is not our purpose to establish a com-
plete model in this paper, however, the simplest extension is to
introduce a light complex scalar SU(2); singlet. By the mixture
with Higgs doublets, the light pseudoscalar could couple to gauge
bosons. Hence, by referring to the structure of gauge interactions
in THD, we parametrize the relevant couplings of scalars as [26]

mz

LD ingCXW;Wi'uHO + lzf(.)m

cxZ, Z"H°

_ g&sx(pyo +pa)t
2 cos by

n [gé(pm +pat

Z, A°H°

5 WHAH™ + h.c.} , (9)
where A? denotes the light pseudoscalar, g is the gauge coupling
of SU(2), 6w is Weinberg angle, sx = sin(8 — «), cx = cos(8 — ),
angle « is the mixing angle of two CP-even scalars in THD, and
£ stands for the mixing effect of A and light pseudoscalar. If we
take mpyo,y+ ~ 2 TeV as an input, the involving new free param-
eters are y, 4, Cx, & and muo. We note that although the inter-
actions HO(hh®, A°A%) are allowed, however the decay rates are
suppressed by (v2/m2,,§4v2/m2,), hereafter we ignore their ef-
fects. In addition, the coupling H¥WFh? may cause a large width
for H*. We find that with cx < ©(0.1) and my+ =2 TeV, we get
['(H* - W*h%) < 20 GeV. Since h — bb dominates and ATLAS
does not find the excess from the b-jet, we do not further discuss
its effect.

In terms of the introduced couplings in Eq. (8) and the adoption
of yu 4, the hadronic decay rates of H® and H* are formulated by

2

o Yu
I'(H® — uii(dd)) = N, 1:‘371 Mo,
2 2
- Yty
I'(Ht = ud) = N, L_i«;zn s (10)

with N. = 3 being the number of color. When the scalar mass is
fixed to be 2 TeV, the free parameters are only the new Yukawa
couplings yy 4. By Eq. (9), the two-body bosonic decay rates are
given by

rH > wtw)

22 2 m4 _4am2 m?2 2
_ gimy,cx Mpo — 4myomyy + 12myy, 1 @2mw)?
- 4 T2
64mmyo my, M,

r'H® > Z2)

1 gmid mto — 4m? m? + 12m5 L (2my)2
2 6477 cos2 By m o m? m2g
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Fig. 1. (a) Contours (in units of GeV) for "o as a function of £ and yq. (b) T'y+ as a function of £. In both plots, we have set Myo p+ =2 TeV and yq=yy =yq4=0.1.
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Fig. 2. Branching ratio for (a) H® and (b) H* decays, where we have set Myo p+ =2 TeV and £ =0.1.

2:22 3 2 2
ruﬂ—+zmh=_fiiﬂfﬁi_fﬂ<"uo m2>
647 cos? Oy m2 m2, m2, )
2423 2 2
P(E > wa®) = £ s yoz (Mo M (11)
647rm?, mi. mi, )’

with A(a, b) =1+ a? + b? — 2a — 2b — 2ab. The main free parame-
ters are cx, & and myo. Since myo,y+ 3> My y 40 in our approach,
Eq. (11) could be simplified to be

2,2 ..,2
1 gicym
F(HY > WHW )~ -T(H® > 2Z)~ =X H0p |
2 647 m?,
3 26202 10,2
m geEsim
F(H® = ZA% ~ —H2 2P (HE & WA~ 22 X Hop o
m3, X 647 m?> H
H* w
(12)

The dependence of m,o is suppressed in all decay rates. By
Eq. (12), we find that I'(H® -~ WW /ZZ) could constrain the cy
while T'(H® — ZA%) could bound &. It is worth mentioning that
with the limit myo « my+ =2 TeV, the process H¥ — W*A0

only depends on &. It is known that in THD model, when cx — 0
and sx — 1, the SM-like Higgs couplings will return to the SM.
In this circumstance, if myo satisfies the jet tagging condition
Imj —mw,z| < 13 GeV, the dijet only can be generated through
Z A% or WA9 channel. Using Egs. (8) and (12), we present the cor-
relation between total width I'yjo and free parameters in Fig. 1(a),
where we have adopted myo =2 TeV and yq =y, = yq4 =0.1. By
taking my+ and yq = 0.1, the total width I'y= as a function of & is
given in Fig. 1(b).

It is not clear yet if the resonance is a neutral or charged
particle, we separately study the decay branching ratio (BR) and
production cross section. According to the decay rates shown in
Egs. (10) and (12), we see that H? can decay into qq with ¢ =u,d,
W*W~—, ZZ and ZA? channels and the free parameters are Yq»
& and cx. We present the BRs for H? decays as a function of
cx in Fig. 2(a), where we have used myo =2 TeV, yq = 0.1 and
& =0.1. From the results in Fig. 1(a), we see that with & = 0.1,
if 'yo < 100 GeV is required, the value of cx should be less than
0.14. In the region cx < 0.14, we find that diboson channel domi-
nates the BR. Accordingly, the results could be consistent with the
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Fig. 3. Contours (in units of fb) for (a) o (pp — H®)BR(H® — WW) and (b) o (pp — H®)BR(H® — Z(Z, A®)) as a function of y4 and cx, where the solid and dashed lines

in (b) stand for ZZ and ZA° channels, respectively.

unseen dijet which is produced from H® directly. Additionally, we
also find that ZA® mode plays an essential role at cx < 0.1.

