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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

to the shape of the signal, and N is a log-normal distribution for the nuisance parameters, ✓, modelling
the systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise
sum of the events expected for the signal and background: nexp

= nsig

+ nbg

. The number of expected
background events in dijet mass bin i, ni

bg, is obtained by integrating dn/dx obtained from eqn. (1) over
that bin. Thus nbg

is a function of the dijet background parameters p1, p2, p3. The number of expected
signal events, nsig

, is evaluated based on MC simulation assuming the cross section of the model under
test multiplied by the signal strength and including the e↵ects of the systematic uncertainties described in
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.
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The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.
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WZ
WW

ZZ

mX ~ 2 TeV
ΓX ≲ 100 GeV (narrow width)

  pp → X → ZZ/WW/WZ → Two Fat Jets  ( |mJ - mV | < 13 GeV )

local significances : ZZ(2.6σ)/WW(2.9σ)/WZ(3.4σ)

Diboson Excesses !

Who is X ?



WZ signals are not well separated from ZZ, WW 

5

FIG. 4. Joint constraints on the values of � ⇥ Br for di↵erent decay channels of a diboson resonance from the ATLAS fat jets
analysis of the Run I LHC, where one of sWW , sWZ or sZZ is set to zero (i.e. before e�ciency corrections). We show the 70%
and 95% preferred regions. In each case, the best-fit point is denoted by a white dot.
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FIG. 5. Invariant mass distribution near the 2 TeV resonance in each channel for sWW = 1, sWZ = 223, sZZ = 0.

pectation value, which would otherwise, through
its Yukawa coupling, change the masses of the
light quarks, and also that the scalar mixes with
the Higgs, facilitating its decay to dibosons. One
cannot satisfy both constraints unless one imposes
ad hoc relations between di↵erent couplings in the
Higgs potential. Since we are working the context
of generic e↵ective field theories, we wish to avoid
such ad hoc relations.

(vi) A consistent e↵ective field theory (EFT) descrip-
tion of a vector resonance ⇢µ, with j = 1, requires
that it be a (massive) gauge field, so we must en-
large the SM gauge group somehow. If ⇢µ carries
electroweak charge, it can couple to both quarks
and dibosons (possibly via the Higgs field).

(vii) We require that the couplings preserve the approx-
imate custodial SU(2)L⇥SU(2)R symmetry of the
SM, both for reasons of economy and because of the
stringent constraint coming from the electroweak
⇢ parameter.2 A coupling to quarks then implies
that the resonance transforms as either a singlet

2

It is possible that the couplings required to reproduce the ex-

cesses are small enough that this requirement can be relaxed.

or a triplet of either SU(2)L or SU(2)R. In the
singlet case, however, a coupling to dibosons does
not result.3 In the triplet cases, couplings of the
schematic form (we shall be more precise later)
⇢µH†DµH are allowed, leading to diboson decay
modes.

(viii) A coupling to quarks also yields corrections to elec-
troweak precision data that are non-universal, in
general. At least in the universal limit, with cou-
plings . O(1), we get tree-level contributions to the
S parameter (which typically provides one of the
strongest constraints) that are acceptably small.

(ix ) Sizeable non-universal couplings to quarks also lead
to corrections to the decay rate of the Z boson to
hadrons and to the unitarity of the CKM matrix.
Such couplings are much less constrained if they are
to right-handed quarks [20], favouring the model
with a right-handed triplet. One can even exploit
symmetries to forbid tree-level contributions in this
case [21].

To study this requires a detailed electroweak fit for such models,

which we leave to future work.

3

If we allow for custodial symmetry violation, the singlet can cou-

ple to WW .

 B.C. Allanach, B. Gripaios and D. Sutherland, [arXiv:1507.01638]

[preferred region : dark blue 70%CL, light blue 95%CL]

For example, the signal can be explained without WZ channel by

σWW + σZZ ~ 5 -15 fb



No excesses in leptonic modes @ 2TeV…

σWZ (WZ → lν + jets) ≲ 10 fb  
σWW (WW→ lepton + jets) ≲ 3-5 fb                                            

No excesses in dijet modes @ CMS

σZZ (ZZ→ lepton + jets) ≲ 10 fb  

(CMS 1405.3447,ATLAS 1503.04677)

σZZ,WW,WZ (ZZ,WW,WZ → dijet) ≲ 10 fb  
(CMS 1405.1994)

These constraints do not immediately conflict with the 
ATLAS dijet excesses.

→ We need to wait for Run 2 results !

[No BR’s of Z,W are multiplied]



If the spin-0 boson is a composite particle resulting from 
strong dynamics at the TeV scale, the production cross 
section can be sizable !

Spin-0 from Hidden Strong Dynamics

Effective theory  ( S : composite spin-0 neutral boson)

II. EFFECTIVE FIELD THEORY OF DIBOSON RESONANCE

In our proposal, the diboson resonance will eventually be identified as the lightest com-

posite scalar boson in a hidden sector with strong dynamics. The hidden sector couples

to the SM sector through fields charged under both the hidden and the SM gauge sym-

metries. We assume that the hidden strong dynamics exhibits confinement at a dynamical

scale around a few TeV, ⇤dyn ⇠ O(1)TeV, leaving a spin-0 particle as the lightest state,

which couples to the SM gauge bosons via higher dimensional operators. Before elucidating

explicit models of the hidden strong dynamics, let us discuss how the observed excess events

can be explained by a composite spin-0 particle using the e↵ective field theory approach.

