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Abstract

We explore the possibility that the recently reported diphoton excess at ATLAS and CMS can be

accommodated within a minimal extension of a left-right symmetric model. Our setup is able to

simultaneously explain the Run 2 diphoton and Run 1 diboson excesses, while providing a standard

thermal freeze-out of weak-scale dark matter. In this scenario, the 750 GeV neutral right-handed

Higgs triplet is responsible for the diphoton excess. Interactions of this state with the neutral and

charged components of dark matter multiplets provide the dominant mechanisms for production and

decay. A striking signature of this model is the additional presence of missing energy in the diphoton

channel.
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I. INTRODUCTION

The ATLAS and CMS collaborations both recently reported an excess in the diphoton mass

distribution around 750 GeV with 3.2 fb−1 and 2.6 fb−1 of 13 TeV data, respectively [1, 2].

This signal is consistent with a rate of Rγγ ≈ 1 − 10 fb, and the local significance quoted by

ATLAS and CMS is 3.6σ and 2.6σ, respectively, for the case of a narrow resonance. Under

the assumption of a larger width, Γ ∼ 45 GeV, the local significance shifts to 3.9σ for ATLAS

and 2.0σ for CMS. Although it is still plausible that these excess events, or some fraction,

correspond to an upward statistical fluctuation or systematic issue, the possibility that this

signal constitutes physics beyond the standard model (SM) has resulted in a flurry of recent

model building attempts, averaging approximately six new papers per day [3–120]. Although

the diversity of models that are able to accommodate the signal is quite extensive, general

conclusions can still be made. For instance, in addition to the resonant particle itself, the large

signal rate and mass require new physics involved in the decay [7]. Furthermore, aside from

some mild tension, the majority of the signal at 13 TeV is roughly consistent with existing

bounds from Run 1 diphoton searches if one assumes a 2 → 2 production mechanism, i.e.,

pp→ X → γγ [6]. This tension may be ameliorated, for example, if the 750 GeV resonance is

produced from the decay of a somewhat heavier state.

Thus far, Run 2 has proven to be exciting, but more data is warranted in order to clarify the

origin of the excess. Evidence of new physics may also still be present in Run 1 data. One such

signal that recently gained interest is a diboson resonance at a mass of ∼ 1.9 TeV at
√
s = 8

TeV [121]. An explanation for this and several other Run 1 excesses [122–125], e.g., in the dijet

channel, has been presented within the context of a left-right symmetric model, extending the

SM gauge group to SU(3)c × SU(2)L × SU(2)R × U(1)B−L , with a Higgs sector consisting of

a bidoublet scalar and SU(2)R triplet scalar [126–129]. In describing the diboson signal, these

models predict a new charged gauge boson, W ′, with a mass close to 2 TeV and an additional

neutral gauge boson, Z ′, with a mass around 3−4 TeV. While no dijet excess at the same mass

has been noted at 13 TeV [130], this may simply be the result of insufficient statistics, and only

more data will ultimately be able to weigh in on the issue.
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The mild tension between the diphoton searches at 8 and 13 TeV may be hinting towards

yet another resonance beyond 750 GeV [6]. In this paper, we introduce a model where the

heavy W ′ can explain the Run 1 signals through pp→ W ′ → jj , WZ , Wh , while the Z ′ and

neutral component of the right-handed Higgs triplet (∆0) play the role of the additional heavy

resonance and 750 GeV diphoton resonance, respectively. In particular, the diphoton signal is

generated through the cascade pp→ Z ′ → X Y → X X ∆0(→ γγ) , where at the moment X

and Y are some unspecified soft states. Similar production mechanisms have been studied for

example in Ref. [87].

Dark matter can also easily be incorporated into left-right symmetric models since they

generically involve additional stabilizing symmetries and heavy gauge/Higgs bosons, allow-

ing for new portals between the SM and dark matter sectors [131–134]. One example of

this involves adding several new colorless dark matter multiplets, non-trivially charged under

SU(2)L×SU(2)R×U(1)B−L . Interestingly, as we will see in the following sections, the neutral

components of these multiplets may make up the cosmological abundance of dark matter today,

while the electrically charged components can couple to ∆0 , facilitating a large loop-induced

branching fraction to pairs of photons, crucial for reproducing the diphoton signal.