For charged Higgs decays, we only have two channels W*A°
and qq’, therefore, the BRs of charged Higgs decays only depend on
Yq and &. With my+ =2 TeV and &£ = 0.1, the BRs of H* decays
as a function of y; are displayed in Fig. 2(b). In order to avoid
the unseen dijet from H* decays, we should limit Yq < 0.5, where
W*A? channel dominates. If we further use yq < 0.2 in which the
contribution of qq’ mode is small, the BR of WA? is insensitive
to &.
According to the number of events observed by ATLAS using
20.3 fb~1, the cross section for pp — R — VV’ is of order of
16-30 fb. Based on the results, we investigate if the introduced
new interactions can lead to the same cross section in order of
magnitude for o (pp — R)BR(R — diboson). For estimating the
production cross section o (pp — H%/H*), we implement the rel-
evant couplings to CalcHEP [24] and use it with CTEQ6L PDF [25]
to calculate the numerical values. By using the cross symmetry, we
see that the production of H%/H* is through quark annihilations
and o (pp — H°/H*) only depends on y,. Combining the results
in Fig. 2(a), we plot the contours for o (pp — R)BR(R — diboson)
as a function of yq and cx in Fig. 3, where figure (a) is for
WW channel and figure (b) is for ZZ (solid) and ZA® (dashed)
channels. Moreover, we find that y; ~ ©(0.15-0.2) could match
the required cross section. In other words, the unconventional
Yukawa coupling of scalar to quarks, defined in Eq. (8) and adopted
dianypy ~ (¥4, 0,0), is not necessary to be O(1).

If the resonance is a charged Higgs, similar to the situation of
HO, the production cross section o (pp — H¥) only depends on Yq-
Although H* can decay into W*A? and qq’, if we focus on yq <
0.1, the BR of former will approach one while the latter is small
and negligible. We show o (pp — H*)BR(H* — (W*A? qq')) as a
function of yq in Fig. 4. By the plot, it is clear that yq ~ ((0.06) is
good enough to interpret the ATLAS excess.

Finally, we briefly discuss the constraint from leptonic H?/H*
decays. According to the measurements of ATLAS [27] and
CMS [28], the current upper bound on the production cross sec-
tion of dilepton resonance is known to be ©(0.2) fb. o (pp — HO)
of O(10) fb is allowed if the BR of leptonic decay is less than
0(0.01), where the required leptonic BR could be achieved when
the leptonic Yukawa coupling is Y, < ((0.1). In addition, the up-
per bound on the cross section for pp — H* — ¢v is measured to
be (¥(0.4-0.5) fb [29,30]. Like the case for H°, we can escape the

100 .
1
1
1
1
1
1
50| ; 1
1
1
g !
~ !
q o |
X 20} WA ! 4
+H
= v
T qq
o /
210} i 1
b !
I myp =2 TeV
1
=0.1
5L ’1' £ i
1
1
1
L L l’ L L
0.05 0.10 0.20 0.50 1.00
Yq

Fig. 4. o (pp — H)BR(H* — (W*A%,qq")) (in units of fb) as a function of y,.

constraint if the associated Yukawa coupling satisfies Y, < ©(0.1).
In THD models, the Higgs coupling to the lepton sector could be
different from that to the quark sector. If we adopt the type-II
THD model, the leptonic Yukawa coupling is ~ m,tan8/v. With
tang ~ 50 and v = 246 GeV, one gets Y, ~ 0.02, which is much
less than ((0.1). Hence, the leptonic H?/H* decays could be con-
sistent with the current upper limits.

In summary, a diboson excess in dijet invariant mass spectrum
is reported by ATLAS; as a result, the existence of a resonance
with mass around 2 TeV is indicated. We propose the resonance
could be the neutral or charged Higgs and employ the extended
two Higgs doublets to demonstrate the possibility. We find that
the coupling of scalar Higgs to the first generation quarks is not
suppressed and the required value to produce a right production
cross section for the resonance is of (9(0.06-0.2). The involving
free parameters are only yq, & and cx when myo < myo,y+ and
Yq = Yu = yq are adopted. Besides the WW and ZZ channels, we
find that the channels ZA® and WA in the frame of extended
two Higgs doublets are also important. Since the tagged jet mass
is only determined by |m;j —mw/,z| < 13 GeV, therefore, any new
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particle with mass of ©(100) GeV, e.g. A? in this approach, could
also contribute to the excess. The current limit for light A mass in
supersymmetric model is m4o0 > 93.4 GeV [31,32], where the LEP
data are applied and the related process is ete~ — A%. In our
model, the constraint is weaker by following reasons: (1) A° pro-
duction cross section is suppressed by the mixing effect £; (2) un-
like the case in Ref. [32] where A° decays into bb or t7, the A°
in the model predominantly decays into light quarks and the cor-
responding background events are larger. Therefore, the constraint
of myo in our model should be much weaker and m 0 ~my is al-
lowed. It will be interesting if a detailed analysis for light A® of
O(100) GeV can be searched at the LHC.
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