Let us consider an e↵ective field theory which consists of its lightest neutral scalar boson

S and SM particles, after integrating out heavier degrees of freedom. E↵ective interactions

of S with the SM gauge bosons are given by

Le↵ =
3

⇤
SGa

µ⌫G
a µ⌫ +

2

⇤
SW i

µ⌫W
i µ⌫ +

5

3

1

⇤
SBµ⌫B

µ⌫ , (1)

where ⇤ is a suppression scale. Here, G, W and B denote the field strengths of the SM

gauge bosons of the SU(3)c, SU(2)L, and U(1)Y groups, respectively, with the superscripts

a and i being the indices for the corresponding adjoint representations. The field strengths

are normalized so that their kinetic terms are given by,

L = � 1

4g2s
Ga

µ⌫G
a µ⌫ � 1

4g2
W i

µ⌫W
i µ⌫ � 1

4g02
Bµ⌫B

µ⌫ , (2)

where gs, g and g0 are the corresponding gauge coupling constants. The coe�cients 3,2,1

are of O(1) and encapsulate details of the strong dynamics.
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(Normalization :                                                                          )

(Λ = O(1)TeV  : dynamical scale)

S
SM gauge boson

SM gauge boson
(Neutral Spin 0)
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FIG. 1. Contours of the production cross section of S times its decay branching ratios intoWW and

ZZ on the �S-(1�Bgg) plane at the 8-TeV LHC. We fix MS = 2TeV and take the factorization and

renormalization scale µ = MS/2. The lighter (darker) gray region is disfavored by the narrow width

assumption �S . 100GeV (. 200GeV). The pink shaded region is excluded by the constraint from

the dijet channel [22, 23]. The green and light green shaded regions show the constraints from the

diphoton channel search, ��� . 0.3 fb [24], for typical branching fractions B�� = 1% and B�� = 2%,

respectively.

where BWW + BZZ = O(10)% without any conflict with the narrow width approximation

or the dijet constraint.

It should be emphasized that the suppressed couplings to the SM fermions are one of the

striking features of the composite scalar resonance where the composite scalar couples to the

SM fermions via the mixing to the Higgs bosons. These features should be compared with

W 0/Z 0 bosons or generic composite scalar resonance (see e.g. [25]). Therefore, our model is

free from the constraints of dilepton mode searches, �(p + p ! S ! ` + `0) . 1 fb [26, 27]

4 See e.g., Ref. [21] for a discussion on the K-factor for the Higgs production, although their analysis cannot

be directly applied to the S production here since the e↵ective field theory is valid up to O(⇤), whereas

the Higgs e↵ective field theory is valid only for a Higgs mass below twice of the top-quark mass.
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Predicted cross section (8TeV)

(light) Green shaded region σγγ >0.3 fb 
for Bγγ = 1% (2%) [ATLAS, 1504.05511 ]

Gray shaded region ΓS > 100 GeV

Pink shaded region σgg >100 fb

Allowed region with  
                         σWW+ZZ ~ 5 -10 fb 

[ATLAS, 1407.1376, CMS, 1501.04198 ]
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FIG. 2. Decay branching ratios of S into di↵erent modes as a function of 2/3. Solid curves are

drawn by assuming 1 = 2. The branching ratios of the �� and Z� modes for 1 = 0 are also

drawn for comparison, while the other modes are barely changed when 1 = 0.

and the decay into a Higgs boson and a Z boson, �(p+ p ! S ! Z + h) . 7 fb [28].

It is also noted that a spin-0 resonance can decay into a pair of photons. This feature

should be contrasted with models where the diboson resonance is interpreted as a massive

spin-1 particle whose decay into a pair of photons is forbidden by the Landau-Yang theo-

rem [29, 30]. Therefore, an observation of excess in the diphoton mode will be a smoking

gun signal of models with a spin-0 resonance. In Fig. 2, we show the branching ratios of all

the allowed diboson modes as a function of 2/3, the ratio of e↵ective coupling strengths

in the weak and strong interactions. The solid curves are drawn under the assumption that

1 = 2. We also show the branching ratios of the �� and Z� mode for 1 = 0 as a com-

parison. Therefore, the branching ratio of S decaying into two photons is expected to be

O(1–10)%.

Moreover, the angular distribution of the W and/or Z bosons in the rest frame of the

resonance with respect to the colliding direction can be used to diagnose the spin nature of

the resonance. The spin-0 resonance in our model would result in a uniform distribution,

8

Bgg

BWW
BZZ

BWW+BZZ  > 0.4 is achieved for  
 κ2/κ3 > 2 - 3 .

Branching Fractions

II. EFFECTIVE FIELD THEORY OF DIBOSON RESONANCE

In our proposal, the diboson resonance will eventually be identified as the lightest com-

posite scalar boson in a hidden sector with strong dynamics. The hidden sector couples

to the SM sector through fields charged under both the hidden and the SM gauge sym-

metries. We assume that the hidden strong dynamics exhibits confinement at a dynamical

scale around a few TeV, ⇤dyn ⇠ O(1)TeV, leaving a spin-0 particle as the lightest state,

which couples to the SM gauge bosons via higher dimensional operators. Before elucidating

explicit models of the hidden strong dynamics, let us discuss how the observed excess events

can be explained by a composite spin-0 particle using the e↵ective field theory approach.

