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Recently, the ATLAS and CMS collaborations have pointed out the possible existence of

a new resonance with a mass around 750GeV. We investigate the possibility to identify this

new resonance with a spin zero field responsible for the breaking of a new gauge symmetry.

We focus on a simple theory where the baryon number is a local symmetry spontaneously

broken at the low scale. In this context new vector-like quarks are needed to cancel all

baryonic anomalies and define the production mechanism and decays of the new Higgs at

the LHC. Assuming the existence of the new Higgs with a mass of 750GeV at the LHC we

find an upper bound on the symmetry breaking scale. Therefore, one expects that a new

force associated with baryon number could be discovered at the LHC.
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I. INTRODUCTION

The Large Hadron Collider (LHC) could soon find signatures of new physics and the Standard

Model (SM) will be part of the past of particle physics. Recently, both the ATLAS and CMS

collaborations have pointed out the possible existence of a new resonance due to an excess in the

di-photon channel [1–4]. With 3.2 fb−1 of data at
√
s = 13TeV, the ATLAS collaboration claims

an excess in the di-photon channel around a di-photon invariant mass of Mγγ ≈ 750GeV with

a local significance of 3.9σ (2.0σ including the look-elsewhere effect) [3]. The CMS collaboration

also reports an excess with a local statistical significance of 3.4σ (1.6σ including the look-elsewhere

effect) in the same invariant mass region [4]. From the conservative point of view it may be too

early to speculate about the existence of a new particle in nature. Nevertheless, it is interesting

to know whether this excess can be explained in a well-known extension of the Standard Model or

new classes of theories for physics beyond the Standard Model have to be build.

One of the simplest toy models proposed in the literature corresponds to the case of a new SM

singlet scalar field S and vector-like pairs of fermions FL and FR with electric charge in a non-trivial

representation of QCD. The relevant Lagrangian of this model is given by

− L ⊃ mFFLFR + λFSFLFR + h.c., (1)

where mF is the vector-like mass and λF is the Yukawa coupling between the new Higgs and the

vector-like fermions. Since the new fermions live in a non-trivial representation of QCD, one can

have the single production of S through gluon fusion, and the decay of into two photons is possible

because the new fermions carry electric charge. This toy model has been studied by several groups,

see Refs. [5–26].

The above toy model is very naive and one should look for a UV completion of the Standard

Model where one can understand the need for these vector-like quarks. If one considers a simple

U(1)′ theory one can motivate the existence of vector-like quarks. This type of model has been

studied in Refs. [15, 16] as an attempt to explain the di-photon excess.

In this article we investigate the possibility to explain the di-photon excess in a theory for local

baryon number [27–31], where one needs to introduce vector-like quarks to cancel all baryonic

anomalies [27]. We study the decays of the new Higgs boson that is responsible for symmetry

breaking and show that this Higgs can give rise to the di-photon signatures reported by the ATLAS

and CMS collaborations. Assuming the existence of the di-photon excess with invariant mass around

750GeV, we find an upper bound on the symmetry breaking scale. Therefore, if this excess is real
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and the relevant theory corresponds to the case where baryon number is spontaneously broken, one

should find a new force associated with baryon number at the Large Hadron Collider.

II. A THEORY FOR THE DI-PHOTON EXCESS

One can define a simple theory where baryon number is a local symmetry spontaneously broken

at the low scale [27–31]. In Ref. [28] it was shown that using vector-like quarks one can cancel

all baryonic anomalies. The fermions needed for anomaly cancellation and their quantum numbers

under the new gauge group

SU(3)C ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)B

are given by

ΨL ∼ (3, 2, Y1, B1), ηR ∼ (3, 1, Y2, B1), χR ∼ (3, 1, Y3, B1),

ΨR ∼ (3, 2, Y1, B2), ηL ∼ (3, 1, Y2, B2), χL ∼ (3, 1, Y3, B2). (2)

