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CH-1211 Genève 23, Switzerland
bDepartment of Physics, Korea Advanced Institute of Science and Technology,

335 Gwahak-ro, Yuseong-gu, Daejeon 305-701, Korea

E-mail: minho.son@kaist.ac.kr, alfredo.leonardo.urbano@cern.ch

Abstract: We interpret the recently observed excess in the diphoton invariant mass as a

new spin-0 resonant particle. On theoretical grounds, an interesting question is whether this

new scalar resonance belongs to a strongly coupled sector or a well-defined weakly coupled

theory. A possible UV-completion that has been widely considered in literature is based on

the existence of new vector-like fermions whose loop contributions — Yukawa-coupled to

the new resonance — explain the observed signal rate. The large total width preliminarily

suggested by data seems to favor a large Yukawa coupling, at the border of a healthy

perturbative definition. This potential problem can be fixed by introducing multiple vector-

like fermions or large electric charges, bringing back the theory to a weakly coupled regime.

However, this solution risks to be only a low-energy mirage: large multiplicity or electric

charge can dangerously reintroduce the strong regime by modifying the renormalization

group running of the dimensionless couplings. This issue is also tightly related to the

(in)stability of the scalar potential. First, we study — in the theoretical setup described

above — the parametric behavior of the diphoton signal rate, total width, and one-loop

β functions. Then, we numerically solve the renormalization group equations, taking into

account the observed diphoton signal rate and total width, to investigate the fate of the

weakly coupled theory. We find that — with the only exception of few fine-tuned directions

— weakly coupled interpretations of the excess are brought back to a strongly coupled

regime if the running is taken into account.
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1 Introduction

Both ATLAS and CMS announced an excess in the diphoton invariant mass distributions,

using Run II data at
√
s = 13 TeV [1, 2]. ATLAS analyzed 3.2 fb−1 of data and reports

the local significance of 3.9σ for an excess peaked at 750 GeV whereas CMS, using 2.6 fb−1

of data, reports a local significance of 2.6σ for an excess peaked at 760 GeV. The global

significance is reduced to 2.3σ and 1.2σ for ATLAS and CMS respectively.

The observed excess is still compatible with a statistical fluctuation of the background,

and only future analysis will eventually reveal the truth about its origin. In the meantime,

it is possible to interpret the excess as the imprint of the diphoton decay of a new spin-0

resonance (see [3–85] for similar or other possible interpretations). In this simple setup,

the observed signal events are translated into a diphoton signal rate with central values at

6 and 10 fb for the CMS and ATLAS analyses [1, 2], respectively.
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The postulated new scalar resonance is very likely part of some unknown dynamics,

related or not to the electroweak symmetry breaking. First and foremost, a crucial point

is to understand whether this new dynamics is weakly or strongly coupled. In either case,

it will lead us to an exciting era beyond the Standard Model (SM). In the context of a

weakly-coupled theory, a simple extension of the SM compatible with the excess considers

the presence — in addition to the aforementioned scalar particle — of new vector-like

fermions interacting with the scalar resonance via a Yukawa-like interaction. The new

fermions mediate production of the new resonance via gluon fusion, and its subsequent

diphoton decay.

The size of the new Yukawa coupling that successfully accounts for the signal rate in

this framework is strongly correlated to the assumption on the total width. For instance,

when assuming that the gluon PDF is mainly responsible for the production of the scalar

resonance, the typical size of the total width from decay channels to gluons and photons is

too small to explain the large total width, Γ/M ∼ 6% in ATLAS [1] (which corresponds to

∼ 45 GeV). It is very unlikely that the above simple extension can produce a total width

of order O(1 GeV) without invoking a large Yukawa coupling, large electric charge or large

number of vector-like fermions.

A couple of interesting questions naturally arise. The presence of a new scalar particle,

interacting with new vector-like fermions with large Yukawa couplings and electric charges

may introduce dangerous problems since the dimensionless parameters describing the new

particles and their interactions are tightly connected by the Renormalization Group Equa-

tions (RGEs). By following the running from a low energy to a higher scale, the theory can

develop several pathological behaviors, for instance violating perturbativity or generating

unstable directions in the scalar potential.

The goal of this work is to survey the compatibility of simple models based on the

presence of new vector-like fermions with i) the assumptions of a weakly coupled theory

and ii) the fit of the observed diphoton excess. To this end, we first study the parametric

behavior of the diphoton signal rate, total width, and one-loop β functions for all the

relevant couplings. In full generality, we allow for a mixing between the scalar resonance

and the SM Higgs. We numerically solve the RGEs, taking into account the observed

diphoton signal rate and total width, to investigate the fate of the weakly coupled theory.

In section 2 we discuss the general properties of the diphoton excess in the context of

the new spin-0 resonance. In section 3, we study the parametric behavior of the diphoton

signal rate and total width in a simple extension with new vector-like fermions. We show

the parameter space compatible with the observed excess. In section 4, we take the SM

Higgs into account, and discuss the phenomenological implication. We briefly discuss

the issue of the (in)stability of the scalar potential. In section 5 we provide one-loop

β functions, including that of the new Yukawa coupling, and matching conditions. We

discuss the parametric behavior qualitatively in terms of a large Yukawa coupling, a large

electric charge, and a large number of vector-like fermions. We numerically solve the

RGEs in several benchmark models, and discuss their features. Finally, we conclude in

section 6.
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2 Diphoton excess and new spin-0 resonance

The cross section of diphoton production via s-channel exchange of a spin-0 resonance with

mass M and total width Γ, assuming narrow width, is

σ(pp→ S → γγ) =
1

MΓs

[
CggΓ(S → gg) +

∑
q

Cqq̄Γ(S → qq̄)

]
Γ(S → γγ) . (2.1)

In what follows, we use the short-hand notation Γ(S → γγ) = Γγγ , Γ(S → gg) = Γgg. If

the main production process is due to gluon fusion (see [7, 10] for related discussion), the

cross section in eq. (2.1) reduces to

σ(pp→ S → γγ) ≈ M

Γ

1

s
Cgg

Γgg
M

Γγγ
M

. (2.2)

This assumption is favored by data, but it remains interesting to consider other production

processes as well.1 Cgg, Cqq̄ in eq. (2.1), (2.2) are luminosity functions, and for gluon fusion

we have

Cgg =
π2

8

∫ 1

M2/s

dx

x
g(x)g(M2/sx) = 2137 (174) at

√
s = 13 (8) TeV, (2.3)

where g(x) is the gluon parton distribution function and the values are estimated using

MSTW2008NLO for M = 750 GeV. The observed signal rate, ∼ 8 fb, implies

Γgg
M

Γγγ
M
≈ 1.6× 10−6 Γ

M
. (2.4)

An additional piece of information that plays an important role in shaping any New Physics

interpretation is the total width Γ. Recent ATLAS data from the run at
√
s = 13 TeV [1]

indicates a total width of Γ/M ∼ 0.06.

Production of the spin-0 resonance and its decay to diphoton can be studied in a

model-independent way via the following effective Lagrangian,

e2

16π2

csγγ
M

SFµνF
µν +

g2
s

16π2

csgg
M

SGaµνG
aµν , (2.5)

where loop suppression factors account for possible loop-induced origins of the effective

operators. We assume that the scalar resonance is CP-even, and we expect that our finding

also applies to the CP-odd case. Model-independent constraints on the effective couplings

csγγ and csgg in eq. (2.5) appeared in the recent literature [7, 10, 11]. In the next sections,

we will rephrase these constraints in the context of a simple UV-complete model.

3 On the role of vector-like fermions

A simple way to generate the dimension-5 operators in eq. (2.5) is to introduce new colored

vector-like fermions with electric charge. For instance, the new singlet S may be coupled via

a Yukawa-like interaction to a vector-like fermion X described by the following Lagrangian

LX = X(i /D −mX)X − yXSXX . (3.1)

1It will change the parametric dependence of the signal rates of the relevant channels and total width

in terms on the involved parameters.
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The dimension-5 operators in eq. (2.5) are loop-generated by exchanging X. We focus on

the case in which X transforms like (1, 3)QX under (SU(2)L, SU(3)C)U(1)Y . The partial

decay widths in this simple toy model are given by

Γγγ =
α2

16(4π)3
c2
sγγM ,

Γgg =
α2
s

2(4π)3
c2
sggM .