Let us consider an e↵ective field theory which consists of its lightest neutral scalar boson

S and SM particles, after integrating out heavier degrees of freedom. E↵ective interactions

of S with the SM gauge bosons are given by

Le↵ =
3

⇤
SGa

µ⌫G
a µ⌫ +

2

⇤
SW i

µ⌫W
i µ⌫ +

5

3

1

⇤
SBµ⌫B

µ⌫ , (1)

where ⇤ is a suppression scale. Here, G, W and B denote the field strengths of the SM

gauge bosons of the SU(3)c, SU(2)L, and U(1)Y groups, respectively, with the superscripts

a and i being the indices for the corresponding adjoint representations. The field strengths

are normalized so that their kinetic terms are given by,

L = � 1

4g2s
Ga

µ⌫G
a µ⌫ � 1

4g2
W i

µ⌫W
i µ⌫ � 1

4g02
Bµ⌫B

µ⌫ , (2)

where gs, g and g0 are the corresponding gauge coupling constants. The coe�cients 3,2,1

are of O(1) and encapsulate details of the strong dynamics.

3

( ) 

ΓS = O(10)GeV 
BWW +BZZ ≳ 0.4 



Model of Hidden Dynamics

Gauge Group : SU(N)H x SM Gauge group

Matter field : 5 scalars in fundamental representations of SU(N)H

SU(N)H SU(3)C SU(2)L U(1)Y

QL N 1 2 1/2

QD N 3 1 1/3

Dynamical Scale :  Λdyn = O(1)TeV

Explicit Mass term of O(1) TeV ( mL2 < mD2 )

example, we take Nc = 5 (see discussions at the end of this section), though most of the

following discussions can be applied to di↵erent choices of the hidden gauge group. We assign

the SM gauge charges toQ’s in such a way that they form an anti-fundamental representation

of the SU(5)GUT gauge group, the minimal SU(5) grand unified theory (GUT). In the

following, QL,D denote the bi-fundamental scalars.

Let us assume that the bi-fundamental scalars have masses, mD,L, so that

L � �m2
DQ

†
DQD �m2

LQ
†
LQL . (17)

When these masses are smaller than the dynamical scale, mL,D . ⇤dyn, the lightest compos-

ite state is expected to be generally a mixture of composite mesons consisting of a pair of Q

and Q† and a glueball. In our analysis, we assume that the lightest scalar state is dominated

by the neutral meson states4

S / cos ✓Q ⇥ [Q†
LQL] + sin ✓Q ⇥ [Q†

DQD] , (18)

where ✓Q parameterizes the relative contents of Q†
DQD and Q†

LQL. For example, the Q†
DQD

content is expected to be suppressed for mD � mL, although it is di�cult to estimate ✓Q

quantatively due to the non-perturbative nature of the interaction.5 In the following, we

assume that the hidden strong dynamics does not cause spontaneous breaking of the SM

gauge symmetries.

Using the Naive Dimensional Analysis (NDA) [31, 32], the scalar boson S is matched to

the composite fields by

S ' 4⇡

⇤dyn
cos ✓Q ⇥ [Q†

LQL] +
4⇡

⇤dyn
sin ✓Q ⇥ [Q†

DQD] , (19)

where  is an O(1) coe�cient within the uncertainty of the NDA. As a result, we obtain the

4 The possibility of the glueball-dominated scenario is discussed in Appendix A.
5 Here we naively assume that the lightest singlet scalar corresponds to the singlet under SU(5)GUT in the

limit of mD = mL. If the lightest singlet scalar is dominated by the one in the adjoint representation of

SU(5)GUT, on the other hand, tan ✓Q = �2/3 even for mD = mL.
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5 scalars are in (3,1)1/3, (1,2)1/2  reps. of SU(3)c x SU(2)L x U(1)Y



II. EFFECTIVE FIELD THEORY OF DIBOSON RESONANCE

In our proposal, the diboson resonance will eventually be identified as the lightest com-

posite scalar boson in a hidden sector with strong dynamics. The hidden sector couples

to the SM sector through fields charged under both the hidden and the SM gauge sym-

metries. We assume that the hidden strong dynamics exhibits confinement at a dynamical

scale around a few TeV, ⇤dyn ⇠ O(1)TeV, leaving a spin-0 particle as the lightest state,

which couples to the SM gauge bosons via higher dimensional operators. Before elucidating

explicit models of the hidden strong dynamics, let us discuss how the observed excess events

can be explained by a composite spin-0 particle using the e↵ective field theory approach.

Let us consider an e↵ective field theory which consists of its lightest neutral scalar boson

S and SM particles, after integrating out heavier degrees of freedom. E↵ective interactions

of S with the SM gauge bosons are given by

Le↵ =
3

⇤
SGa

µ⌫G
a µ⌫ +

2

⇤
SW i

µ⌫W
i µ⌫ +

5

3

1

⇤
SBµ⌫B

µ⌫ , (1)

where ⇤ is a suppression scale. Here, G, W and B denote the field strengths of the SM

gauge bosons of the SU(3)c, SU(2)L, and U(1)Y groups, respectively, with the superscripts

a and i being the indices for the corresponding adjoint representations. The field strengths

are normalized so that their kinetic terms are given by,

L = � 1

4g2s
Ga

µ⌫G
a µ⌫ � 1

4g2
W i

µ⌫W
i µ⌫ � 1

4g02
Bµ⌫B

µ⌫ , (2)

where gs, g and g0 are the corresponding gauge coupling constants. The coe�cients 3,2,1

are of O(1) and encapsulate details of the strong dynamics.