The hypercharges and baryon numbers of these fields can be fixed by the conditions from anomaly

cancellation as follows. Cancellation of the SU(2)2L ⊗ U(1)B anomaly requires

B1 −B2 = − 1

nf

, (3)

where nf is the number of copies of the vector-like quarks. Using this condition, U(1)B ⊗ U(1)2Y

anomaly cancellation requires

Y 2
2 + Y 2

3 − 2Y 2
1 =

1

2
, (4)

while the cancellation of the U(1)Y ⊗ U(1)2B anomaly for B1 6= −B2 implies

Y2 + Y3 − 2Y1 = 0. (5)

Both conditions on the hypercharges are satisfied if

Y2 = Y1 ∓
1

2
and Y3 = Y1 ±

1

2
. (6)

This relation allows to write the Yukawa couplings for the new quarks with the SM Higgs, which

are relevant for the decays of the heavy new quarks.

The relevant Lagrangian for our discussion is then given by

−L′
Y = h1ΨLH̃ηR + h2ΨLHχR + h3ΨRH̃ηL + h4ΨRHχL

+ λΨΨRΨLSB + ληηLηRSB + λχχLχRSB + h.c., (7)
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where SB ∼ (1, 1, 0, B2 −B1) is the new Higgs breaking the local symmetry and generating masses

for the vector-like quarks. If the baryon numbers Bi 6= 1/3, there is no mixing between the vector-

like quarks and the SM quarks and thus no flavor violation at tree level.

The above conditions on the hypercharges have three solutions if we demand that at least one

hypercharge is equal to a SM quark hypercharge, which we regard as necessary in order for the

lightest new colored field to decay. The three solutions that can be in agreement with cosmology

are

(Y1;Y2;Y3) ∈
{(

1

6
;
2

3
;−1

3

)

,

(

−5

6
;−4

3
;−1

3

)

,

(

7

6
;
5

3
;
2

3

)}

. (8)

The first solution was proposed in Ref. [28]; see also Ref. [29]. In Ref. [28] it was proposed that

the vector-like quarks can decay into the SM quarks and a bosonic field X, which is automatically

stable and a candidate for the cold dark matter in the Universe if it does not acquire a vacuum

expectation value. This condition defines the three different scenarios that we study in detail in

this article.

• Type I Scenario:

In this case the hypercharges for the new vector-like quarks are Y1 = 1/6, Y2 = 2/3 and

Y3 = −1/3, and the relevant Lagrangian reads as

LI ⊃ L′
Y − λ1ΨRQLX − λ2ηLuRX − λ3χLdRX + h.c. (9)

Notice that in this case all the new quarks can decay into a SM quark and X. Therefore,

they can give rise to signatures with two jets and missing energy at the LHC.

• Type II Scenario:

This scenario is defined by the coupling of one of the vector-like quarks to dR. Therefore,

Y1 = −5/6, Y2 = −4/3 and Y3 = −1/3 and the interactions are given by

LII ⊃ L′
Y (H ↔ H̃)− λ3χLdRX + h.c. (10)

• Type III Scenario:

For Y1 = 7/6, Y2 = 5/3 and Y3 = 2/3 the lightest new quark can decay into the uR quark

and dark matter via

L ⊃ L′
Y − λ3χLuRX + h.c. (11)
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In the above equations X ∼ (1, 1, 0, B2 − 1/3) is our dark matter candidate. The scalar potential

will contain all possible terms between the SM Higgs H and the new scalar fields X and SB. Here

we list only the portal terms between the scalar fields:

V ⊃ λHBS
†
BSBH

†H + λHXX†XH†H + λBXS†
BSBX

†X + h.c. (12)

The mass matrix for the up-type vector-like quarks in the basis UL = (Ψu
L ηL) and UR = (Ψu

R ηR)

is given by

MU =
1√
2











λΨvB h3v0

h∗1v0 λ∗
ηv

∗
B











, (13)

while the mass matrix for the down-type vector-like quarks in the basis DL =
(

Ψd
L χL

)

and DR =
(

Ψd
R χR

)

reads as

MD =
1√
2











λΨvB h4v0

h∗2v0 λ∗
χv

∗
B











. (14)