(3.2)

The coefficients, csγγ , csgg of the effective operators in eq. (2.5) are

csγγ = 6Q2
X

[
yX2
√
τA1/2(τ)

]
= 6Q2

Xcsgg , (3.3)

where the loop function A1/2(τ) (with τ = M2/(4m2
X)) can be found in [86]. Assuming

Γ = Γgg + Γγγ in eq. (2.2), the cross section has the following parametric dependence,

σ(pp→ S → γγ) ≈ 9

4

Cgg
s

c2
0(τ)

(4π)5
g4
se

4 y2
XQ

4
X

g4
s + (9/2) e4Q4

X

, (3.4)

where c0(τ) = 2
√
τA1/2(τ) and c0(τ) converges to (4/3)(M/mX) in the limit τ � 1. On

the other hand, if the total decay width is set to a constant value Γ = Γ0,2 (for instance,

∼ 45 GeV as was indicated by ATLAS data [1]) then the cross section scales like

σ(pp→ S → γγ) ≈ 9

8

Cgg
s

M

Γ0

c4
0(τ)

(4π)10
g4
se

4y4
XQ

4
X . (3.5)

The sum of two partial decay widths from the decay channels to gluons and photons is

given by

Γgg + Γγγ =
M

2(4π)5
c2

0(τ)y2
X

[
g4
s +

9

2
e4Q4

X

]
. (3.6)

In the presence of multiple vector-like fermions, the loop function is rescaled by this mul-

tiplicity, denoted by NX . This will introduce NX dependence3 in the diphoton signal rate

as well as in the partial decay widths from the decay channels to gluons and photons.

Other important factors that can affect a New Physics interpretation are the k-factor in

the gluon PDF, denoted by kgg, and the rescaling factor of the overall observed signal rate

in diphoton excess.4

The cross sections in eq. (3.4), (3.5) and the decay width in eq. (3.6) have different

parametric dependences on yX , QX , and NX as well as on the other couplings. Fitting them

to the measured cross sections and the total width will shape the possible structure of New

2This assumption is suitable for the case that total width dominates over Γgg+Γγγ , and Γ0−(Γgg+Γγγ)

is much less sensitive to the yX , QX (as well as the fermion multiplicity, NX , that we will discuss below)

than those appearing explicitly in the signal rate.
3Here, we are assuming vector-like quarks that carry both colour and the electric charge. As a variant,

one may consider two different types of vector-like fermions: one type with only colour and the other type

with only the electric charge. We will not consider this option in this work.
4Since the diphoton excess suffers from low statistics, we take into account a possibility of a fluctuation

in the observed signal events.
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(Γgg + Γγγ)/45 GeV: QX = 8/3, 5/3
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Figure 1. The isocontours of the ratio of (Γγγ+Γgg) to 45 GeV, assuming a new vector-like fermion

with electric charge 8/3 (black solid) and 5/3 (blue dashed). The shaded regions correspond to the

σ(pp→ S → γγ) = 6–10 fb for the cases with QX = 8/3 (light red) and QX = 5/3 (light blue). The

upper bound of the displayed yX value corresponds to the maximal value of the Yukawa coupling,

4π/
√
NC (NC = 3).

Physics. Interestingly, the current total decay width indicated by ATLAS, Γ/M ∼ 0.06

(which translates into Γ ∼ 45 GeV for 750 GeV resonance), appears very difficult to be

explained by Γgg + Γγγ alone, as shown in figure 1, while keeping the Yukawa couplings

within a perturbative regime: the bigger the ratio (Γgg + Γγγ)/(45 GeV), the stronger the

involved Yukawa coupling. Since Γgg + Γγγ scales like (NXyX)2(g2
s + 9/2 e4Q4

X), a very

large multiplicity, NX , (or/and an unrealistically large electric charge, QX) is necessary to

explain a bigger fraction of the total width by means of Γgg and Γγγ while staying in a

weakly coupled region.

A similar conclusion can be drawn by considering the signal rate in the (yX , mX)

parameter space. The situation is illustrated in figure 2. If Γ = Γgg + Γγγ (left panel of

figure 2), the claimed signal rate can be obtained with small Yukawa couplings, namely

yX . 1, only assuming large electric charges. The total width, normalized to 45 GeV,

in that region is much smaller than 10−3 according to figure 1. Forcing the total width

Γgg + Γγγ towards the indicated value ∼ 45 GeV requires strong Yukawa couplings even for

very large electric charges. The middle and right panels of figure 2 illustrate the situation

for two cases with Γ = Γ0 = 1 (45) GeV which correspond to Γ/M for a 750 GeV resonance

of 0.13% (6%). In these instances, according to eq. (3.5), the diphoton signal rate scales like

∼ (NXQXyX)4, (3.7)

when multiple vector-like fermions with nearly degenerate masses exist. Näıvely, it is

possible to play with NX and QX
5 to bring large Yukawa couplings back to a weakly

5This is different w.r.t. the scaling ∼ (NXQ
2
XyX)2/(g4

s + 9/2 e4Q4
X) in eq. (3.4) where increasing QX

will have no effect when QX becomes large enough for Γγγ to dominate over Γgg.
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Assuming Γ = Γgg + Γγγ : NX = 1 Assuming Γ = 1 GeV: NX = 1 Assuming Γ = 45 GeV: NX = 1
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Figure 2. Regions that conrrespond to σ(pp→ S → γγ) = 6–10 fb with three different assumptions

on the total decay width: Γ = Γgg + Γγγ (left), Γ = 1 GeV (middle) and Γ = 45 GeV (right). The

dashed lines corresponds to 8 fb. 1 (45) GeV corresponds to 0.13% (6%) total decay width of

750 GeV resonance.

coupled regime. For instance, consider a strongly coupled model with (yX , mX , QX) ∼
(5, 900 GeV, 5/3) in the middle panel of figure 2 assuming Γ = 1 GeV. The Yukawa cou-

pling can be brought back to the weakly coupled region, yX . 1, when a large multiplicity,

as big as NX & 5, is available for the same electric charge. The related situation is illus-

trated in the upper middle panel of figure 3. One may consider a large electric charge as

big as QX & 25/3 as well, while keeping NX = 1, to achieve yX . 1. Another possibility

is to change both NX and QX such as NX & 3 and QX & 8/3.

However, a large NX or QX can potentially send the theory back to a strongly coupled

regime via the rapid running of the couplings or cause an instability of the scalar potential.

This point is the main goal in this work, and it will be carried out in the next sections in

great detail.

Finally, the lower panels of figure 3 takes into account the effect of a large overall

k-factor, kgg = 3, on the diphoton signal rate6 and a reduction of the observed signal

rate by the factor κσ = 2 (see [11] for related discussion). This can relax the combination

NXQXyX by the factor (kgg κσ)1/4 for the cases in which the signal rate scales like eq. (3.5).

For the cases in which the signal rate scales like eq. (3.4), assuming Γ = Γgg + Γγγ (very

narrow width), the combination NXyXQ
2
X can be relaxed by the factor (kgg κσ)1/2 as long

as QX is not very large.

4 The doublet-singlet model

Let us now add to the game the SM Higgs sector. It is reasonable to assume that the new

gauge singlet S couples to the SM Higgs doublet H via a mixing term, thus affecting both

Higgs physics and the stability of the Higgs potential.

6Notice that the specific choice kgg = 3 was taken for illustration purposes rather than being rigorously

derived.
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0.5 1.0 1.5 2.0
400

600

800

1000

1200

yX

m
X
@G

e
V
D

QX=
8

3

QX=
5

3

QX=
2

3

0.5 1.0 1.5 2.0 2.5 3.0
400

600

800

1000

1200

yX
m

X
@G

e
V
D

QX=
8

3

QX=
5

3

QX=
2

3

1 2 3 4 5 6 7
400

600

800

1000

1200

yX

m
X
@G

e
V
D

QX=
8

3

QX=
5

3
QX=

2

3

Assuming Γ = Γgg + Γγγ : NX = 1, kgg = 3 Assuming Γ = 1 GeV: NX = 1, kgg = 3 Assuming Γ = 45 GeV: NX = 1, kgg = 3

1 2 3 4 5 6 7
400

600

800

1000

1200

yX

m
X
@G

e
V
D

QX=
8

3

QX=
5

3

QX=
2

3

1 2 3 4 5 6 7
400

600

800

1000

1200

yX

m
X
@G

e
V
D

QX=
8

3

QX=
5

3

QX=
2

3

1 2 3 4 5 6 7
400

600

800

1000

1200

yX
m

X
@G

e
V
D

QX=
8

3

QX=
5

3

Figure 3. Regions that conrrespond to σ(pp → S → γγ) = 6–10 fb (upper) and 3–10 fb (lower)

with three different assumptions on total decay width: Γ = Γgg+Γγγ (left), Γ = 1 GeV (middle) and

Γ = 45 GeV (right). The dashed lines corresponds to 8 fb (upper) and 4 fb (lower). Γ = 1, 45 GeV

corresponds to 0.13%, 6% total decay width of a 750 GeV resonance. In the upper panels, a large

particle multiplicity NX = 5 is considered. In the lower panels, we assume an overall k-factor of 3,

and reduce the signal rate by a factor of 2.