The remainder of this paper is structured as follows. Sec. II briefly reviews left-right sym-

metric models and extends the minimal model with several new dark matter multiplets. In

Sec. III, we explore the parameter space that is most relevant for accommodating the diphoton

and diboson signals, while simultaneously allowing for the standard freeze-out of dark matter.

We summarize our results and implications in Sec. IV.

II. THE MODEL

Adequate breaking of SU(2)L × SU(2)R × U(1)B−L down to U(1)em requires an extended

Higgs sector. For further review, see Ref. [135]. The minimal Higgs content consists of one

right-handed complex scalar triplet with quantum numbers ∆R : (1,3, 2) and a complex scalar

bidoublet φ : (2,2, 0).

The Higgs triplet ∆R breaks SU(2)L × SU(2)R × U(1)B-L down to the SM gauge group
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SU(2)L × U(1)Y after acquiring a vacuum expectation value (VEV), vR . The SM-like VEV

of the bidoublet φ , v = 174 GeV, further breaks SU(2)L × U(1)Y down to U(1)em . We will

work in the alignment and decoupling limits where the light Higgs, h , is SM-like and the

additional Higgs bosons of φ are not present in the low-energy theory. The right-handed triplet

is parametrized in unitary gauge as

∆R =

 0 ∆++

vR + 1√
2

∆0 0

 , (1)

where we have droppedO(mW/mW ′) mixing with the charged Higgs bosons of φ . For simplicity,

we also assume that the doubly charged Higgs, ∆++ , is decoupled. In matching to the observed

rate and mass of the Run 1 diboson excess, we require vR ∼ 3 − 4 TeV, gR ∼ 0.45 − 0.6, and

tan β ∼ 0.5 − 2, where gR is the SU(2)R gauge coupling and tan β is the ratio of VEVs that

appear in the diagonal entries of φ , analogous to that found in a two-Higgs doublet model [127].

The VEVs of ∆R and φ contribute to the masses of the charged and neutral gauge bosons.

From here on out, we will work in the limit that vR � v , or equivalently mW ′ � mW . At

leading order, the masses of the W ′ and Z ′ are mW ′ ≈ gR vR and m2
Z′ ≈ 2

(
g2
R + g2

B-L

)
v2
R ,

where g
B-L

is the U(1)B-L gauge coupling, related to the hypercharge gauge coupling by g′−2 =

g−2
R + g−2

B-L
.

Previous studies of dark matter in left-right symmetric models have largely focused on either

SUSY inspired scenarios [131] or “pure states” consisting of additional electroweak multiplets

with a single Majorana mass [132, 133]. In this paper, we instead explore simple models of

“mixed states,” incorporating several multiplets, which mass mix after electroweak symmetry

breaking (EWSB) through Yukawa interactions with the Higgs sector [134]. Contrary to the

models involving pure states, models of mixed dark matter allow for tree-level interactions

between the lightest neutral state and electroweak bosons, which easily facilities a standard

cosmological history for varying ranges of dark matter masses. Interestingly, the Higgs Yukawa

interactions also couple ∆0 to the electrically charged components of the dark matter multiplets.

This will be important when we discuss the radiative decay of ∆0 in Sec. III B.

We now define a simple extension to the left-right model described above, by introducing

three SU(2)R triplet Weyl fermions (T1,2,3) with charges as shown in Table I. Note that our
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Field SU(2)L × SU(2)R × U(1)B-L Spin

T1 (1,3, 0) 1/2

T2 (1,3,+2) 1/2

T3 (1,3,−2) 1/2

TABLE I. Field content of the dark matter sector.

field content explictly breaks the charge/parity L ↔ R symmetry implemented in many left-

right models. Although one could imagine the inclusion of additional triplets charged under

SU(2)L , we assume for simplicity that any are sufficiently decoupled from the low-energy

spectrum. In order to guarantee electrically neutral dark matter, the fields must be evenly

charged under U(1)B-L , which also stabilizes the lightest neutral components up to arbitrary

order. Furthermore, the fields are given appropriate B-L charge so that they may couple to ∆R

at tree-level, and a vector pair is needed to cancel anomalies. T1,2,3 are then parametrized as