Here we have used SB = 1√
2
(vB + hB) +

i√
2
AB, where vB is the vacuum expectation value and AB

is the Goldstone boson eaten by the leptophobic gauge boson. Neglecting the off-diagonal terms

in the mass matrices above and defining the Dirac four component fields UT
i = (ULi URi) and

DT
i = (DLi DRi), the Lagrangian can be written as

− L ⊃
2
∑

i=1

(

MUi
U iUi +

MUi

vB
hBUiUi +MDi

DiDi +
MDi

vB
hBDiDi

)

, (15)

where

MΨ = MU1 = MD1 = λΨ

vB√
2
, Mη = MU2 = λη

vB√
2
, Mχ = MD2 = λχ

vB√
2
. (16)

Using these results and the Feynman rules in Appendix A, we are ready to study the production

and decays of the Higgs hB responsible for symmetry breaking. For simplicity, we will assume that

all the new quarks have the same mass mQ.

III. A 750 GEV HIGGS AND THE SYMMETRY BREAKING SCALE

A. Decays of hB

If one has the term H†HS†
BSB in the scalar potential, the new physical Higgs hB will decay into

all the SM quarks, the new quarks and the SM gauge bosons at tree level. Then, the branching
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ratio into two photons will be small since the predictions will be similar to the SM Higgs decays.

Therefore, in this article we will assume that this term in the potential is very small. Even if there

is no symmetry protecting this term one can find this term at one-loop level using the interactions

in Eq. (7). However, the hi couplings in Eq. (7) can be very small as well. The mixing term can

then be found at two-loop level where inside the loop one has the top quark and the new gauge

boson, see Ref. [32] for a discussion.

In addition one can have tree level decays to the bosonic dark matter X and unavoidably one-

loop induced decays into the SM gauge bosons will occur. Also, if hB is heavy, one can have decays

into two leptophobic ZB gauge bosons at tree level. In order to understand the possibility to explain

the di-photon excess we will assume that the mixing to the SM Higgs is suppressed and the new

quarks and gauge boson are heavy in order to avoid any tree-level decays of the physical Higgs hB .

In Fig. 1 we show the branching ratios for hB as a function of the vector-like quark mass mQ

that is assumed to be the same for all vector-like quarks. Notice that in the Type I and Type II

scenarios the branching ratio into two photons is always smaller than the branching ratio into two

W bosons. In the Type III scenario BR(hB → γγ) > BR(hB → WW ) due to the fact that the

electric charge of the vector-like quarks inside the loop is large. As we will see in the next section,

in the Type III scenario one can easily explain the di-photon excess in agreement with all bounds.

B. Production Mechanism at the LHC

The new Higgs hB that is responsible for symmetry breaking can be produced through gluon

fusion due to its coupling to the new vector-like quarks. The gluon fusion production cross section

can be written as

σγγ ≡ σ(pp → hB)× BR(hB → γγ) =
Cgg

MhB
ΓhB

s
Γ(hB → gg)Γ(hB → γγ), (17)

where ΓhB
is the total decay width of hB , s is the square of the center-of-mass energy and Cgg is

the gluonic PDF contribution. Using MSTW2008 PDFs at NLO [33], Cgg = 2137 for
√
s = 13TeV

and MhB
= 750GeV. Working in the most optimistic scenario where the decay is dominated by

the decay into two gluons, one finds

σ(pp → hB)× BR(hB → γγ) ≈ 6.6× 103 Γ(hB → γγ)
fb

GeV
. (18)

This implies that independent of the model, the requirement for the photon decay width needs to

be Γ(hB → γγ) & 0.5 × 10−3 GeV since the favored cross section value is σγγ = 6 ± 3 fb for CMS



7

B
R
(h

B
)
fo
r
M

h
B
=

75
0
G
eV

mQ [GeV]

Type I

hB → gg
hB → W+W−

hB → ZZ
hB → γγ
hB → Zγ
hB → QQ̄

10−4

10−3

10−2

10−1

100

100 200 300 400 500 600

B
R
(h

B
)
fo
r
M

h
B
=

75
0
G
eV

mQ [GeV]