3

By taking mD,L  ≲ Λdyn , we assume that QL†QL  and  QD†QD  dominate S .

example, we take Nc = 5 (see discussions at the end of this section), though most of the

following discussions can be applied to di↵erent choices of the hidden gauge group. We assign

the SM gauge charges toQ’s in such a way that they form an anti-fundamental representation

of the SU(5)GUT gauge group, the minimal SU(5) grand unified theory (GUT). In the

following, QL,D denote the bi-fundamental scalars.

Let us assume that the bi-fundamental scalars have masses, mD,L, so that

L � �m2
DQ

†
DQD �m2

LQ
†
LQL . (17)

When these masses are smaller than the dynamical scale, mL,D . ⇤dyn, the lightest compos-

ite state is expected to be generally a mixture of composite mesons consisting of a pair of Q

and Q† and a glueball. In our analysis, we assume that the lightest scalar state is dominated

by the neutral meson states4

S / cos ✓Q ⇥ [Q†
LQL] + sin ✓Q ⇥ [Q†

DQD] , (18)

where ✓Q parameterizes the relative contents of Q†
DQD and Q†

LQL. For example, the Q†
DQD

content is expected to be suppressed for mD � mL, although it is di�cult to estimate ✓Q

quantatively due to the non-perturbative nature of the interaction.5 In the following, we

assume that the hidden strong dynamics does not cause spontaneous breaking of the SM

gauge symmetries.

Using the Naive Dimensional Analysis (NDA) [31, 32], the scalar boson S is matched to

the composite fields by

S ' 4⇡

⇤dyn
cos ✓Q ⇥ [Q†

LQL] +
4⇡

⇤dyn
sin ✓Q ⇥ [Q†

DQD] , (19)

where  is an O(1) coe�cient within the uncertainty of the NDA. As a result, we obtain the

4 The possibility of the glueball-dominated scenario is discussed in Appendix A.
5 Here we naively assume that the lightest singlet scalar corresponds to the singlet under SU(5)GUT in the

limit of mD = mL. If the lightest singlet scalar is dominated by the one in the adjoint representation of

SU(5)GUT, on the other hand, tan ✓Q = �2/3 even for mD = mL.
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(θQ  decreases for  mD ≫ mL)

[ Naive dimensional analysis (NDA) (’97 Luty, ‘97 Cohen,Kaplan,Nelson) ]

e↵ective interactions of S to the SM gauge bosons as

Le↵ =


4⇡⇤dyn
sin ✓Q SGa

µ⌫G
a µ⌫ +



4⇡⇤dyn
cos ✓Q SW i

µ⌫W
i µ⌫

+
2

4⇡⇤dyn

✓
sin ✓Q
3

+
cos ✓Q

2

◆
SBµ⌫B

µ⌫ . (20)

By comparing with Eq. (1), we can then identify the coe�cients used in the previous section:

3

⇤
=

 sin ✓Q
4⇡⇤dyn

,
2

⇤
=

 cos ✓Q
4⇡⇤dyn

,
1

⇤
=



4⇡⇤dyn

6

5

✓
sin ✓Q
3

+
cos ✓Q

2

◆
. (21)

As discussed in the previous section, the scales ⇤/1,2,3 are required to be of O(1–10)TeV

to account for the diboson excess (see Fig. 3). On the other hand, the mass of S,MS ' 2TeV,

is expected to be of O(⇤dyn). These conditions are simultaneously satisfied for  ⇠ O(1),

consistent with the NDA.

In Fig. 4, we show various contours on the plane of ⇤/2 and ⇤/3, the two of which

are related to /(4⇡⇤dyn) and ✓Q via Eq. (21).6 The figure reconfirms that the cross section

�WW + �ZZ = O(1–10) fb is achieved for ⇤/2 = O(1)TeV and ⇤/3 = O(1–10)TeV, while

keeping the total width of S su�ciently narrow, as indicated by the green region.7 As the

figure shows, it is preferred to have a smaller value for 3/2 ' tan ✓Q. This can be readily

achieved when the mass of QD is larger than that of QL.

In the figure, we also show contours of the cross section of the diphoton channel, ���,

which is about 5–10% of �WW + �ZZ . The light green region is excluded by the constraints

on the diphoton channel, ��� . 0.3 fb [24], which is one of the most constraining channels

at LHC Run-I. By remembering that the production cross section of S is enhanced by a

factor of ten at LHC Run-II (see Eq. (8)), it is possible to test this model by searching for

the diphoton signals.

So far, we have not included couplings between the bi-fundamental scalars and the Higgs

6 The e↵ective field theory is controlled by two parameters, /(4⇡⇤dyn) and ✓Q, in this dynamical model.

In particular, the branching ratio of each S decay mode is solely determined by ✓Q.
7 The total cross section �WW+�ZZ is slightly smaller than the one shown in Fig. 1, where we have neglected

the �� and Z� modes.
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Effective Lagrangian is given by

QL ,QD
SM gauge boson

SM gauge boson{S

  Λ/κ = O(1)TeV is possible within uncertainties !

[ If we do not use, NDA, we don’t have 4π suppressions. ]
BWW+BZZ > 0.4 is possible for a small θQ (mD ≫ mL ) !



Dark Matter Candidate ?
Hidden sector so far has a global U(1) symmetry.
The lightest U(1) charged composite field = Baryon !

For N = 5 , the lightest baryon is a neutral scalar !

On the other hand, the triplet scalar is produced via the Drell-Yan process and immedi-

ately decays into SM electroweak gauge bosons and Higgs bosons through the interaction in

Eq. (22).8 Unlike the neutral scalar S, the triplet scalar does not couple to the gluons via

any dimension-5 operator. Up to date, there is no stringent constraint on the triplet scalar

with a mass of O(1)TeV.

