
What could the di-photon  
“signal” be?

“Vanilla scenario”!
(Mihailo)

“Tropical fruit scenario”
(Alberto)



Enormous amount of theory papers!

152 papers  
by Jan 6th!

Skimming through, about 50% of the papers are “serious”

0.04 seconds per paper in this talk.



Vanilla scenario
“The di-photon signal is a new resonance!”

Landau-Yang theorem  
suggests it’s a scalar Large production rate 

suggests it’s gluon initiated

(Nothing here is set in stone… because there is not stone)

The minimal interaction Lagrangian you need is:

L ⇠ gBB

⇤
�Bµ⌫Bµ⌫ +

gWW

⇤
�Wµ⌫Wµ⌫ +

gGG

⇤
�Gµ⌫Gµ⌫

The immediate implication is that the vanilla  
scenario predicts new vector-like fermions!

(** spin-2 unlikely due to 
universal couplings to matter )
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gGG
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The immediate implication is that the vanilla  
scenario predicts new vector-like fermions!

(** spin-2 unlikely due to 
universal couplings to matter )Most of this works for pseudo-scalars as well	



but this is a mundane detail



New Vectorlike fermions
The effective coupling to gluons and photons should  

be fairly large ( O(1) ) to accommodate  ��� ⇠ 1� 10 fb
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•Loop-supressed 
!

•How many vector-like generations do you need to fit 
the excess? 
!

•What kind of couplings do you need? 



Issue of the total width

Narrow width ( < O(1) GeV)? 

�[� ! gg] =
2g2GG

⇤2

m3
�

⇡
gGG ⇠ ↵s/4⇡ ⇥O(1)

Generically difficult to boost up the	


couplings. Big problem with all models.

• Yellow region can fit the signal strength. 
!
• Dark blue band can fit the signal strength  

assuming only decays to photons and 
gluons.

No real problems!	


photons and gluons alone are 

sufficient 	


if the width is small!
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Figure 1: Left: The yellow region describes the range of �(S ! gg)/M and �(S ! ��)/M in

which the diphoton rate can be fitted as gg ! S ! ��. Its upper boundary is the green band (at

1� and 2�) in which the total width is �/M ⇡ 0.06, as suggested by data. Its lower boundary

is the blue band, which assumes a minimal total width � = �(S ! gg) + �(S ! ��). The grey

region is excluded by searches for dijet resonances at Run 1. The upper and right axes show

the values of the operator coe�cients defined in eq. (9). Right: The analogous plot, assuming

that the resonant production is initiated by bb̄.

resonance. The dimensionless partonic integrals are

Cgg =
⇡2

8
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x
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sx
), (3a)
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4⇡2
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sx
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sx
)

�
. (3b)

Their numerical values, computed for a resonance atM = 750GeV using the MSTW2008NLO [4]
set of pdfs evaluated at the scale µ = M , are:

p
s Cb¯b Ccc̄ Css̄ Cd ¯d Cuū Cgg

8TeV 1.07 2.7 7.2 89 158 174
13TeV 15.3 36 83 627 1054 2137

(4)

Thus, the gain factors r = �
13TeV

/�
8TeV

= [Cgg/s]13TeV/[Cgg/s]8TeV from 8 to 13 TeV are

rb¯b rcc̄ rss̄ rd ¯d ruū rgg
5.4 5.1 4.3 2.7 2.5 4.7

(5)

4
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similar exp. for photons



Issue of the total width
Large width (> O (1) GeV)? 

The resonance must decay to states 
other than photons and gluons! 
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FIG. 1: Left: Allowed width ranges for explaining the diphoton resonance, in blue, assuming the production and decay dominate
the total width of the resonance. Constraints from unitarity (for reference model F9 of Table IV) and di-jet are shown as shaded
regions. Right: Same as left panel, but fixing the total width to 40 GeV through exotic decays.