Type II

hB → gg
hB → W+W−

hB → ZZ
hB → γγ
hB → Zγ
hB → QQ̄

10−4

10−3

10−2

10−1

100

100 200 300 400 500 600

B
R
(h

B
)
fo
r
M

h
B
=

75
0
G
eV

mQ [GeV]

Type III

hB → gg
hB → W+W−

hB → ZZ
hB → γγ
hB → Zγ
hB → QQ̄

10−4

10−3

10−2

10−1

100

100 200 300 400 500 600

Figure 1. Branching ratios of hB as a function of the common vector-like quark mass mQ for the Type I, II

and II scenarios assuming that MhB
= 750GeV.

and σγγ = 10± 3 fb for ATLAS. Now, in the limit of the mass of the new vector-like fermions being

larger than MhB
, one can write the decay width to two photons as

Γ(hB → γγ) =
9α2n2

f Q
4M3

hB

144π3 v2B
, (19)

where Q is the electric charge of a given vector-like quark inside the loop.

Using the lower bound on the decay width, naively Γ(hB → γγ) & 0.5 × 10−3, one can set an

upper bound on the symmetry breaking scale using the above expression. This is a striking result

which allows us to understand the testability of this model as a theory for the 750 GeV resonance.

With an upper bound on the symmetry scale one can also find perturbative upper bounds on
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the gauge boson mass and the masses of the vector-like fermions. These are given by

MZB
≤ 2

√
πvmax

B /nf , and MΨ,Mη,Mχ ≤
√
2πvmax

B . (20)

If the upper bound on the symmetry scale is not very large there is a hope to find a new force

associated with baryon number and the new vector-like quarks needed for anomaly cancellation.

In the next section we perform a detailed numerical analysis to investigate accurately the values

of the symmetry breaking scale and apply all relevant experimental constraints on the model. We

would like to comment that if we make the same study in a model where the SM leptons feel the

new Abelian symmetry, one can show that it is not possible to explain the di-photon excess in

agreement with the experimental bounds from the LEP2 experiment.

C. Upper Bound on the Symmetry Breaking Scale

In this section we show the possibility to find an upper bound on the symmetry breaking scale

if one assumes that hB has a mass around 750GeV and the model explains the di-photon excess

reported by ATLAS and CMS. In Table I we list the relevant experimental constraints from the

8 TeV LHC data to understand if our results are in agreement with the previous experimental

constraints.

In Fig. 2, we show the predictions for the cross section σ(pp → γγ) versus the symmetry breaking

scale vB in the Type I scenario. As one can see the allowed solutions are outside the range preferred

by the ATLAS collaboration. Now, if we are conservative and use the allowed values by the CMS

Table I. LHC
√
s = 8TeV constraints as compiled in Ref. [5].

Observable upper limit @
√
s = 8TeV

σ(pp → γγ) < 1.5 fb

σ(pp → Zγ) < 11 fb

σ(pp → ZZ) < 12 fb

σ(pp → WW ) < 40 fb

σ(pp → jj) < 2500 fb

σ(pp → inv.) < 800 fb
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Figure 2. Predictions for the cross section into two photons as a function of the symmetry breaking scale

vB in the Type I scenario. The red points are excluded by 8TeV data given in Table I. The green (triangle)

points correspond to the case when the vector-like quark masses are equal to half the Higgs mass, while the

blue (square) points show the predictions when the vector-like masses are equal to the perturbative bound

mQ =
√
2πvB. The black dash-dotted horizontal lines show the favored range for ATLAS (σγγ = 10± 3 fb),

while the gray dashed horizontal lines show the preferred range for CMS (σγγ = 6± 3 fb). The Higgs mass

MhB
is varied between 700 and 800GeV. Here we use the MSTW2008NLO PDFs [33], and Package-X for

the one-loop calculations [34].

collaboration the upper bound on the symmetry breaking scale is vmax

B = 600GeV. Then, in the

Type I scenario the perturbative upper bounds are MZB
≤ 2.1TeV and mQ ≤ 1.5TeV.