The scalar of bi-fundamental representation of SU(3)c⇥SU(2)L requires a special care, as

it cannot decay into a pair of SM gauge bosons. In order for it to decay promptly, we intro-

duce a pair of fermions ( Q,  ̄Q) which are the fundamental and the anti-fundamental rep-

resentations of the hidden SU(5) gauge symmetry. With these fermions, the bi-fundamental

scalars QD,L in the dynamical model couple to the SM quarks and leptons, d̄R and `L, via

L � y Q†
D  Q d̄R + y Q†

L  Q `L +M  ̄ , (25)

where y denotes some coupling constant and M denotes the mass of the fermion  Q.9

Through these interactions, the Q†
DQL bound states immediately decay into a pair of d̄R and

`L. With a su�ciently short lifetime, there is no stringent constraint on the bi-fundamental

representation of SU(3)c ⇥ SU(2)L with a mass of O(1)TeV.

Before closing this section, let us comment on the baryonic states of the hidden SU(5)

gauge interaction. The lightest baryonic scalar is given by,

B / QQQQQ , (26)

which is neutral under the SM gauge groups. This neutrality of B is the reason why we have

chosen Nc = 5 for the hidden strong gauge interaction. It should be noted that the lightest

baryonic state is stable due to an approximate U(1) symmetry.10 Therefore, the baryonic

scalar serves as a good candidate for dark matter.

At the early universe, the baryonic scalars annihilate into a pair of light scalar composite

fields. The thermal relic abundance is expected to be much lower than the observed dark

8 The mass of the triplet is expected to be larger than that of S, since S is a mixture of Q†
LQL and Q†

DQD.
9 By taking M much larger than a TeV, these additional fermions cannot be produced at the LHC.

10 Here we assume that the U(1) symmetry is not spontaneously broken by the strong gauge dynamics.
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→ Dark matter candidate !

Abundance ?

B

B

Meson

Meson

If σann~ 4π/mB2 (unitarity limit) 
      Ωh2 ~ 10-3 (10TeV/mB)2 

However, since mB > Λdyn , σann can be 
suppressed by form factors F(mB)4 :               

The thermal relic density of B can be consistent with the observed 
relic density !

 Ωh2∝ F(mB)-4

(Detection is very difficult … heavy and suppressed interactions)



Summary
ATLAS reported excesses in diboson resonance search.

( No excesses in leptonic modes nor dijet modes at CMS)

Standard Model neutral Spin-0 resonance requires dynamical  
scale in the TeV range.

Simple dynamical model can provide the desired spin-0 
particle for mL,D < Λdyn.

The model predicts a lot of new charged particles in the TeV 
region!

Dark Matter can be provided as a lightest neutral baryon in 
the dynamical sector.

The diboson resonance can be a portal to a hidden strong dynamics !



News ! Apart from the 2TeV excess, both ATLAS and CMS reported  
an excess at 750GeV in di-photon search (2015/12/15)!

( Our model can be tuned to explain this 750GeV signal. )

We could have some 
dynamics within a TeV 
range?
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Figure 7: Observed background-only p-value for different signal hypotheses. The range
500 GeV < mG < 4.5 TeV is shown for k̃ = 0.01, 0.1, 0.2 on the top-left, top-right, bottom re-
spectively.
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Partial Decay Widths

For comparison, we also give the corresponding values for
p
s = 13TeV:

@Lgg

@⌧
' 6.6 (5.7) ,

1

s

@Lgg

@⌧
' 15 pb (13 pb) . (8)

The production cross section of S becomes about ten times larger at LHC Run-II.

B. The diboson excess at the LHC

The partial decay widths of the scalar boson S into the other gauge bosons, W , Z and

A (photon), are given by

�(S ! W+ +W�) =
1

2

1

⇡

✓
g22

⇤

◆2

M3
S , (9)

�(S ! Z + Z) =
1

4

1

⇡

✓
g22

⇤

◆
c2W +

3

5

✓
g021

⇤

◆
s2W

�2
M3

S , (10)

�(S ! � + �) =
1

4

1

⇡

✓
g22

⇤

◆
s2W +

3

5

✓
g021

⇤

◆
c2W

�2
M3

S , (11)

�(S ! Z + �) =
1

2

1

⇡

✓
g22

⇤

◆
� 3

5

✓
g021

⇤

◆�2
c2W s2WM3

S , (12)

where sW ⌘ sin ✓W with ✓W being the weak mixing angle, cW = (1� s2W )1/2, and the masses

of the W and Z bosons are neglected. It should be noted that the resonance does not decay

into SM fermions or Higgs bosons in this model.