T1 =

t01/√2 t+1

t−1 −t01/
√

2

 , T2 =

t+2 /√2 t++
2

t02 −t+2 /
√

2

 , T3 =

t−3 /√2 t03

t−−3 −t−3 /
√

2

 , (2)

where the ± superscripts are labels indicating that these components will make up electrically

charged fermions, and the factors of
√

2 ensure canonical normalization of the kinetic terms,

L ⊃ ∑
i=1,2,3

tr(T †i iσ̄
µDµTi) . The remaining terms in a general renormalizable Lagrangian are

−L ⊃ 1

2
M1 tr(T 2

1 ) +M23 tr(T2T3) + λ1 tr(T3T1∆R) + λ2 tr(T2T1∆†R) + h.c. , (3)

where 2-component Weyl spinor indices are implied, and traces refer to sums over SU(2)R

indices. M1 and M23 are bare triplet mass terms, and λ1,2 are real dimensionless Yukawa

couplings. After EWSB, the neutral and charged mass matrices for the components of T1,2,3
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are

−L ⊃ 1

2

(
t01 t02 t03

)
M1 λ2vR/

√
2 −λ1vR/

√
2

λ2vR/
√

2 0 M23

−λ1vR/
√

2 M23 0



t01

t02

t03


+
(
t+1 t+2

) M1 λ1vR/
√

2

−λ2vR
√

2 M23

t−1
t−3

+M23 t
++
2 t−−3 + h.c. . (4)

The neutral components t01,2,3 mass mix to give 3 Majorana fermions (χ1 , χ2 , χ3), the lightest

of which (χ1) will be the cosmologically stable dark matter. The singly charged components

mix to give two Dirac fermions (χ±1 , χ
±
2 ), and the doubly charged components enter as a single

Dirac fermion of mass M23 . To satisfy limits from chargino searches at LEP, we only consider

values of M23 > 100 GeV [136].

Diagonalizing the neutral mass matrix yields the projection

χi = N i
t1
t01 +N i

t2
t02 +N i

t3
t03 (i = 1, 2, 3) , (5)

and the charged gauge eigenstates are similarly decomposed as

t−1 = U11 χ
−
1 + U12 χ

−
2

t−3 = U21 χ
−
1 + U22 χ

−
2

t+1 = V11 χ
+
1 + V12 χ

+
2

t+2 = V21 χ
+
1 + V22 χ

+
2 . (6)

Uij and Vij are orthogonal matrices that are constructed from the eigenvectors of M†M and

MM†, respectively, where M is the charged mass matrix of Eq. (4).

III. THE DIBOSON AND DIPHOTON SIGNALS

As discussed briefly in Secs. I and II, several excesses in Run 1 ATLAS [121] and CMS [122–

125] data point towards the presence of a W ′ boson with mass 1.8−2 TeV [126–129]. Matching

to the observed excess in the CMS dijet [124] distribution through the process pp→ W ′ → jj
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requires gR ∼ 0.45− 0.6, and consistency with the ATLAS diboson signal [121] through pp→
W ′ → WZ implies tan β ∼ 0.5− 2 [127]. Restricting to this set of values, the left-right model

outlined in the previous section is able to accomodate the diboson and dijet events in the Run 1

data. We also note that the introduction of dark matter multiplets allows for new decay modes

of the W ′, which in principle could alter the preferred values of gR and tan β when matching

to the observed excess. However, as we will see in Sec. III A, this will not be of concern for the

most viable parameter space since it involves dark matter masses mχ1 > mW ′/2 .