We consider the following scalar potential,

V (H,S) = µ2
H |H|2 + λH |H|4 +

λHS
2
|H|2S2 +

µ2
S

2
S2 +

λS
4
S4, (4.1)

where we assumed that S is real and odd under S → −S. The potential in the unitary

gauge is obtained via H(x) =
(
0, h(x)/

√
2
)T

,

V (h, S) =
µ2
H

2
h2 +

λH
4
h4 +

λHS
4
h2S2 +

µ2
S

2
S2 +

λS
4
S4. (4.2)

We consider the most general situation in which both scalar fields take a vacuum expec-

tation value (VEV), 〈h〉 = v, 〈S〉 = u. The λHS and VEVs of the scalar fields induce the

mixing between h and S,

h = cos θH1 + sin θH2 , S = − sin θH1 + cos θH2 , (4.3)

where H1, H2 are mass eigenstates with masses of mH1 , mH2 (see appendix A for details).

H1 is identified with the physical Higgs boson with mH1 = 125.09 GeV, whereas H2 with

– 7 –
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the new scalar resonance with mH2 ' 750 GeV. We will use the short-hand notations

cos θ ≡ cθ, sin θ ≡ sθ, and tan θ ≡ tθ in the next sections.

4.1 Phenomenological implications

A large mixing between the SM Higgs doublet and the new singlet can be phenomenologi-

cally dangerous as it changes the Higgs physics. In the language of the effective operators

in eq. (2.5), the mixing induces an additional coupling of the SM Higgs to photons and

gluons

e2

16π2

csγγ
M

cθH2FµνF
µν +

g2
s

16π2

csgg
M

cθH2G
a
µνG

aµν

− e2

16π2

csγγ
M

sθH1FµνF
µν − g2

s

16π2

csgg
M

sθH1G
a
µνG

aµν .

(4.4)

On the other hand, the mixing introduces a coupling of the heavy singlet to a pair of SM

gauge bosons and fermions

1

v
(cθH1 + sθH2)

(
2m2

WW
+
µ W

−µ +m2
ZZµZ

µ −
∑
f

mf f̄f

)
, (4.5)

and it alters the corresponding SM Higgs couplings. The decay channel H2 → H1H1 is

kinematically allowed (since mH2 > 2mH1) via the interaction,

− κ112vsθ
2

H2
1H2 , (4.6)

where the induced coupling is given by

κ112 ≡
2m2

H2
+m2

H1

v2

(
s2
θ +

λHSv
2

m2
H1
−m2

H2

)
. (4.7)

Once the new resonance is linked to the SM Higgs sector via the mixing, the total width gets

contributions from various decay channels, in addition to those from gluons and photons

that we discussed in section 3. The relative size among various partial decay widths varies

a lot over the parameter space as they have different scaling behavior. Figure 4 illustrates

the situation in the presence of new colored vector-like fermions with mX = 900 GeV,

QX = 8/3, NX = 1, and varying Yukawa coupling yX = yX(sin θ) to maintain the same

signal rate of 8 fb (see the left panel in figure 2). We vary the mixing angle in figure 4 up to

0.1. The most stringent constraint on the mixing angle comes from the searches for heavy

scalars in diboson decay channel [11], and sθ . 0.1 is the biggest allowed value. When the

mixing is turned off, the total width is just Γgg + Γγγ that corresponds to the left panel

of figure 2 (very narrow width scenario). Turning it on, increases the contributions from

WW,ZZ, tt̄. The total decay width eventually reaches Γ ∼ O(1 GeV) at around sθ ∼ 0.06,

the maximum value that is not excluded in WW,ZZ search channels (see figure 5) [87–89].

The resulting situation is exactly what we discussed in the middle panel of figure 2 where

we set total width to 1 GeV. The doublet-singlet model can interpolate between two cases,

namely Γ = Γgg + Γγγ and Γ = 1 GeV, via the mixing angle. The Yukawa coupling, yX ,

– 8 –
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Figure 4. Branching ratios (left), assuming Γ =
∑
i=gg,γγ,WW,ZZ,tt̄,bb̄,hh Γi, and total width, Γ,

(right) for the benchmark model with mX = 900 GeV, QX = 8/3, NX = 1, and λHS = 0.02. The

Yukawa coupling yX is varied as the function of sin θ to be compatible with the signal rate of 8 fb.

In left panel, WW (solid blue), ZZ (dashed blue), gg (solid red), γγ (dashed red), tt̄ (solid green).

The branching ratios of other channels are not significant for the selected benchmark model and

they are not shown on the plot in the left panel. Lowering the electric charge from QX = 8/3 makes

Γgg bigger than Γγγ in the left panel.

1 2 3 4 5 6 7
0.00

0.02

0.04

0.06

0.08

0.10

yX

si
n
Θ

WW

ZZ

Figure 5. The region that corresponds to 6–10 fb of σ(pp → S → γγ) for the benchmark point

with mX = 900 GeV, QX = 8/3, NX = 1, and yX(sin θ = 0) = 0.8. The regions above solid blue

(dashed blue) line are excluded by WW (ZZ) channels.

that produces the right signal rate increases with increasing mixing angle as in figure 5. It

is because the signal rate scales, in presence of the mixing, roughly as (cθyX)n (n ∼ 2, 4

for two extreme cases in eq. (3.4) and (3.5)). The decreased cθ is compensated by a larger

yX to maintain the same signal rate (note that two boundary values, yX ∼ 0.8 and 3 for

the mixing angles sin θ = 0 and ∼ 0.06 in figure 5 match those in figure 2).
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4.2 Vacuum (in)stability

We discuss under which conditions the potential in eq. (4.2) describes a consistent weakly

interacting theory. The existence of a local minimum already provides a set of constraints

on the couplings in the scalar potential (see appendix A for details),

λHSµ
2
S − 2λSµ

2
H > 0 , λHSµ

2
H − 2λ2

Hµ
2
S > 0 , 4λHλS − λ2

HS > 0 . (4.8)

Especially the third condition in eq. (4.8) restricts the relation among three dimensionless

couplings, λH > λ2
HS/(4λS). However, this constraint needs to be respected only at low

scale, typically of the order of the mass scale of the scalar fields. On the contrary, imposing

the positivity of the scalar potential leads to stronger constraints.

The potential in eq. (4.2) can be written, neglecting quadratic terms, in the follow-

ing form

V (h, S) ≈ λH
4
h4 +

λHS
4
h2S2 +

λS
4
S4

=
1

4

[(√
λHh

2 −
√
λSS

2
)2

+ h2S2
(
λHS + 2

√
λHλS

)]
.

(4.9)

We distinguish between two cases, depending on the sign of λHS .

◦ λHS > 0. From the first line in eq. (4.9) it is clear that in order to ensure the positivity

of the potential the conditions λH(Λ) > 0 and λS(Λ) > 0 must be respected all the

way up to some high-energy scale Λ defining the limit of validity of the theory. If

either λH(Λ) < 0 or λS(Λ) < 0 (for moderately low scale Λ not too far away from the

TeV scale, i.e. the mass scale of the new particles), the model can not be considered

as a consistent theory.

◦ λHS < 0. In this case, as is clear from the second line in eq. (4.9), the conditions

λH(Λ) > 0 and λS(Λ) > 0 are not enough to ensure the positivity of the potential,

and we need to impose λS(Λ) > 0 together with λH(Λ) > λ2
HS(Λ)/4λS(Λ).

In addition to the vacuum stability, the condition of perturbativity requires |λi|, |yX | .
4π during the RG evolution.7

5 Peering at high scales using the Renormalization Group Equations

We extrapolate the model discussed in section 4 at high scales using the RGEs. In sec-

tion 5.1 we set the ground for our discussion by introducing one-loop β functions and

matching conditions. After a qualitative overview, in section 5.2 we numerically solve the

RGEs focusing our attention on the parameter space of the model in which — as explained

in section 3 — the diphoton excess can be reproduced. The aim of this section is to inves-

tigate whether a weakly coupled realization stays within the perturbative regime once the

running is taken into account.