II. IMPORTANCE OF THE WIDTH

Early indications, driven by ATLAS, are that the new resonance may have a substantial width, O(6%). Since the
decay to �� is a loop process and is naturally small, the observation of a substantial width has important implications
for the theory. We discuss these separately for the pp ! � ! �� case (explored in more detail in Sec. III) and for the
cascade decay case (discussed in more detail in Sec. IV; the conclusions on the width for the cascade case will also
apply to the Hidden Valley of Sec. V).

A. pp ! � ! �� process

As we have seen, the rate in the pp ! � ! �� process is given by

R
��

⇠ 1

m�

�
in

�
��

�
��

+ �
in

+ ��

dL
dm2

�

= 5÷ 10 fb (9)

where �� is the partial width into states not involved in production or �� decay.
If we hold R

��

fixed to fit the excess, we can solve for �
��

as a function of �
in

and vice versa. This is shown in
Fig. 1, as a blue band. Consider first the left-hand panel, in which �� = 0. If we increase �

in

, it drops out from the
expression, and the branching ratio to �� is very small, but compensated by the large production rate. The total
width of the resonance also grows, as it is dominated by �

in

. Eventually this direction is cut o↵ by the constraints
on di-jet resonances (red region in figure 1). Similarly, if we increase �

��

, we eventually approach the point where
nearly 100% branching ratio is to ��. This direction is, however, bounded by unitarity considerations, since at some
point the ‘t Hooft coupling g2

f

N
f

(or (g
s

/M)2N
f

for the scalar case) becomes non-perturbative and the theory enters
a regime of strong dynamics. This constraint is of course model dependent, and is shown in the green region in figure
1 for one of the models studied in Sect. III A, F9 of Table IV. Notice that the left-hand panel implies that it is hard to
obtain a 45 GeV width for the particle when the only contribution to its width is through the production and decay
channels.

Next, consider the impact of adding a decay of � to states not initiating the production or decay. This is shown
in the right-hand panel of Fig. 1, where �

tot

= �
��

+ �
in

+ �� = 45 GeV. In this case, either one requires the total
width to �� to be very large (� 1 MeV, which is a natural decay width through a single charged loop of fermions),
or �

in

must be substantial itself, which would favor a tree level �
in

unless there is a high multiplicity of particles; �
in

via loops of heavy particles would not be su�cient.
We conclude that there are two possibilities: (i) the particle is narrow and its width is dominated by the production

and decay modes, or (ii) the particle is broad in which case a substantial range of partial widths to the initial state
and to �� are possible. In neither case can a width of 45 GeV be obtained via the �� decay channel and production
only, whether that be at loop or tree level. We explore what ratios are possible in Sec. III.

blue band	


fits the excess	



strength

You can not get a width of 
O(10) GeV that is not ruled 
out and fits the signal with 
photons and gluons only.

arXiv:1512.04928	





Large width (> O (1) GeV)? 
What else could the new  

resonance decay to?

We haven’t observed any charged states  
with mass of O(100) GeV…

Invisible particles?

Dark Matter?  
Hidden Valleys?

Issue of the total width

Degenerate states?



and how the requirements on the di-photon resonance and dark matter can be fulfilled. In

section 3 we discuss the experimental constraints from the LHC-8TeV and from DM detection

experiments and present a final summary of the allowed parameter space. In section 4 we

discuss the prospects for future detection of our DM candidate both at the LHC-13TeV and

the next generation direct detection experiments. Appendix A contains a discussion about the

possible UV completions of the simplified model presented in section 2 and a brief analysis on

the phenomenology of a CP-odd singlet motivated by SUSY UV completions.