A. Production

We now proceed in exploring the possibility that the loop-induced decay of a 750 GeV ∆0 can

account for the diphoton excess. Dimensionless couplings, α , in the left-right scalar potential

can induce a small mixing between ∆0 and the SM Higgs h , θ ∼ α v/vR , potentially leading to

∆0 production through SM gluon fusion [110]. ∆0 may also decay directly to top quarks in this

scenario, and hence the signal is suppressed by Γ(∆0 → tt̄ )/Γ(∆0 → gg) ∼ 10−3 . As a result,

a very large partial width to photons (∼ 1 GeV) is needed to generate a sufficient diphoton

rate [7]. For this reason, we assume that any mixing induced by α is negligible in regards to

the production or decay of ∆0 .

Alternatively, one might consider the production of ∆0 through the cascade pp → W ′ →
W ∆0(→ γγ) [7]. To leading order in mW/mW ′ , the relevant term in the Lagrangian takes

the form

L ⊃
√

2 g2
Rs2β

gL

m2
W

mW ′
∆0 W+µW ′−

µ + h.c. . (7)

We find that for mW ′ ∼ O(1) TeV, the mW/mW ′ suppression of this interaction results in a very

small branching fraction, BR (W ′ → W∆0) ∼ O(10−5) , much too weak to generate a sufficient

diphoton rate, even for BR (∆0 → γγ) ∼ 1 . Note that this is unlike the decay W ′ → Wh ,

which can occur at the level of a few percent through the unsuppressed term

−L ⊃ gRmW s2β h W
+µW ′−

µ + h.c. . (8)

As we will see below, χ1 typically freezes out with the proper relic abundance at a mass
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q
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χ1Z ′
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∆0 γ

γ

FIG. 1. Production mechanism for the diphoton signal. The grey circle corresponds to a loop of

charged mediators, as discussed in Sec. III B.

of O(1) TeV when mW ′ = 1.9 TeV and m∆0 = 750 GeV. Therefore, it is natural to imagine

that Z ′ possesses a considerable branching fraction into dark sector states at the level of tens of

percent. In light of this insight, we choose to focus on the production of ∆0 through the cascade

pp → Z ′ → χ1 χ2,3 → χ1 χ1 ∆0(→ γγ) , as shown in Fig. 1. This signal possesses activity

beyond the minimal diphoton production in the form of missing energy (MET), and hence the

final state χ1’s and ∆0 should not be significantly boosted. A detailed analysis quantifying the

specific degree to which such extra activity can be present in the diphoton channel is beyond

the scope of this paper. For simplicity, we assume that the extra MET is softened, and therefore

that the mass splittings,

∆M1 ≡ mZ′ − (mχ1 +mχ2) , ∆M2 ≡ mχ2 − (mχ1 + ∆0) , (9)

do not exceed several hundred GeV.

The diphoton rate at a center of mass energy
√
s can be approximated by

Rγγ ≡ σ(pp→ Z ′ → χ1 χ2,3 → χ1 χ1 ∆0(→ γγ))

=
3 ΓZ′

s mZ′
BR(∆0 → γγ) BR(χ2,3 → χ1∆0) BR(Z ′ → χ1 χ2,3)

∑
q

cqq̄ BR(Z ′ → qq̄) , (10)

where cqq̄ are dimensionless partonic integrals involving evaluation of PDFs at a scale mZ′ [6].

We utilize the MSTW2008NLO set of PDFs in evaluating these numerical coefficients [137] and

require that the rate falls within the range Rγγ ∼ 1−10 fb in order to account for the diphoton

signal at
√
s = 13 TeV.
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FIG. 2. Examples of viable parameter space for the Run 2 diphoton and Run 1 diboson signals.

mW ′ , gR, and tanβ are fixed to values consistent with the diboson excess. Regions favorable with

the diphoton excess (Rγγ/BR(∆0 → γγ) ∼ few fb) are highlighted in green. Also shown is parameter

space where the relic abundance of χ1 matches the observed dark matter density (black).