7Strictly speaking, |yX | . 4π/
√
NC with NC = 3 for the Yukawa coupling.
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5.1 Theoretical setup: one-loop beta functions and matching

The β functions for a generic coupling g are defined as

βg = µ
dg

dµ
=

1

(4π)2
β(1)
g +

1

(4π)4
β(2)
g + . . . , (5.1)

where µ is the renormalization scale. We consider the case with NX copies of vector-

like fermions in the same representation. For simplicity, we consider the Yukawa matrix

ŷX = yX 1NX×NX . In the MS scheme the one-loop β-functions of the gauge couplings8 are

given by (see also [90, 91])

β(1)
g1

=

(
41

10
+NXQ

2
X

12

5

)
g3

1 ,

β(1)
g2

= −19

6
g3

2 ,

β(1)
g3

=

(
− 7 +NX

2

3

)
g3

3 .

(5.2)

Those of the Yukawa couplings are

β(1)
yt = yt

(
9

2
y2
t −

17

20
g2

1 −
9

4
g2

2 − 8g2
3

)
,

β(1)
yX

= yX

[
3(2NX + 1)y2

X −
18

5
Q2
Xg

2
1 − 8g2

3

]
.

(5.3)

The one-loop β-functions for the scalar couplings in the potential are

β
(1)
λH

=

[
λH

(
12y2

t −
9

5
g2

1 − 9g2
2 + 24λH

)
− 6y4

t +
9

20
g2

1g
2
2 +

27

200
g4

1 +
9

8
g4

2 +
1

2
λ2
HS

]
,

β
(1)
λHS

= λHS

(
6y2
t −

9

10
g2

1 −
9

2
g2

2 + 12λH + 6λS + 12NXy
2
X + 4λHS

)
,

β
(1)
λS

= 2λ2
HS + 24NXλSy

2
X + 18λ2

S − 24NXy
4
X .

(5.4)

Let us now discuss these RGEs in a qualitative way. First of all, the vector-like fermions

alter the running of the hypercharge gauge coupling (see eq. (5.2)). They enter with

a positive sign, proportional to the parametric combination NXQ
2
X , thus worsening the

problem of the hypercharge Landau pole in the SM. This plays an important role in

particular when considering models of vector-like fermions with large NX . In full generality,

eq. (5.2) can be solved analytically, and we find

g1(µ) =
4
√

5πg1(µ0)√
80π2 − g2

1(µ0)(24NXQ2
X + 41) ln(µ/µ0)

. (5.5)

In figure 6 we show the running of g1(µ) for different electric charge QX = 5/3, 8/3, 25/3

and different multiplicities (see caption for details). For QX = 2/3 (not shown in the plots)

8We use the hypercharge gauge coupling in GUT normalization g2
1 = 5g2

Y /3.
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Figure 6. Running of the hypercharge gauge coupling in eq. (5.5) for different electric charges:

QX = 5/3 (left panel), QX = 8/3 (central panel), QX = 25/3 (right panel). For QX = 5/3 and

QX = 8/3 the shaded area covers multiplicities between NX = 1 (on the far right-hand side) and

NX = 20 (on the far left-hand side). Dashed, dotted and dot-dashed intermediate lines correspond,

respectively, to NX = 15, 10, 5. For QX = 25/3 we show NX = 1 (on the far right-hand side) and

NX = 3 (on the far left-hand side). The solid black line corresponds to the running in the SM at

one loop.

the impact on the hypercharge running is very limited, and only at very large multiplicities

(NX & 20) the hypercharge Landau pole is pushed below 108 GeV. For larger QX , the

impact on the running of g1 can be very significant pushing the hypercharge Landau pole

— in particular for large NX — towards unrealistically low scales.

The second important feature is related to the running of the Yukawa coupling yX in

eq. (5.3). The scale at which yX becomes strong indicates the limit of validity of the theory

(see [10] for similar discussion). The running of yX is dominated by two opposing effects:

on the one hand, yX is pushed towards larger values by the wave-function renormalization

term β
(1)
yX ∝ 3(2NX + 1)y3

X , on the other hand, it is pushed towards smaller values by the

vertex correction β
(1)
yX ∝ −[(18/5)QXg

2
1 + 8g2

3]yX . Understanding which effect dominates is

a matter of numerical coefficients. To give some idea, for NX = 1, QX = 5/3, and taking

g3 ' 1, g1 ' 0.5 we find that the wave function renormalization term starts dominating

if yX & 1.2. From this value on, yX increases following its RG evolution. Notice that,

as shown in the left panel of figure 2, for QX = 5/3 and NX = 1 the Yukawa coupling

needed to explain the observed excess falls exactly in the ballpark estimated above. This

very simple argument tells us that the running of yX is controlled by a delicate numerical

interplay between two terms of opposite sign whose net effect depends on the specific choice

of the parameters NX and QX .

Finally, let us comment about the running of λS , eq. (5.4). As discussed in section 4.2,

negative values of λS indicates an instability in the scalar potential. The running of λS
is, again, the consequence of two counterbalancing effects: there is a positive contribution,

β
(1)
λS
∝ 2λ2

HS + 24NXλSy
2
X + 18λ2

S , and a negative term β
(1)
λS
∝ −24NXy

4
X . The positive

contribution dominates if

λS > λth
S , λth

S =
1

3

(√
−λ2

HS + 4N2
Xy

4
X + 12NXy4

X − 2NXy
2
X

)
. (5.6)
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Figure 7. Schematic representation of the RG running. Above the mass scale µ > mX we use the

full RGEs in eqs. (5.2), (5.3), (5.4). For mH2
6 µ 6 mX we have an effective field theory in which

the vector-like quark is integrated out. Finally, for µ < mH2 , the heavy scalar is integrated out and

we are left with the standard model field content. Notice that the choice mH2 6 mX adopted in

our analysis is mere convention, and if mX 6 mH2
everything remains unchanged once the proper

hierarchy of masses is taken into account in the running.

For NX = 1, yX = 1, λHS = 0 we have λth
S = 2/3. Increasing yX , the threshold value of

λS increases too, and for instance we have λth
S = 6 if yX = 3. If λS > λth

S the problem

of negative λS is avoided. However, the perturbativity bound sets an important upper

limit on the largest values allowed. Notice that eq. (5.6) is a rough estimate that was

obtained ignoring the µ-dependence; in section 5.2 we will return to this point from a more

quantitative perspective.

Before proceeding, let us close this section with a few technical remarks related to the

solution of eqs. (5.2), (5.3), (5.4). The RGEs in eqs. (5.2), (5.3), (5.4) are valid only for

µ > mX > mH2 . The situation is sketched in figure 7. Running down using the RG flow,

heavy fields are integrated out and their contributions disappear from the β functions.

At each threshold the matching procedure between the full theory above the threshold

and the effective theory below produces some threshold corrections. In our setup, this

is true both for the vector-like fermion and the heavy scalar. As far as the vector-like

fermion is concerned, the threshold corrections generated at µ = mX can be computed as

follows [92, 93]. First, the contribution of X to the effective potential V (h, S) is

∆V X
eff (h, S, µ) = − 3

16π2
m4
X(s)

[
log

m2
X(s)

µ2
− 3

2

]
, (5.7)

where mX(s) = yXs+m
(B)
X is the vector-like quark mass as a function of the background

field s.9 At µ = mX the threshold ∆V X
th (h, S) = ∆V X

eff (h, S, µ = mX) is generated. The

corresponding contribution to the quartic λS/4S
4 in eq. (4.2) is given by

∆λS =
1

6

∂4∆V X
th (h, S)

∂s4

∣∣∣∣
s=0

. (5.8)

At µ = mH2 a threshold correction for the quartic coupling (λH/4)h4 is generated [94].

This threshold correction corresponds to a tree-level shift of the Higgs quartic coupling λH ,

and its value can be extracted from eq. (A.12)

∆λH = −
λ2
HS

2λS
. (5.9)

9Here m
(B)
X is the bare mass of the vector-like fermion in the original Lagrangian LX = −yXSXX −

m
(B)
X XX. As discussed in appendix A, in fact, we are considering the most general situation in which S

takes a VEV.
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The solution of the RGEs requires suitable matching conditions in order to relate

the running MS parameters with on-shell observables. Since we are working with one-

loop β functions, we need to impose only tree level matching conditions. The poten-

tial has 5 parameters, (λH , λS , λHS , v, u) that are related to the physical parameters

(m2
H1
,m2

H2
, sθ, v, λHS). As already stated before, mH1 = 125.09 GeV is the Higgs bo-

son mass while, following the discussion in section 4.1, mH2 = 750 GeV is the mass of the

new putative scalar resonance; sθ describes the mixing in the scalar sector, and its value is

an external parameter controlled by the fit in section 4.1. Furthermore, v = 246 GeV since

it enters in the definition of the gauge boson masses. We treat λHS as an external free

parameter. In order to relate the internal parameters (λH , λS , λHS , v, u) to the observable

ones (m2
H1
,m2

H2
, sθ, v, λHS), we work out explicit expressions for λH , λS and u. They are

λH =
m2
H1

2v2
+
s2
θ(m

2
H2
−m2

H1
)

2v2
, (5.10)

λS =
2λ2

HSv
2

s2
2θ(m

2
H2
−m2

H1
)

[
m2
H2

(m2
H2
−m2

H1
)
− s2

θ

]
, (5.11)

u =
sθcθ(m

2
H2
−m2

H1
)

λHSv
. (5.12)

As far as the other SM parameters — namely g1, g2, g3, yt — are concerned, at the

electroweak scale they can be related to the W and Z boson pole masses, the top quark

pole mass, and the MS QCD structure constant at the Z pole [95].