2 Di-photon excess in a dark matter simplified model

We consider an e↵ective lagrangian for a new spin zero and CP-even particle S (Jp = 0+)

which couples at tree level to a massive Dirac fermion  . Both S and the fermion are singlet

under the Standard Model and a global flavor symmetry under which  is charged guarantees

a stable fermionic DM candidate

L+

NP =
1

2
(@S)2 +

m2

S

2
S2 +  ̄/@ + (gDMS +M ) ̄ 

+
gGG

⇤
SGµ⌫Gµ⌫ +

gWW

⇤
SWµ⌫Wµ⌫ +

gBB

⇤
SBµ⌫Bµ⌫ . (2.1)

We fix the UV scale to ⇤ = 104 GeV conservatively sticking to the regime of validity of

the e↵ective field theory. The dimensionless couplings are taken to be order O(1), while the

missing operators allowed by the symmetries in the e↵ective lagrangian are assumed to be

suppressed by small couplings. Here we focus on the basic phenomenological properties of the

simplified model of dark matter in (2.1), taking a bottom-up approach1, while we postpone

the justification of our working assumptions in considering (2.1) for the Appendix A.

The total width: Considering the couplings in (2.1), the singlet scalar can decay into SM

gauge bosons, or invisibly with the leading order decay rate

�(S !  ̄ ) =
g2DMmS

8⇡

 
1� 4M2

 

m2

S

!
3/2

. (2.2)

In figure 1 we display the branching ratios of S decays into the various channels, for some

representative values of the couplings, as a function of the DM mass. As soon as the tree level

decay into dark matter is kinematically open, it dominates over the decays into SM particles

which are induced by dimension five operators. Among the SM decay channels, the gluon

decay mode is enhanced by the color factor.

1For our phenomenological studies, we employ FeynRules [52], MadGraph5 [53], MadDM [54, 55]

and micrOMEGAs [56].
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Add a Dirac Fermion 
Dark Matter to the minimal	



Lagrangian

Large width and DM
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Figure 1: Contours of the di↵erent branching ratios for the singlet S as a function of M
 

. The

other parameters of the model are fixed to the benchmark values specified in the plot title. The solid

lines indicate the BR to invisible (blue) and SM particles (red). The dashed lines are the di↵erent SM

channels. The gray shaded contours indicate �
tot

/m
S

where we fixed m
S

= 750 GeV.

Figure 1 illustrates an important feature of the model. The gray-shaded contours indicate

the ratio of the width of S over its mass, i.e. �

tot

m
S

. As we pointed out in the introduction, the

ATLAS analysis hints towards a configuration of the spectrum and the couplings for which
�

tot

m
S

⇠ 3-9%. Figure 1 clearly shows the di�culties in obtaining a percent-level width by

considering dominant decay modes into SM particles, which contribute . 0.5% to �

tot

m
S

. This

feature is generic of models where the decay modes into SM particles are generated through

higher dimensional operators only, if we conservatively stick to the regime of validity of the

e↵ective field theory. In such scenarios a tree level decay mode certainly helps to enhance the

width of the resonance.

Figure 1 also shows that a large width can generically be obtained via the invisible decay

of the singlet into DM pairs (2.2). Indeed the requirement on a large width alone (1.3) imposes

a lower bound on the Yukawa-like coupling of the singlet to DM: gDM & 0.9. In what follows

we will show how this leads to very interesting implications for both DM direct detection as

well as collider phenomenology.

5

Most of the width 
generically 

comes from invisible 
decays

arXiv:1512.04917	



S = new resonance



Large width and DM
Signal strength Total widthRelic density
gBB ⇥ gGG gBB , gGG,M , gDM M , gDM
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Figure 4: Interplay between the di-photon signal parameters and DM relic density. The four plots

from the top left to the bottom right corresponds to our four benchmark choices in (2.3). The blue

band shows regions where �
tot

m

S

⇡ (3 � 9)% (in blue) while the region where ⌦h2 < 0.1 is shown in

pink. At the boundaries of the pink region (black, solid lines) the Dirac fermion accounts for all the

DM relic abundance. We overlaid the contours of the di-photon production cross section at LHC 13 as

dashed red curves. The thicker curve is the one corresponding to our selected benchmarks p1...4 with

�
tot

⇡ 30 GeV. The intersection of the width band with the relic density line essentially fix the dark

matter parameters, as already observed in figure 3.