The predictions for σ(pp → γγ) vs. vB for the Type II scenario are shown in Fig. 3. In this

case one can find solutions for the cross sections which are in the overlap region for ATLAS and

CMS results. Therefore, in this scenario one could have an explanation for the di-photon excess in

agreement with the CMS and ATLAS. In this case the upper bound on the symmetry breaking scale

is vmax

B = 1.8TeV, which gives us the perturbative bounds MZB
≤ 6.4TeV and mQ ≤ 4.5TeV.

In Fig. 4 we show the same results but for the Type III scenario. Notice that in this case the

electric charge of the vector-like quarks inside the loop is larger and one can have a larger decay

width for the decay into two photons. In this case the upper bounds are larger and are given by

vmax

B = 3TeV, MZB
≤ 10.6TeV and mQ ≤ 7.5TeV.
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Figure 3. The predictions for the Type II scenario. The input parameters are the same as in Fig. 2.
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Figure 4. The predictions for the Type III scenario. The input parameters are the same as in Fig. 2.
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Figure 5. Limits on the mass and coupling of the leptophobic gauge boson. (a) Limits from dijet searches [35–

39]. (b) Limits from tt̄ searches [40–43].

We have shown the possibility to find an upper bound on the symmetry breaking scale and a

perturbative upper bound on the leptophobic gauge boson mass. Now, let us understand if these

results are in agreement with the searches for new gauge bosons. In Fig. 5 we show the experimental

bounds in the gauge coupling gB and mass MZB
plane from (a) dijet searches and (b) tt̄ searches. In

Fig. 6 we show the combined limit on the gauge coupling from both dijet and tt̄ searches, together

with the regions that can explain the di-photon excess at the LHC for the three scenarios discussed

before. As one can see the Type I scenario is ruled out by these experimental constraints. The Type

II scenario is highly constrained but there are some small regions of the parameter space where

one can satisfy the experimental bounds. The Type III scenario is also constrained but the regions

which are close to the upper bound on the symmetry breaking scale are allowed by the experiments.

Therefore, the Type II and Type III scenarios do provide a possible explanation for the di-photon

excess in agreement with all experimental constraints.

The different scenarios are experimentally well distinguishable, as the decay rates of the new

Higgs boson to other electro-weak gauge bosons and gluons have a different strength. So comparing

event rates in the other decay channels with respect to the di-photon event rate provides a powerful

testing tool. We give the relative signal strength in Table II. It turns out that the most promising

signal to distinguish the two viable scenarios II and III is the measurement of the relative strength

of the Zγ decay channel, which in the Type II scenario is large enough to search for the channel
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Figure 6. Combined upper limit from dijet and tt̄ searches on the gauge coupling gB and regions that are

in agreement with the di-photon excess in the three scenarios discussed in the text: Type I (green dotted),

Type II (blue dashed) and Type III (red dash-dotted).

with two leptons and a photon in the final state.

IV. SUMMARY

In this paper we have investigated the possibility to explain the di-photon excess reported by

the CMS and ATLAS collaborations in the context of a simple gauge theory. We have identified

the new resonance with a spin zero field which is responsible for the breaking of a new Abelian

Table II. Relative signal strength in the different scenarios.

Scenario ΓW+W−/Γγγ ΓZZ/Γγγ ΓZγ/Γγγ Γgg/Γγγ

I 25.4 2.3 0.5 385.5

II 2.2 1.6 1.4 33.3

III 0.8 0.2 0.2 11.5
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gauge symmetry. In this context new vector-like quarks are needed for an anomaly-free theory and

they define the production mechanism and decays of the new Higgs boson. We have focused on a

simple theory where the local symmetry is baryon number.