5.2 Phenomenological analysis: on the importance of running couplings

Let us now discuss our results. For simplicity, the starting point in the RG running is

chosen at the scale, µ0 ≡ mH2 = 750 GeV. Only the threshold in eq. (5.8), therefore, is

included in our analysis. We use the following initial values gY (µ0) = 0.361, g2(µ0) = 0.640,

g3(µ0) = 1.073, yt(µ0) = 0.867 at µ = µ0. For illustrative purposes, let us start our

discussion from the benchmark values λHS = 0.01, sθ = 0.01, yX = 0.75, mX = 1.5 TeV,

NX = 1, QX = 2/3. Notice that, using eq. (5.11), we have in this case λS ' 0.06. This

benchmark point is far from the values of QX , mX , and yX singled out in figure 2 as

good candidates for explaining the diphoton excess. However, we believe that this choice

provides a good starting point to illustrate, on the quantitative level, the properties of the

RGEs outlined qualitatively in section 5.1. Our results are shown in figure 8 for the running

of the gauge couplings, the Yukawa couplings, and the couplings in the scalar potential.

Three observations can be made.

i) The presence of the vector-like fermions modify the running of U(1)Y and SU(3)C
gauge couplings, as was expected due to their quantum numbers, namely (1,3)2/3

under the SM gauge group. They give an additional positive contribution both to the

running of g1 and g3. However, our selected values, NX = 1 and QX = 2/3, do not

cause any evident problem, and the running of g1 increases with the renormalization

group scale with the rate similar to the SM one (see also figure 6).
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λHS = 0.01, sθ = 0.01, yX = 0.75, mX = 1.5 TeV, QX = 2/3, NX = 1
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Figure 8. RG evolution. We show the gauge couplings (left panel), Yukawa couplings (central

panel) and scalar couplings (right panel).

ii) The Yukawa coupling yX is frozen at the input value yX = 0.75 below µ = mX , and

it starts running above µ = mX . The running is driven by two distinct contributions.

At low scale, the dominant contribution to the one-loop β function comes from the

term with the QCD coupling, β
(1)
yX ∝ −g2

3yX . It has a negative sign, and it pushes

yX towards smaller values. As µ increases, g3 gets smaller (see left panel in figure 8),

and the dominant contribution to the one-loop β function becomes β
(1)
yX ∝ +9y3

X .

From this point on, yX increases and it eventually violates the perturbative bound.

However, notice that — at least for the specific values chosen in figure 8 — the

running of yX at high RG scale values is not dramatically fast, and yX stays within

the validity of perturbation theory all the way up to the Planck scale.

iii) The running of the scalar couplings reveals a pathology in the model. As soon as

the Yukawa coupling yX enters in the RG running, it easily dominates the running of

the scalar coupling λS via the term, β
(1)
λS
∝ −24y4

X . As a consequence, λS is dragged

towards negative values already at low scale (not far away mX). As explained in

section 4.2, the condition λS < 0 generates a dangerous run-away direction in the

scalar potential.

The numerical example analyzed in figure 8 shows the presence of a dangerous pathol-

ogy in the model. The presence of the Yukawa coupling between the vector-like fermion X

and the scalar field S generates an instability in the scalar potential of the theory already

at a low scale. The problem is already evident in figure 8 even if we decided to work,

for illustrative purposes, with a moderately small Yukawa coupling (yX = 0.75). A larger

Yukawa yX will exacerbate the problem further. Notice that the peculiar behavior of λS
highlighted in this example agrees nicely with the discussion in section 5.1: the initial value

of λS (that is λS = 0.06) is much smaller than the estimated threshold value by eq. (5.6)

(λth
S ' 0.3 in this case). Starting from larger values of λS would reverse the situation,

pushing λS towards increasing positive values. This is illustrated in figure 9, left panel,

where we started from λS ' 0.35. As shown in the plot, λS is pushed large and positive

by the positive terms in its one-loop β function.
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Figure 9. Left panel. Running of the scalar couplings with λS(µ0) ' 0.35. Right panel. Mixing

angle dependence of λS , as described by eq. (5.11).

In presence of the mixing, the value of λS is fixed by two internal parameters, λHS
and sθ (see eq. (5.11) and related discussion in section 5.1). In the right panel of figure 9,

we show the value of λS as a function of the mixing angle for different values of λHS . As is

evident from this plot, a large range of values for both λS and λHS is allowed. For instance

if sθ = 0.01, we have λS ' 5.7 for λHS = 0.1, and λS ' 5.7×10−4 for λHS = 10−3. At larger

mixing angles, larger values for λHS are allowed.10 For instance, considering sθ = 0.1, we

have λS ' 3.2 for λHS = 0.75, and λS ' 5.7×10−4 for λHS = 10−2. For simplicity, we will

ignore the mixing between the Higgs and the singlet scalar in the discussion of the next

section.11 In appendix B, we comment about the generalization of our result to the case

with non-zero mixing.

Equipped with these results, we can now move to discuss few cases numerically more

similar to the ones suggested by the fit outlined in section 4.1.

5.2.1 mX = 900GeV, NX = 1, QX = 5/3, yX = 5

According to the central panel in figure 2, this case provides a good fit of the diphoton ex-

cess, assuming Γ = 1 GeV. Notice that these values are very realistic, since they correspond

to a hypothetical top partner quark not yet ruled out by direct searches. Without a mixing,

λS is a free parameter, and we vary its initial value in the interval λS(µ0) ∈ [10−3, 5].12 We

10We checked that all the values in the right panel of figure 9 satisfy the local minimum condition in

eq. (4.8).
11The limit with no mixing in eq. (5.11) can be understood by noticing that sθ is not a free parameter,

namely s2θ = 2λHSuv/(m
2
H2
−m2

H1
) (see appendix A). By taking λHS → 0, we have λS → m2

H2
/2u2 where

u is the vacuum expectation value of the singlet S, or u ≡ 〈S〉.
12Notice that in the limit λHS → 0 the one-loop β function for the Higgs quartic coupling does not receive

additional contributions. On the quantitative level, the only effect on the running of λH is indirectly induced

by the different running of g1 and g3, and therefore it does not change much if compared with the running

in the SM [95]. In our analysis we mainly focus on the running of λS and yX , since they are the most

sensitive parameters to the RG evolution.
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yX = 5, mX = 900 GeV, QX = 5/3, NX = 1 (λHS = 0)
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Figure 10. Left panel. Running of λS in the model with yX = 5, mX = 900 GeV, QX =

5/3, NX = 1. From lighter to darker, the running corresponds to the initial values λS(µ0) =

10−3, 10−2, 10−1, 1, 2, 5. Right panel. Running of yX .

show our results in figure 10, and we focus on the running of λS (left panel) and yX (right

panel). The impact on the hypercharge gauge coupling is very limited, see figure 6. As is

clear from the plot, the very large initial value of the Yukawa coupling yX has dramatic

effect on the running. As far as λS is concerned, the threshold correction, given by eq. (5.8),

is extremely large (being proportional to y4
X), and the contribution β

(1)
λS
∝ −24 y4

X largely

dominates. As a result, λS always rapidly runs towards negative values, thus generating an

instability in the scalar potential. Notice that a large initial value of λS will be difficult to

fix the problem. In the running of yX , the term β
(1)
yX ∝ 9 y3

X dominates, and yX eventually

violates perturbativity at the TeV scale. We therefore conclude that this case is unrealistic

as a candidate for a weakly coupled model due to the large Yukawa yX .

However, as explained in section 3, thanks to a degeneracy in the scaling of the diphoton

signal rate it is possible to alleviate the problem of large yX in different ways as long as the

combination yXNXQX ∼ 25/3 is kept fixed. For fixed QX , it is possible to decrease the

value of the Yukawa coupling by changing the multiplicity of the vector-like fermions NX .

For fixed NX , it is possible to decrease the value of the Yukawa coupling by changing the

electric charge of the vector-like fermions QX . Finally, both NX and QX can be changed.