Let us first examine the prospect of this production mechanism while remaining agnostic

regarding the ∆0 decay. Fig. 2 shows the ∆0 production rate, Rγγ/BR(∆0 → γγ) , for various

slices of parameter space, scanning over the bare masses M1 and M23 of Eq. (3). We have

switched to the variables y and tan θ defined through the relations

λ1 ≡ y sin θ , λ2 ≡ y cos θ . (11)
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In the top-left panel of Fig. 2, the values of mW ′ , gR, tan β (and hence mZ′) are fixed within the

ranges preferred by the Run 1 diboson excess, while the other panels relax this constraint and

consider values of gR and tan β slightly outside the preferred range. Also shown in Fig. 2 are

regions of parameter space where the relic abundance of χ1 matches the observed dark matter

density Ωχh
2 ≈ 0.1199± 0.0027 [138]. The full set of leading interactions relevant for annihila-

tions and co-annihilations are built in FeynRules [139] and implemented in micrOMEGAs [140].

Proper freeze-out occurs in the black band shown in Fig. 2, and its behavior is mainly governed

by the proximity of the lightest neutral state, χ1 , to the singly and doubly charged states,

χ±1,2 and χ±± . For sufficiently small mass splittings, annihilations and co-annihilations to SM

gauge/Higgs bosons become strong enough to efficiently deplete the thermal χ1 density.

For each model, we indicate the region optimized for the diphoton signal in green, corre-

sponding to ∆0 production rates Rγγ/BR(∆0 → γγ) & 3 fb. Throughout the parameter space

shown, the mass splittings ∆M1,2 of Eq. (9) vary from . 100 GeV to & 1 TeV, and therefore

may introduce significant missing energy in the diphoton channel. The bottom frames of Fig. 2

illustrate the effect of varying the value of tan θ and y. Larger values of tan θ have the potential

to increase the Z ′ → χ1 χ2,3 branching fraction and hence the overall diphoton rate, but may

shift the thermal relic curve away from regions of small ∆M1,2 that are favorable for suppress-

ing extra activity in the diphoton channel. Alternatively, increasing the value of y strengthens

the overall signal through the enhancement of BR(χ2,3 → ∆0 χ1). The diphoton rate, Rγγ ,

may account for the ATLAS and CMS excess if ∆0 possesses a significant branching fraction

to photon pairs, BR(∆0 → γγ) & 1/3 . Processes relevant for ∆0 → γγ are discussed in the

following section.

Loop-induced decays of ∆0 that are mediated by heavy charged particles with O(1) couplings

naturally result in a diphoton partial width of O(1) MeV. Therefore, a total ∆0 width of roughly

45 GeV (as favored by ATLAS) would significantly dilute the branching fraction to photons.

Additionally, ATLAS’s power to discriminate between a wide and narrow resonance is not

statistically significant, and hence, we do not consider the possibility of Γ∆0 ∼ 45 GeV further.

If a large diphoton branching fraction of ∆0 can be induced, then a consistent explanation

of the diphoton and diboson excesses, as well as a standard WIMP cosmology, occurs in the
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region of parameter space where the thermal relic band is overlayed on the green region favored

by the diphoton signal. We will see in the following section that this can easily occur since

loops of dark sector charged states tend to dominate the ∆0 decay.

Direct detection searches for WIMP dark matter have negligible impact on the models

shown. At leading order, WIMP-nucleon scattering proceeds through the tree-level exchange of

a Z ′, which leads to a spin-dependent nucleon scattering rate that is well below the irreducible

neutrino background [141] ,

σSD ≈
(gZ′

0.1

)2
(

3 TeV

mZ′

)4 (
6× 10−45

)
cm2 , (12)

where gZ′ is the effective Z ′ − χ1 coupling.

B. Decay

Under the assumption that mixing with the SM Higgs, h , is negligible, ∆0 does not couple to

the SM fermions at tree-level. Similarly, we will also assume that any trilinear scalar couplings

involving both ∆0 and h are subdominant. Fixing m∆0 ≈ 750 GeV and mχ1 > 375 GeV then

implies that at tree-level ∆0 only decays to W+W− pairs, which is suppressed by mW/mW ′ .

The leading form of this interaction is

L ⊃
√

2 g3
Rs

2
2β

g2
L

m4
W

m3
W ′

∆0 W+µW−
µ , (13)

and gives rise to the partial width

Γ(∆0 → W+W−) =
g6
Rs

4
2β

8πg4
L

m4
Wm

3
∆0

m6
W ′

√
1− 4

m2
W

m2
∆0

(
1− 4

m2
W

m2
∆0

+ 12
m4
W

m4
∆0

)
. (14)

We will now consider the radiative decay channels of ∆0. The Yukawas λ1,2 of Eq. (3) allow

for interactions between ∆0 and the neutral and charged states, χ1,2,3 and χ±1,2 , of Sec. II.