We have shown that if the physical Higgs hB , the field responsible for symmetry breaking, is

also responsible for the di-photon excess coming from the 750GeV resonance, one can find an

upper bound on the symmetry breaking scale. Since the masses of the new gauge boson and the

vector-like quarks are proportional to the same symmetry breaking scale, one can find perturbative

upper bounds on their masses. We have investigated three simple scenarios in agreement with

cosmology. The Type II and Type III scenarios can provide an explanation for the di-photon excess

in agreement with the experiments. Since we find an upper bound on the symmetry breaking scale,

one can hope to discover a new force associated with the local baryon number at the LHC if this

theory is relevant for the di-photon excess.

ACKNOWLEDGMENTS

P.F.P. thanks M. B. Wise for discussions. M.D. is supported by the German Science Foundation

(DFG) under the Collaborative Research Center (SFB) 676 Particles, Strings and the Early Universe

as well as the ERC Starting Grant ‘NewAve’ (638528).

Appendix A: Feynman Rules

U1U1Z : − ie

sin 2θW

(

1− 2Qu sin
2 θW

)

γµ, (A1)

U2U2Z : iQu e tan θW γµ, (A2)

D1D1Z :
ie

sin 2θW

(

1 + 2Qd sin
2 θW

)

γµ, (A3)

D2D2Z : iQd e tan θW γµ, (A4)

UiUiA : −Qu ie γ
µ, (A5)

DiDiA : −Qd ieγ
µ, (A6)

UiUihB : i
MUi

vB
, (A7)

DiDihB : i
MDi

vB
. (A8)



14

Appendix B: Decay Widths

The partial decay widths of the new Higgs hB are given as follows. In the formulas in this

appendix we use mf and Qf for the masses and the charges for the vector-like quarks running in

the loops.

• The decay width into two photons is given by

Γ(hB → γγ) =
α2

64π3

∣

∣

∣

∣

∣

∣

∣

∑

f NcQ
2
fm

2
f






4M2

hB
−
(

M2
hB

− 4m2
f

)

log2







√

1−4
m2

f

M2
hB

−1

√

1−4
m2

f

M2
hB

+1













∣

∣

∣

∣

∣

∣

∣

2

M5
hB

v2B
. (B1)

Here Nc = 3 is the color factor. For MhB
< 2mf , this expression can be simplified to

Γ(hB → γγ) =
α2

4π3

∣

∣

∣

∑

f NcQ
2
fm

2
f

[

M2
hB

+
(

M2
hB

− 4m2
f

)

arcsin2
(

MhB

2mf

)]∣

∣

∣

2

M5
hB

v2B
. (B2)

In the limit ǫ = MhB
/mf ≪ 1 one finds a very simple expression which tells us that there is

no decoupling:

Γ(hB → γγ) =
α2M3

hB

(

∑

f NcQ
2
f

)2

144π3v2B
. (B3)

• The decay width into two gluons is given by

Γ(hB → g g) =
α2
s

32π3

∣

∣

∣

∣

∣

∣

∣

∑

f m
2
f






4M2

hB
−
(

M2
hB

− 4m2
f

)

log2







√

1−4
m2

f

M2
hB

−1

√

1−4
m2

f

M2
hB

+1













∣

∣

∣

∣

∣

∣

∣

2

M5
hB

v2B
. (B4)

For MhB
< 2mf this expression can be simplified to

Γ(hB → g g) =
α2
s

2π3

∣

∣

∣

∑

f m
2
f

[

M2
hB

+
(

M2
hB

− 4m2
f

)

arcsin2
(

MhB

2mf

)]∣

∣

∣

2

M5
hB

v2B
. (B5)

In leading order in ǫ this decay width reads for one fermion as

Γ(hB → g g) =
α2
sM

3
hB

72π3v2B
. (B6)

• The decay width into W+W− is given by

Γ(hB → W+W−) = g4WΓV (mW ) , (B7)

where gW = 1/
√
2 is the coupling of the new vector-like quarks to the W boson.



15

• The decay width into ZZ is given by

Γ(hB → Z Z) =
g4Z
2 c4w

ΓV (mZ) , (B8)

where gZ is the coupling of the new vector-like quarks to the Z boson.