We discuss now these possibilities from the perspective of the RGEs.

5.2.2 mX = 900GeV, NX = 5, QX = 5/3, yX = 1: yXNXQX = 25/3

In this scenario, a small Yukawa coupling yX = 1 is obtained by increasing the value of

NX . We take NX = 5 while QX = 5/3 is fixed as the case in 5.2.1. We present our

results in figure 11. In the left panel, we show the running of the quartic coupling, λS .

The main difference w.r.t. the previous case with yX = 5 is the smaller Yukawa coupling.

Regarding the running of λS , we recover what we already discussed in the first part of

– 17 –
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mX = 900 GeV, QX = 5/3, NX = 5, yX = 1 (λHS = 0)
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Figure 11. The same as in figure 10 but for different values of NX , yX (see label plot).

section 5.2. If λS is large enough, the positive term β
(1)
λS
∝ 120λSy

2
X +18λ2

S dominates and

λS increases along the RG flow. In figure 11, this behavior is reflected by the initial values

λS(µ0) = 2, 5. For these choices, λS violates perturbativity at few TeV. If the initial values

λS(µ0) are small enough, the negative term β
(1)
λS
∝ −120 y4

X dominates, and λS is dragged

towards negative values. This is always true for λS(µ0) . 1. For λS(µ0) = 1, we find that

λS(Λ) < 0 at Λ ∼ 5 TeV. As far as the running of the Yukawa coupling yX is concerned,

it runs now very slowly, staying within the perturbation regime up to a very high scale.

We argue that also in this case the theory reveals an instability at a scale not far away

O(TeV) for generic values of the couplings. While the left panel in figure 11 shows that

there exists a very fine-tuned initial value, 1 . λS(µ0) . 2 which are almost unaffected by

RG effects, this particular point does not correspond to a special property of the theory.

5.2.3 mX = 900GeV, NX = 1, QX = 25/3, yX = 1: yXNXQX = 25/3

In this scenario, a small Yukawa coupling yX = 1 is obtained by increasing the value of QX .

We take QX = 25/3 while NX = 1 is fixed as the case in 5.2.1. Our results are illustrated

in figure 12. In this scenario, the Yukawa coupling yX decreases as the large electric

charge QX = 25/3 makes the negative contribution to its RG running, β
(1)
yX ∝ −Q2

Xg
2
1yX ,

dominant. Regarding the running of λS , it is possible to find some acceptable trajectories

with λS(µ0) ∼ O(1) in the RG space. However, as is clear from figure 6, this case is very

unrealistic from the point of view of the hypercharge gauge coupling. We discard this

solution as a candidate for the weakly coupled realization of the diphoton excess.

5.2.4 mX = 900GeV, NX = 3, QX = 8/3, yX = 1: yXNXQX ∼ 25/3

Let us move to discuss an intermediate situation in which both the multiplicity NX and

the electric charge QX are modified in such a way that yX ∼ 1. We present our results in
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mX = 900 GeV, QX = 25/3, NX = 1, yX = 1 (λHS = 0)
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Figure 12. The same as in figure 10 but for different values of QX , yX (see plot label).

yX = 1, mX = 900 GeV, QX = 8/3, NX = 3 (λHS = 0)
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Figure 13. The same as in figure 10 but for different values of QX , NX , yX (see label plot).

figure 13, where we focus on QX = 8/3 and NX = 3. The running of the Yukawa coupling

is again dominated by the positive term β
(1)
yX ∝ 21 y3

X , and yX always increases along the

RG flow. The running of λS depends on its initial value. If λS(µ0) ' 1, a stable solution

exists, almost unaffected by the RG flow. As for the case with QX = 5/3, NX = 5 that

was discussed above, this solution looks like the result of a fine tuning rather than a special

point in the parameter space. However, it is undeniable that in this scenario a weakly

coupled theory valid to a high energy scale can be constructed. From the central panel

in figure 6, we see that the choice QX = 8/3 and NX = 3 sizably alter the hypercharge
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running. We find that the corresponding Landau pole is lowered to Λ ∼ 300 TeV. We can

therefore identify this scale as the upper limit of the validity for this theory.

We close this section by briefly discussing the case with Γ = 45 GeV. If NX = 1 a

very large Yukawa coupling (yX & 6.5 if mX ' 700 GeV13 and QX = 8/3) is needed in

order to fit the excess. As illustrated in the upper-right panel of figure 3, it is possible to

bring the Yukawa back to a perturbative value by increasing the value of NX , and we find

yX ' 1.5 with NX = 5 (taking fixed mX ' 700 GeV and QX = 8/3). In this case, the

biggest obstruction is represented by the running of the hypercharge gauge coupling since

the Landau pole is lowered to ∼ 10 TeV (see figure 6). It would be interesting to investigate

the case with Γ = 45 GeV in more detail following the strategy outlined in this paper, even

if such a large value of total width is very difficult to be realistic from the point of view

of a weakly coupled theory. If experimentally confirmed, it will give a strong indication in

favor of a strongly coupled interpretation of the excess.

5.3 Concluding remarks and summary plots

Before concluding, it is useful to summarize the main results of our paper. In figure 14

we show the allowed parameter space in the plane (NX , QX) once the constraints coming

from our RG analysis are imposed. For simplicity, we neglect the mixing (λHS = 0), and

we fix the mass of the vector-like quarks (mX = 900 GeV). We take Λ = 105 GeV as a

reference cut-off scale but in the inset plots we show how the bound changes considering

Λ = [104–108] GeV.

In the left panel of figure 14, we focus on the impact of the RGEs related to the

gauge-Yukawa sector of the theory, and to this end we put λS = 0. The theory suffers

from an hypercharge Landau pole below Λ = 105 GeV in the region shaded in gray. In the

region shaded in red, on the contrary, the Yukawa coupling yX violates the perturbativity

bound below the same cut-off scale. As evident from the plot, the combination of the two

bounds significantly reduces the allowed parameter space. This is in particular true if large

Yukawa couplings are needed. The compatibility of the parameter space in figure 14 with

the signal region for Γ = 1 GeV (Γ = 45 GeV) can be figured out by comparing it to the

middle panels (right-most panels) of figure 3, 2.

In the right panel of figure 14, we include the scalar sector of the theory. For simplicity,

we consider λS = 0.5 as initial condition. The interplay with the Yukawa coupling, entering

in the β function through the combination βλS ∝ 24NXy
2
X(λS − y2

X), has the net effect of

reducing the allowed parameter space since λS quickly runs — driven by yX — towards neg-

ative values, thus destabilizing the vacuum. This is evident from the comparison between

left and right panel of figure 14. For instance the value yX = 1, allowed in the left panel

in the left-most corner of the parameter space, becomes completely forbidden once scalar

couplings are included. As discussed in section 5.2, the interplay between λS and yX is

more complicated since it may involve fine-tuned cancellations. The specific value λS = 0.5

studied in the right panel of figure 14, therefore, should be considered as a representative

example of the importance of the scalar couplings in the analysis of the RGEs.

13For the same mass of the vector-like fermions, NXQXyX needs to increase by factor of (45)1/4 ∼ 2.6 to

maintain the same signal rate (see eq. (3.7)) when the total width changes from Γ = 1 GeV to Γ = 45 GeV.
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Figure 14. Left panel. Bound on the parameter space (NX , QX) coming from the Landau pole

of the hypercharge gauge coupling and perturbativity of the Yukawa coupling yX . In the upper

region of the solid line, the theory develops a Landau pole below Λ = 105 GeV. Similarly for

Λ = 104, 108 GeV (black dashed lines in the inset plot). The red dashed lines correspond to the

cases incorporating fixed Yukawa couplings. Right panel. Bound on the parameter space (NX , QX)

coming from the Landau pole of the hypercharge gauge coupling, perturbativity of the Yukawa

coupling yX , vacuum stability condition λS > 0, and perturbativity of the scalar coupling λS . For

simplicity we consider a fixed value λS = 0.5 at the electroweak scale.

Note that from the informations encoded in figure 14 it is possible to conclude that

the case with Γ = 45 GeV is more disfavored by our perturbative analysis if compared

with the assumption Γ = 1 GeV. A large width implies a smaller branching ratio S → γγ,

thus requiring a large Yukawa coupling to compensate the suppression through the gluon

fusion production of S. Large Yukawa couplings, however, do not fit in the parameter

space represented in figure 14.

6 Summary and outlook

Recently, both the ATLAS and CMS collaborations reported an excess around 750 GeV in

the invariant mass distribution of the diphoton. The excess can be interpreted in terms

of a weakly coupled theory of New Physics beyond the SM, and a simple such scenario

consists of a scalar resonance coupled to photons and gluons via loops of NX vector-like

quarks with electric charge QX , that are almost degenerate in mass. Alternatively, one can

identify the excess as the imprint of a scalar resonance belonging to a strongly interacting

sector.