As long as 1 is not much larger than 2,2 the WW and ZZ modes have the dominant

partial widths among the four decays. As a result, the branching ratios of the WW , ZZ,

and gg modes roughly satisfy the following relation:

BWW +BZZ ' 1� Bgg . (13)

Therefore, the total production cross section of the resonance decaying into WW and ZZ

2 This is the case for a model discussed in the next section.

5

A. Production cross section of the scalar resonance

Through the above e↵ective interactions, the parton-level production cross section of S

via the gluon fusion process is given by

�̂(g + g ! S) ' ⇡2

8MS

�(S ! g + g) �(ŝ�M2
S) , (3)

in the narrow width approximation, as suggested by the result of ATLAS experiment. In

Eq. (3), MS denotes the mass of the scalar boson S and ŝ the square of the partonic

center-of-mass energy. The partial decay width of S into a pair of gluons is

�(S ! g + g) =
2

⇡

✓
g2s3

⇤

◆2

M3
S . (4)

After convolution with the parton distribution function (PDF) of the gluon inside the

proton, fg, the total production cross section in the proton-proton collision becomes

�(p+ p ! S) =
⇡2

8

✓
�(S ! g + g)

MS

◆
⇥

1

s

@Lgg

@⌧

�
,

@Lgg

@⌧
=

Z

0

dx1dx2fg(x1)fg(x2)�(x1x2 � ⌧) , (5)

where ⌧ = M2
S/s and

p
s = 8 TeV. For MS ' 2TeV, the luminosity function

@Lgg

@⌧
' 0.18 (0.14) , (6)

where we have used the PDF’s of MSTW2008 [18] and fixed the factorization scale and the

renormalization scale to be µ = MS/2 = 1TeV (µ = MS = 2TeV). With
p
s = 8TeV, this

amounts to

1

s

@Lgg

@⌧
' 1.1 pb (0.85 pb) . (7)
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FIG. 4. Contours of various diboson processes at the 8-TeV LHC on the ⇤/2-⇤/3 plane for

MS = 2TeV. Blue curves give di↵erent production cross sections of S decaying into WW and

ZZ final states. Red dashed curves are contours of the cross section of the digluon mode that

contributes to dijets. Green dashed curves are contours of the cross section of the diphoton mode.

Boundaries of the gray regions have fixed total widths (100 and 200 GeV) for the resonance. The

light green region is excluded by the constraints on the diphoton channel, ��� . 0.3 fb [24].

bosons, such as,

L = �
�
H†�AH

� ⇣
Q†

L,D�
AQL,D

⌘
, (22)

where � represents a coupling constant and �A = 1 or the Pauli matrix, �A = �i, for QL

and �A = 1 for QD.If we allow such interactions, the resonance also decay into a pair of

Higgs bosons, which alter the total decay width of �S as well as the branching ratios, in

particular the ratio of the diphoton mode. So far, the resonance decay into pair of the higgs

is not severely constrained [33]. In this paper, we simply assume that the direct couplings
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Cross section in terms of the model parameters

(light) Green shaded region σγγ >0.3 fb 
for Bγγ = 1% (2%) [ATLAS, 1504.05511 ]

Gray shaded region ΓS > 100 GeV

Pink shaded region σgg >100 fb

σWW+σZZ ~ 5 -10 fb is allowed Λ/κ ~ 1-1.4TeV



Naive Dimensional Counting 

example, we take Nc = 5 (see discussions at the end of this section), though most of the

following discussions can be applied to di↵erent choices of the hidden gauge group. We assign

the SM gauge charges toQ’s in such a way that they form an anti-fundamental representation

of the SU(5)GUT gauge group, the minimal SU(5) grand unified theory (GUT). In the

following, QL,D denote the bi-fundamental scalars.

Let us assume that the bi-fundamental scalars have masses, mD,L, so that

L � �m2
DQ

†
DQD �m2

LQ
†
LQL . (17)

When these masses are smaller than the dynamical scale, mL,D . ⇤dyn, the lightest compos-

ite state is expected to be generally a mixture of composite mesons consisting of a pair of Q

and Q† and a glueball. In our analysis, we assume that the lightest scalar state is dominated

by the neutral meson states4

S / cos ✓Q ⇥ [Q†
LQL] + sin ✓Q ⇥ [Q†

DQD] , (18)

where ✓Q parameterizes the relative contents of Q†
DQD and Q†

LQL. For example, the Q†
DQD

content is expected to be suppressed for mD � mL, although it is di�cult to estimate ✓Q

quantatively due to the non-perturbative nature of the interaction.5 In the following, we

assume that the hidden strong dynamics does not cause spontaneous breaking of the SM

gauge symmetries.

Using the Naive Dimensional Analysis (NDA) [31, 32], the scalar boson S is matched to

the composite fields by

S ' 4⇡

⇤dyn
cos ✓Q ⇥ [Q†

LQL] +
4⇡

⇤dyn
sin ✓Q ⇥ [Q†

DQD] , (19)

where  is an O(1) coe�cient within the uncertainty of the NDA. As a result, we obtain the

4 The possibility of the glueball-dominated scenario is discussed in Appendix A.
5 Here we naively assume that the lightest singlet scalar corresponds to the singlet under SU(5)GUT in the

limit of mD = mL. If the lightest singlet scalar is dominated by the one in the adjoint representation of

SU(5)GUT, on the other hand, tan ✓Q = �2/3 even for mD = mL.
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(θQ  decreases for  mD ≫ mL)
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Operator Matching

II. EFFECTIVE FIELD THEORY OF DIBOSON RESONANCE

In our proposal, the diboson resonance will eventually be identified as the lightest com-

posite scalar boson in a hidden sector with strong dynamics. The hidden sector couples

to the SM sector through fields charged under both the hidden and the SM gauge sym-

metries. We assume that the hidden strong dynamics exhibits confinement at a dynamical

scale around a few TeV, ⇤dyn ⇠ O(1)TeV, leaving a spin-0 particle as the lightest state,

which couples to the SM gauge bosons via higher dimensional operators. Before elucidating

explicit models of the hidden strong dynamics, let us discuss how the observed excess events

can be explained by a composite spin-0 particle using the e↵ective field theory approach.