• The general decay width to a vector boson used in the expressions above is (for one fermion)

given by

ΓV (mV ) =
α2N2

cm
4
f

64π3m4
V MhB

v2Bs
4
w

(

M2
hB

− 4m2
V

)2

√

1− 4m2
V

M2
hB

×
[

|A|2 +
(

2m2
V −M2

hB

)

(AB∗ +A∗B) + |B|2
(

M4
hB

− 4M2
hB

m2
V + 12m4

V

)

]

, (B9)

where the coefficients are given by

A = 2
[

M4
hB

− 6M2
hB

m2
V + 8m4

V + 2m2
V (M

2
hB

+ 2m2
V )
(

Λ(M2
hB

,mf ,mf )− Λ(m2
V ,mf ,mf )

)]

+ (M2
hB

− 2m2
V )
[

−M4
hB

+ 6M2
hB

m2
V + 4m4

V + 4m2
f (M

2
hB

− 4m2
V )
]

× C0(M
2
hB

,m2
V ,m

2
V ;mf ,mf ,mf ), (B10)

B = 2
[

M2
hB

− 4m2
V + 2m2

V

(

Λ(M2
hB

,mf ,mf )− Λ(m2
V ,mf ,mf )

)]

−
[

M4
hB

− 6M2
hB

m2
V + 4m4

V − 4m2
f (M

2
hB

− 4m2
V )
]

C0(M
2
hB

,m2
V ,m

2
V ;mf ,mf ,mf ).

(B11)

The loop function Λ is given by

Λ(s,m,m) =

√

1− 4m2

s
ln









2m2

2m2 −
(

1 +
√

1− 4m2

s

)

s









, (B12)

and C0 is the scalar Passarino–Veltman three-point function.

• The leading order contribution in the parameter ǫ of the doublets to the decay to the W

bosons is

Γ(hB → W+W−) =
α2N2

c

72π3v2BMhB
s4w

(

M4
hB

− 4m2
WM2

hB
+ 6m4

W

)

√

1− 4m2
W

M2
hB

. (B13)

• The contribution of the full new quark spectrum expanded to zeroth order in ǫ to the decay

to Z bosons is

Γ(hB → Z Z) =

α2N2
c

√

1− 4m2
Z

M2
hB

576π3MhB
s4wv

2
Bc

4
w

×
(

M4
hB

− 4M2
hB

m2
Z + 6m4

Z

) [

1 + 2 (Qd −Qu) s
2
w + 4

(

Q2
d +Q2

u

)

s4w
]2

. (B14)
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• The contribution of one new vector-like quark to the decay into Z and γ is given by

Γ(hB → Z γ) =
α2m4

fQ
2
fg

2
ZN

2
c |C|2

32π3 v2Bc
2
ws

2
wMhB

(m2
Z −M2

hB
)2

√

1− m2
Z

M2
hB

, (B15)

with

C = 4m2
Z

[

Λ(m2
Z ;m

2
f ,m

2
f )− Λ(M2

hB
;m2

f ,m
2
f )
]

+
(

4m2
f +m2

Z −M2
hB

)

×









log2









√

1− 4
m2

f

m2
Z

− 1
√

1− 4
m2

f

m2
Z

+ 1









− log2









√

1− 4
m2

f

M2
hB

− 1

√

1− 4
m2

f

M2
hB

+ 1

















+ 4
(

m2
Z −M2

hB

)

. (B16)

The leading order term in ǫ from the full particle content is given by

Γ(hB → Z γ) =

α2N2
c

√

1− m2
Z

M2
hB

(

m2
Z −M2

hB

)2 [

4
(

Q2
d +Q2

u

)

s2w +Qd −Qu

]2

288c2ws
2
wv

2
Bπ

3MhB

. (B17)

• The invisible decay width is given by

Γ(hB → X X) =
λ2
BXv2B

8πMhB

√

1− 4
m2

X

M2
hB

. (B18)

• The decay width into two new quarks is given by

Γ(hB → f̄ f) =
Nc

8π

m2
f

v2B
MhB

(

1− 4
m2

f

M2
hB

)
3
2

. (B19)
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