At the moment — given the small statistical significance of the excess, still compatible

with a fluctuation of the background — the two interpretations, weakly versus strongly

coupled, are more or less equally preferred by data from a phenomenological viewpoint.

In this paper, we confronted these two possibilities from a more theoretical perspective
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and our approach was the following. On general grounds, by taking a weakly coupled

theory custom-tailored to fit the observed properties of the excess at low energies, it is

possible to extrapolate its structure to high energies by means of the RGEs. The logic is to

check whether the theory develops some pathology along the RG flow, thus indicating its

inconsistency and the scale of the corresponding breaking. We performed this exercise in

the context of a simple weakly coupled theory able to explain the diphoton excess, in which

the SM is enlarged by means of a new scalar singlet together with new vector-like fermions

responsible for its interactions with photons and gluons. In this simple setup, we showed

that the theory quickly runs towards an instability of the scalar potential, already at a

scale not far above the TeV scale. This problematic behavior is shared by many variations

of the simple setup mentioned above that we checked (i.e. introducing multiple vector-like

fermions or changing their electric charge), and therefore it seems to point towards an

inconsistency of the underlying weakly coupled theory.

Exceptions are possible. We showed that one can finely balance between QX and NX

such that the vacuum stability of the scalar potential and the perturbativity of all the

dimensionless couplings is ensured up to high scales. However, we also showed that this

particular direction corresponds to fine-tuned points in the parameter space rather than to

natural realizations of the theory.

Note that the results obtained in this paper are even stronger in the case of resonant

production via photon fusion. The production cross section from photon fusion is much

smaller than the one originated from gluon fusion because of the smaller photon luminos-

ity. In order to compensate the reduced signal rate, the partial decay widths need to be

significantly increased, thus strengthening the perturbativity constraints.

Of course our analysis does not pretend to exclude all weakly coupled explanations of

the diphoton excess. One can always engineer more complicated theoretical frameworks;

for instance, it is possible to introduce both vector-like quarks and leptons in order to

disentangle gluon production from diphoton decay and gain more freedom in the parameter

space that could be used to keep the Yukawas in a perturbative regime. In any case, we

argue that — even in the context of toy models — extrapolating the theory to high scales is

an important exercise that should be carried out in order to fully reveal the actual strength

of the dimensionless couplings.

Only time will tell us if the diphoton excess reported by the ATLAS and CMS collab-

orations corresponds to our first glimpse of New Physics beyond the SM, or just to another

sneaky statistical fluctuation. Meanwhile, it costs nothing to speculate on possible theoret-

ical implications of such a potential discovery. In this respect, the strategy outlined in this

paper could be a valid guiding principle to check whether a weakly coupled explanation

of the excess behaves properly as a good theory or hides some deeper inconsistency just

above the energy scale at which it was tailored.

Note added. While we were working on this paper, we noted [96–98] which address

similar issues. It is worth pointing out the main differences between these papers and our

work. In [96] the authors — motivated by the apparent large width of the resonance —

focused on the existence of multiple real scalar gauge singlets Si almost degenerate in mass.
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On the contrary, they include only one single vector-like fermion with QX = 2/3. They

conclude that the model stays within the validity of perturbation theory only if a large

number of singlet N � 1 is allowed. Clearly, this analysis follows an orthogonal direction

if compared with our setup. The analysis of [97] is, on the technical level, the closest w.r.t.

ours (since only one scalar — real or complex — singlet field S, mixed with the Higgs

doublet, was introduced). However, there are few important differences on which we would

like to remark. First, the authors include only one vector-like quark, which transforms as

a triplet under SU(3)C , with generic electric charge QX . Second, and most important, the

main goal of [97] is to understand if the conditions of vacuum stability and perturbativity

— explored up to three different cut-off scales, namely the Planck, GUT and see-saw scales

— are compatible with the signal strength required to fit the diphoton excess. The answer

is of course negative, since a good fit of the diphoton excess can be obtained only with

a large Yukawa coupling. In our paper we offer a broader and deeper perspective on the

issue. By increasing the multiplicity of the vector-like quarks, in fact, we proved that a

good fit can be obtained with a moderate Yukawa coupling thus apparently solving the

issue. However, by carefully studying the RGEs, we also proved that the theory — with the

exception of very few fine-tuned directions — is brought back to the strong coupling regime

once the running is taken into account. Finally, we comment on [98]. The authors claim

that the model with QX = 2, NX = 2, yX = 0.52 stays within the validity of perturbation

theory all the way up to the Planck scale, providing a good fit of the diphoton excess with

a signal strength σ = 30 fb (alternatively, with QX = 2, NX = 1, yX = 0.33 if σ ∈ [2–4] fb).

According to our analysis in section 3, small Yukawa couplings like those considered in [98]

are allowed if one assumes Γ = Γgg + Γγγ . In this case, good directions indeed exist in the

parameter space (although they look a bit fine-tuned, similar to those highlighted in our

figure 12). In our paper we focus on the case Γ = 1 GeV (more preferred by data), and we

provide a comprehensive description of the interplay between signal strength, decay width,

and RGEs.
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A Scalar potential

The generic scalar potential of the SM Higgs doublet and new singlet scalar can be writ-

ten as

V (H,S) = µ2
H |H|2 + λH |H|4 +

λHS
2
|H|2S2 +

µ2
S

2
S2 +

λS
4
S4, (A.1)

where we assumed that S is real and odd under S → −S. The potential in the unitary

gauge is obtained via H(x) = (1/
√

2)U(x)
(
0, h(x)

)T
,

V (h, S) =
µ2
H

2
h2 +

λH
4
h4 +

λHS
4
h2S2 +

µ2
S

2
S2 +

λS
4
S4. (A.2)
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The potential has a minimum at VEVs, 〈h〉 = v, 〈S〉 = u if the following conditions

involving first derivatives

∂V (h, S)

∂h

∣∣∣∣
〈h〉=v, 〈S〉=u

= 0 ,
∂V (h, S)

∂S

∣∣∣∣
〈h〉=v, 〈S〉=u

= 0 , (A.3)

and the determinant of the Hessian matrix det(M2
hS)|〈h〉=v, 〈S〉=u > 0 with

M2
hS |〈h〉=v, 〈S〉=u ≡

(
∂2V (h,S)
∂h2

∂2V (h,S)
∂h∂S

∂2V (h,S)
∂S∂h

∂2V (h,S)
∂S2

)∣∣∣∣∣
〈h〉=v, 〈S〉=u

=

(
2λHv

2 λHSuv

λHSuv 2λSu
2

)
, (A.4)

are satisfied. After simple algebra it follows

v2 =
2(λHSµ

2
S − 2λ2

Sµ
2
H)

4λHλS − λ2
HS

, u2 =
2(λHSµ

2
H − 2λ2

Hµ
2
S)

4λHλS − λ2
HS

, (A.5)

with 4λHλS − λ2
HS > 0. The conditions for a local minimum therefore are

λHSµ
2
S − 2λSµ

2
H > 0 , λHSµ

2
H − 2λ2

Hµ
2
S > 0 , 4λHλS − λ2

HS > 0 . (A.6)

Let us now turn to discuss the mass eigenstates. The mass matrix in eq. (A.4) can be

easily diagonalized by means of an orthogonal transformation

O ≡

(
cθ sθ
−sθ cθ

)
, OTM2

hS |〈h〉=v, 〈S〉=uO = diag(m2
H1
,m2

H2
) , (A.7)

where we used the short-hand notations cθ ≡ cos θ, sθ ≡ sin θ, tθ ≡ tan θ. The eigenvalues

and the mixing angle are given by

m2
H1

= λHv
2 + λSu

2 −
√

(λSu2 − λHv2)2 + λ2
HSu

2v2 , (A.8)

m2
H2

= λHv
2 + λSu

2 +
√

(λSu2 − λHv2)2 + λ2
HSu

2v2 , (A.9)

t2θ =
λHSuv

λSu2 − λHv2
, (A.10)

while the mass eigenstates are (
H1

H2

)
= OT

(
h

S

)
. (A.11)

We identify H1 with the physical Higgs boson with mH1 = 125.09 GeV, while H2 is the

new scalar resonance with mH2 ' 750 GeV. In the large VEV limit u2 � v2 we have,

neglecting terms O(v2/u2)

m2
H1
≈ 2λHv

2 −
λ2
HSv

2

2λS
, m2

H2
≈ 2λSu

2 +
λ2
HSv

2

2λS
, t2θ ≈

λHSv

λSu
. (A.12)
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sθ = 0.01, yX = 5, mX = 900 GeV, QX = 5/3, NX = 1, (λHS 6= 0)
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Figure 15. Left panel. Running of λHS in the model with yX = 5, mX = 900 GeV, QX = 5/3,

NX = 1, sθ = 0.01. From lighter to darker, the running corresponds to the initial values λHS(µ0) =

10−3, 10−2, 5 × 10−2, 8 × 10−2, 9.5 × 10−2, 10−1. Central panel. Running of λS . Right panel.