Let us consider an e↵ective field theory which consists of its lightest neutral scalar boson

S and SM particles, after integrating out heavier degrees of freedom. E↵ective interactions

of S with the SM gauge bosons are given by

Le↵ =
3

⇤
SGa

µ⌫G
a µ⌫ +

2

⇤
SW i

µ⌫W
i µ⌫ +

5

3

1

⇤
SBµ⌫B

µ⌫ , (1)

where ⇤ is a suppression scale. Here, G, W and B denote the field strengths of the SM

gauge bosons of the SU(3)c, SU(2)L, and U(1)Y groups, respectively, with the superscripts

a and i being the indices for the corresponding adjoint representations. The field strengths

are normalized so that their kinetic terms are given by,

L = � 1

4g2s
Ga

µ⌫G
a µ⌫ � 1

4g2
W i

µ⌫W
i µ⌫ � 1

4g02
Bµ⌫B

µ⌫ , (2)

where gs, g and g0 are the corresponding gauge coupling constants. The coe�cients 3,2,1

are of O(1) and encapsulate details of the strong dynamics.

3

e↵ective interactions of S to the SM gauge bosons as

Le↵ =


4⇡⇤dyn
sin ✓Q SGa

µ⌫G
a µ⌫ +



4⇡⇤dyn
cos ✓Q SW i

µ⌫W
i µ⌫

+
2

4⇡⇤dyn

✓
sin ✓Q
3

+
cos ✓Q

2

◆
SBµ⌫B

µ⌫ . (20)

By comparing with Eq. (1), we can then identify the coe�cients used in the previous section:

3

⇤
=

 sin ✓Q
4⇡⇤dyn

,
2

⇤
=

 cos ✓Q
4⇡⇤dyn

,
1

⇤
=



4⇡⇤dyn

6

5

✓
sin ✓Q
3

+
cos ✓Q

2

◆
. (21)

As discussed in the previous section, the scales ⇤/1,2,3 are required to be of O(1–10)TeV

to account for the diboson excess (see Fig. 3). On the other hand, the mass of S,MS ' 2TeV,

is expected to be of O(⇤dyn). These conditions are simultaneously satisfied for  ⇠ O(1),

consistent with the NDA.

In Fig. 4, we show various contours on the plane of ⇤/2 and ⇤/3, the two of which

are related to /(4⇡⇤dyn) and ✓Q via Eq. (21).6 The figure reconfirms that the cross section

�WW + �ZZ = O(1–10) fb is achieved for ⇤/2 = O(1)TeV and ⇤/3 = O(1–10)TeV, while

keeping the total width of S su�ciently narrow, as indicated by the green region.7 As the

figure shows, it is preferred to have a smaller value for 3/2 ' tan ✓Q. This can be readily

achieved when the mass of QD is larger than that of QL.

In the figure, we also show contours of the cross section of the diphoton channel, ���,

which is about 5–10% of �WW + �ZZ . The light green region is excluded by the constraints

on the diphoton channel, ��� . 0.3 fb [24], which is one of the most constraining channels

at LHC Run-I. By remembering that the production cross section of S is enhanced by a

factor of ten at LHC Run-II (see Eq. (8)), it is possible to test this model by searching for

the diphoton signals.

So far, we have not included couplings between the bi-fundamental scalars and the Higgs

6 The e↵ective field theory is controlled by two parameters, /(4⇡⇤dyn) and ✓Q, in this dynamical model.

In particular, the branching ratio of each S decay mode is solely determined by ✓Q.
7 The total cross section �WW+�ZZ is slightly smaller than the one shown in Fig. 1, where we have neglected

the �� and Z� modes.
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Effective Lagrangian is given by



S is accompanied by charged spin-0 particles 
QL,D†QL,D  ~ (1,1)0 x 2, (1,3)0 , (8,1)0, (3,2)5/6  [25 states] 

Heavier singlets :  QD†QD  dominated but decaying to S.

Octet : decaying to two gluons [ σgg < 30fb for M8 > 3TeV ] 

Triplet : decaying to HH, WZ via
(produced via Drell-Yan process at the LHC)

(3,2)5/6 : we need new particle to make (3,2)5/6  decay 

On the other hand, the triplet scalar is produced via the Drell-Yan process and immedi-

ately decays into SM electroweak gauge bosons and Higgs bosons through the interaction in

Eq. (22).8 Unlike the neutral scalar S, the triplet scalar does not couple to the gluons via

any dimension-5 operator. Up to date, there is no stringent constraint on the triplet scalar

with a mass of O(1)TeV.

The scalar of bi-fundamental representation of SU(3)c⇥SU(2)L requires a special care, as

it cannot decay into a pair of SM gauge bosons. In order for it to decay promptly, we intro-

duce a pair of fermions ( Q,  ̄Q) which are the fundamental and the anti-fundamental rep-

resentations of the hidden SU(5) gauge symmetry. With these fermions, the bi-fundamental

scalars QD,L in the dynamical model couple to the SM quarks and leptons, d̄R and `L, via

L � y Q†
D  Q d̄R + y Q†

L  Q `L +M  ̄ , (25)

where y denotes some coupling constant and M denotes the mass of the fermion  Q.9

Through these interactions, the Q†
DQL bound states immediately decay into a pair of d̄R and

`L. With a su�ciently short lifetime, there is no stringent constraint on the bi-fundamental

representation of SU(3)c ⇥ SU(2)L with a mass of O(1)TeV.