Hence, χi and χ±i can mediate loop-induced decays to SM gauge bosons. At leading order,

the dominant channels are ∆0 → γγ, Zγ, and ZZ through loops of the singly charged states

χ±1,2 . Loops of W , W ′, and Z ′ bosons may also contribute to the width of ∆0 but are mass
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FIG. 3. The branching fraction of ∆0 → γγ for the set of parameters corresponding to the bottom-

right panel of Fig. 2. For M23 . 400 GeV, tree-level decays of ∆0 to dark matter dominate the width.

This demonstrates that these models are able to account for the Run 2 diphoton signal for M23 & 400

GeV, across the green regions in Fig. 2.

suppressed and subdominant for O(1) values of λ1,2 . For completeness, we give the expression

for the diphoton partial decay width [142],

Γ(∆0 → γγ) =
α2 m3

∆0

256π3

∣∣∣ ∑
i=1,2

λ(i+)

m±i
A1/2(τi)

∣∣∣ 2

, (15)

where m±i is the mass of χ±i , τi ≡ m2
∆0/4(m±i )2 ,

A1/2(τi) ≡ 2
[
τi + (τi − 1) arcsin2√τi

]
τ−2
i , (16)

and the ∆0 − χ±i couplings are given by

λ(i+) =
1

2
(−λ1 U2iV1i + λ2 U1iV2i) . (17)

Γ(∆0 → Zγ) and Γ(∆0 → ZZ) take a similar form, aside from minor kinematic factors.

Results for BR(∆0 → γγ) are shown in Fig. 3 for the choice of parameters corresponding to

the bottom-right panel of Fig. 2. For M23 & 400 GeV, mχ1 & m∆0/2 , and the suppression of

tree-level contributions to Γ∆0 allows for a significant branching fraction to γγ . This would not
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be possible if Γ∆0 ∼ 45 GeV was enforced. The results are similar for the models corresponding

to the other panels of Fig. 2. Therefore, taken together, Figs. 2 and 3 demonstrate that there

are large regions of parameter space for which Rγγ falls in the required range (1−10 fb) for the

diphoton signal, while simultaneously accounting for the Run 1 diboson excess and a standard

thermal WIMP. Rescaled 8 TeV limits for resonance searches in the Zγ final state restrict rates

RZγ . O(10) fb at
√
s = 13 TeV [143]. For our model, Γ(∆0 → Zγ)/Γ(∆0 → γγ) ∼ 0.6, and

hence there is no tension with these searches.

IV. CONCLUSIONS

Within the framework of a left-right symmetric model, we have presented a UV-complete

mechanism to generate both the Run 2 diphoton and Run 1 diboson excesses, while simul-

taneously allowing for the standard thermal freeze-out of WIMP dark matter. The produc-

tion and decay of a W ′ boson of mass ∼ 1.8 − 2 TeV can account for the excesses ob-

served in Run 1 data through the processes pp → W ′ → jj , WZ , Wh . The diphoton

signal is facilitated by the resonant production and decay of a 3 − 4 TeV Z ′ boson through

pp→ Z ′ → χ1 χ2 → χ1 χ1 ∆0(→ γγ) , where ∆0 is the neutral component of the right-handed

Higgs triplet and has a mass of 750 GeV. χ1,2 are the lightest and next-to-lightest neutral com-

ponents of the dark matter multiplets, and interestingly, the charged components of the same

multiplets aid in the radiative decay of ∆0 to SM gauge bosons, providing a large branching

fraction to pairs of photons.

In several regions of parameter space, the diphoton signal can be produced at the rate of a

few fb in this class of models, sufficient for generating the 750 GeV excess observed in the first

data set of Run 2. This rate could be significantly enhanced if one abandons this model as an

explanation for the Run 1 diboson signal by lowering both the masses of the W ′ and Z ′.
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