Running of yX .

B On the impact of the mixing angle

In this appendix we briefly discuss the impact of a non-zero mixing angle on the results

of our analysis. For the sake of simplicity, we consider the case with small mixing angle

sθ = 0.01 (consistent with the bound in [11]), and we focus on the choice NX = 1, QX =

5/3, yX = 5, mX = 900 GeV. We stress that the purpose of this section is not to provide a

comprehensive scan on the allowed values, rather to show that the presence of a non-zero

mixing does not alter, at the qualitative level, our results. As explained in the right panel of

figure 9, for a fixed mixing angle we have the freedom to vary the free parameter λHS(µ0).

In turn, for each value of λHS(µ0), the starting value of λS is fixed via eq. (5.11). According

to figure 9, in the following we scan over a large range of λHS(µ0), and in particular we

choose λHS(µ0) ∈ [10−3, 10−1]. We show our results in figure 15, where we consider the

running of λHS (left), λS (central), and yX (right). Figure 15 should be compared with

the running for the unmixed case described in figure 10. Our conclusions obviously remain

unchanged. We checked that, at the qualitative level, all the results obtained in section 5.2

are not altered by the presence of a non-zero mixing angle if — as described in figure 10,

and done explicitly in this appendix — one scans over the allowed values of λHS .

For completeness, let us also discuss the case with negative λHS . In this case we

have the additional constraint 4λH(Λ)λS(Λ) − λHS(Λ) > 0 (see section 4.2). We show

our results in figure 16, in which we focus again on NX = 1, QX = 5/3, yX = 5, mX =

900 GeV. As expected, the pathological behavior of the theory already emphasized in the

case λHS(µ0) > 0 still persists. In particular, in addition to λS < 0, also the negative

direction 4λHλS − λHS < 0 is generated along the RG flow.
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sθ = 0.01, yX = 5, mX = 900 GeV, QX = 5/3, NX = 1, (λHS < 0)
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Figure 16. The same as in figure 15 but for negative λHS . In the right panel we show, instead of

the running of yX as in figure 15, the running of the combination 4λHλS − λHS . We analyze the

same values of λHS(µ0) in absolute value but with opposite sign.
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[63] M. Cvetič, J. Halverson and P. Langacker, String consistency, heavy exotics and the 750 GeV

diphoton excess at the LHC, arXiv:1512.07622 [INSPIRE].

[64] K.M. Patel and P. Sharma, Interpreting 750 GeV diphoton excess in SU(5) grand unified

theory, Phys. Lett. B 757 (2016) 282 [arXiv:1512.07468] [INSPIRE].

[65] J. Gu and Z. Liu, Physics implications of the diphoton excess from the perspective of

renormalization group flow, Phys. Rev. D 93 (2016) 075006 [arXiv:1512.07624] [INSPIRE].

[66] S. Chakraborty, A. Chakraborty and S. Raychaudhuri, Diphoton resonance at 750 GeV in

the broken MRSSM, arXiv:1512.07527 [INSPIRE].

[67] Q.-H. Cao, S.-L. Chen and P.-H. Gu, Strong CP problem, neutrino masses and the 750 GeV

diphoton resonance, arXiv:1512.07541 [INSPIRE].

[68] W.-C. Huang, Y.-L.S. Tsai and T.-C. Yuan, Gauged two Higgs doublet model confronts the

LHC 750 GeV diphoton anomaly, Nucl. Phys. B 909 (2016) 122 [arXiv:1512.07268]

[INSPIRE].

– 29 –

http://dx.doi.org/10.1016/j.physletb.2016.02.040
http://arxiv.org/abs/1512.06376
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.06376
http://arxiv.org/abs/1512.06297
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.06297
http://dx.doi.org/10.1016/j.physletb.2016.03.068
http://arxiv.org/abs/1512.06113
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.06113
http://arxiv.org/abs/1512.06107
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.06107
http://arxiv.org/abs/1512.06106
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.06106
http://dx.doi.org/10.1016/j.physletb.2016.03.052
http://arxiv.org/abs/1512.06091
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.06091
http://dx.doi.org/10.1103/PhysRevD.93.055027
http://arxiv.org/abs/1512.06587
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.06587
http://arxiv.org/abs/1512.07885
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.07885
http://arxiv.org/abs/1512.07733
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.07733
http://arxiv.org/abs/1512.07853
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.07853
http://dx.doi.org/10.1103/PhysRevD.93.095007
http://arxiv.org/abs/1512.07789
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.07789
http://dx.doi.org/10.1103/PhysRevD.93.055006
http://arxiv.org/abs/1512.07672
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.07672
http://arxiv.org/abs/1512.07645
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.07645
http://arxiv.org/abs/1512.07616
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.07616
http://arxiv.org/abs/1512.07622
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.07622
http://dx.doi.org/10.1016/j.physletb.2016.04.006
http://arxiv.org/abs/1512.07468
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.07468
http://dx.doi.org/10.1103/PhysRevD.93.075006
http://arxiv.org/abs/1512.07624
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.07624
http://arxiv.org/abs/1512.07527
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.07527
http://arxiv.org/abs/1512.07541
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.07541
http://dx.doi.org/10.1016/j.nuclphysb.2016.05.002
http://arxiv.org/abs/1512.07268
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.07268


J
H
E
P
0
5
(
2
0
1
6
)
1
8
1

[69] A. Belyaev et al., Singlets in composite Higgs models in light of the LHC di-photon searches,

arXiv:1512.07242 [INSPIRE].

[70] G.M. Pelaggi, A. Strumia and E. Vigiani, Trinification can explain the di-photon and

di-boson LHC anomalies, JHEP 03 (2016) 025 [arXiv:1512.07225] [INSPIRE].

[71] A.E.C. Hernández and I. Nisandzic, LHC diphoton 750 GeV resonance as an indication of

SU(3)c × SU(3)L ×U(1)X gauge symmetry, arXiv:1512.07165 [INSPIRE].

[72] C.W. Murphy, Vector leptoquarks and the 750 GeV diphoton resonance at the LHC,

Phys. Lett. B 757 (2016) 192 [arXiv:1512.06976] [INSPIRE].

[73] J. de Blas, J. Santiago and R. Vega-Morales, New vector bosons and the diphoton excess,

arXiv:1512.07229 [INSPIRE].

[74] P.S. Bhupal Dev and D. Teresi, Asymmetric dark matter in the sun and the diphoton excess

at the LHC, arXiv:1512.07243 [INSPIRE].

[75] S.M. Boucenna, S. Morisi and A. Vicente, The LHC diphoton resonance from gauge

symmetry, arXiv:1512.06878 [INSPIRE].

[76] M. Chala, M. Duerr, F. Kahlhoefer and K. Schmidt-Hoberg, Tricking Landau-Yang: how to

obtain the diphoton excess from a vector resonance, Phys. Lett. B 755 (2016) 145

[arXiv:1512.06833] [INSPIRE].

[77] M. Bauer and M. Neubert, Flavor anomalies, the diphoton excess and a dark matter

candidate, arXiv:1512.06828 [INSPIRE].

[78] J.M. Cline and Z. Liu, LHC diphotons from electroweakly pair-produced composite

pseudoscalars, arXiv:1512.06827 [INSPIRE].

[79] U.K. Dey, S. Mohanty and G. Tomar, 750 GeV resonance in the dark left-right model,

Phys. Lett. B 756 (2016) 384 [arXiv:1512.07212] [INSPIRE].

[80] J. Ellis, S.A.R. Ellis, J. Quevillon, V. Sanz and T. You, On the interpretation of a possible

∼ 750 GeV particle decaying into γγ, JHEP 03 (2016) 176 [arXiv:1512.05327] [INSPIRE].

[81] Y. Nakai, R. Sato and K. Tobioka, Footprints of new strong dynamics via anomaly and the

750 GeV diphoton, Phys. Rev. Lett. 116 (2016) 151802 [arXiv:1512.04924] [INSPIRE].

[82] E. Molinaro, F. Sannino and N. Vignaroli, Minimal composite dynamics versus axion origin

of the diphoton excess, arXiv:1512.05334 [INSPIRE].
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