Before closing this section, let us comment on the baryonic states of the hidden SU(5)

gauge interaction. The lightest baryonic scalar is given by,

B / QQQQQ , (26)

which is neutral under the SM gauge groups. This neutrality of B is the reason why we have

chosen Nc = 5 for the hidden strong gauge interaction. It should be noted that the lightest

baryonic state is stable due to an approximate U(1) symmetry.10 Therefore, the baryonic

scalar serves as a good candidate for dark matter.

At the early universe, the baryonic scalars annihilate into a pair of light scalar composite

fields. The thermal relic abundance is expected to be much lower than the observed dark

8 The mass of the triplet is expected to be larger than that of S, since S is a mixture of Q†
LQL and Q†

DQD.
9 By taking M much larger than a TeV, these additional fermions cannot be produced at the LHC.

10 Here we assume that the U(1) symmetry is not spontaneously broken by the strong gauge dynamics.
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( ψ : SU(N)H fundamental fermion )

Lepton
QL

QD  quark
{(3

,2
) 5

/6

ψ

Higher spin modes are heavier and decay immediately .



Electroweak Precision Constraints 1
between Q’s and the Higgs bosons are somewhat suppressed.

We also comment on the constraints from electroweak precision measurements. The most

dangerous e! ect is from the interaction term in Eq. (22) with " A = �i for QL. Below the

dynamical scale of the hidden strong dynamics, we obtain the e! ective interaction

L !
�

4⇡
# dynH

  �iHT i , (23)

where T i is the composite triplet scalar. After the Higgs field obtains a vacuum expectation

value vEW , the triplet is also induced to have a vacuum expectation value,

⌦
T 3

↵
!

�v2
EW # dyn

4⇡M2
T

= 0.6 GeV " �
# dyn

1 TeV

✓
MT

2 TeV

◆! 2

, (24)

whereMT is the mass of the triplet. As long as �<# O(1), the constraint from the T parameter

can be evaded. Contributions to the S, T , U parameters by quantum corrections [34] are

also suppressed by the dynamical scale and hence small.

B. Charged composite states, dark matter candidate

In the previous sections, we have concentrated exclusively on the production of the lightest

neutral spin-0 boson. In addition to the neutral scalar S, the dynamical model also predicts

scalar particles charged under the SM gauge symmetries: an SU(3)c octet, an SU(2)L triplet,

and a bi-fundamental representation of SU(3)c " SU(2)L with a U(1)Y charge of 5/6.

Since the octet scalar has a color charge, it is directly produced by the SU(3)c gauge

interaction at the LHC. So far, the mass of the octet scalar is constrained to be heavier than

about 3TeV [22, 23]. This constraint can be satisfied provided the mass of QD is larger than

that of QL by about one TeV. It should be noted that this requirement is consistent with

the fact that the favored region to explain the excess also requires a larger mD to account

for a small ✓Q. The octet scalar can also be produced via dimension-5 operators coupling to

the gluons. For a 3-TeV octet scalar, the production cross section is much lower than the

current limit, �gg ! 30 fb [22, 23].
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The decay operator 

leads to a tadpole to the triplet scalar

Thus, the triplet obtains a small VEV,

betweenQÕs and the Higgs bosons are somewhat suppressed.

We also comment on the constraints from electroweak precision measurements. The most

dangerous e! ect is from the interaction term in Eq. (22) with " A = ! i for QL . Below the

dynamical scale of the hidden strong dynamics, we obtain the e! ective interaction

L ' "
4#

# dynH †! i HT i , (23)

whereTi is the composite triplet scalar. After the Higgs Þeld obtains a vacuum expectation

value vEW, the triplet is also induced to have a vacuum expectation value,

⌦
T3

↵ ' " v2
EW# dyn

4#M 2
T

= 0.6 GeV⇥ "
# dyn

1 TeV

✓
MT

2 TeV

◆�2

, (24)

whereMT is the mass of the triplet. As long as" <⇠ O(1), the constraint from theT parameter

can be evaded. Contributions to theS, T, U parameters by quantum corrections [34] are

also suppressed by the dynamical scale and hence small.

B. Charged composite states, dark matter candidate

In the previous sections, we have concentrated exclusively on the production of the lightest

neutral spin-0 boson. In addition to the neutral scalarS, the dynamical model also predicts

scalar particles charged under the SM gauge symmetries: anSU(3)c octet, anSU(2)L triplet,

and a bi-fundamental representation ofSU(3)c ⇥ SU(2)L with a U(1)Y charge of 5/ 6.

Since the octet scalar has a color charge, it is directly produced by theSU(3)c gauge

interaction at the LHC. So far, the mass of the octet scalar is constrained to be heavier than

about 3 TeV [22, 23]. This constraint can be satisÞed provided the mass ofQD is larger than

that of QL by about one TeV. It should be noted that this requirement is consistent with

the fact that the favored region to explain the excess also requires a largermD to account

for a small$Q. The octet scalar can also be produced via dimension-5 operators coupling to

the gluons. For a 3-TeV octet scalar, the production cross section is much lower than the

current limit, ! gg ! 30 fb [22, 23].
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whose contribution to T-parameter is small enough.



Electroweak Precision Constraints 2

The decay operator 

also induces 

which contributes to S-parameter.

Again, it is very small.



Electroweak Precision Constraints 3

Spin-1 composite fields may have kinetic mixing 
to the SM gauge boson

e.g. 

After removing the kinetic mixing and integrating out F’, 
we end up with

Both contributes to the electroweak precision measurements 
but they are small enough for MF > a few TeV.