Figure 4 illustrates our main results for the four benchmark points defined in (2.3). For

illustrative purpose, we select a large range for the mediator width (1.3) with the ATLAS

preferred value of �tot/mS = 6% as central value. The relic abundance band shows the region

9

In fact, requiring                     and the width 
essentially fixes the DM parameters! 

⌦h2 ⇠ 0.1
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Figure 4: Interplay between the di-photon signal parameters and DM relic density. The four plots

from the top left to the bottom right corresponds to our four benchmark choices in (2.3). The blue

band shows regions where �
tot

m

S

⇡ (3 � 9)% (in blue) while the region where ⌦h2 < 0.1 is shown in

pink. At the boundaries of the pink region (black, solid lines) the Dirac fermion accounts for all the

DM relic abundance. We overlaid the contours of the di-photon production cross section at LHC 13 as

dashed red curves. The thicker curve is the one corresponding to our selected benchmarks p1...4 with

�
tot

⇡ 30 GeV. The intersection of the width band with the relic density line essentially fix the dark

matter parameters, as already observed in figure 3.

Figure 4 illustrates our main results for the four benchmark points defined in (2.3). For

illustrative purpose, we select a large range for the mediator width (1.3) with the ATLAS

preferred value of �tot/mS = 6% as central value. The relic abundance band shows the region

9

In fact, requiring                     and the width 
essentially fixes the DM parameters! 

⌦h2 ⇠ 0.1

Correct relic density
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Figure 4: Interplay between the di-photon signal parameters and DM relic density. The four plots

from the top left to the bottom right corresponds to our four benchmark choices in (2.3). The blue

band shows regions where �
tot

m

S

⇡ (3 � 9)% (in blue) while the region where ⌦h2 < 0.1 is shown in

pink. At the boundaries of the pink region (black, solid lines) the Dirac fermion accounts for all the

DM relic abundance. We overlaid the contours of the di-photon production cross section at LHC 13 as

dashed red curves. The thicker curve is the one corresponding to our selected benchmarks p1...4 with

�
tot

⇡ 30 GeV. The intersection of the width band with the relic density line essentially fix the dark

matter parameters, as already observed in figure 3.

Figure 4 illustrates our main results for the four benchmark points defined in (2.3). For

illustrative purpose, we select a large range for the mediator width (1.3) with the ATLAS

preferred value of �tot/mS = 6% as central value. The relic abundance band shows the region

9

In fact, requiring                     and the width 
essentially fixes the DM parameters! 

⌦h2 ⇠ 0.1

Correct relic density

Width = 30 GeV
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Figure 4: Interplay between the di-photon signal parameters and DM relic density. The four plots

from the top left to the bottom right corresponds to our four benchmark choices in (2.3). The blue

band shows regions where �
tot

m

S

⇡ (3 � 9)% (in blue) while the region where ⌦h2 < 0.1 is shown in

pink. At the boundaries of the pink region (black, solid lines) the Dirac fermion accounts for all the

DM relic abundance. We overlaid the contours of the di-photon production cross section at LHC 13 as

dashed red curves. The thicker curve is the one corresponding to our selected benchmarks p1...4 with

�
tot

⇡ 30 GeV. The intersection of the width band with the relic density line essentially fix the dark

matter parameters, as already observed in figure 3.

Figure 4 illustrates our main results for the four benchmark points defined in (2.3). For

illustrative purpose, we select a large range for the mediator width (1.3) with the ATLAS

preferred value of �tot/mS = 6% as central value. The relic abundance band shows the region
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In fact, requiring                     and the width 
essentially fixes the DM parameters! 
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Figure 3: Markov-chain scan over the four dimensional model parameter space, projected onto the

M
 

, g
DM

plane. The scan assumes a Gaussian likelihood function centered around ⌦h2 = 0.12, where

the range of allowed parameters is bounded by g
BB

= [10�2, 2], g
GG

= [10�2, 1], g
DB

= [10�2, 3] and

m
 

= [200, 375] GeV. The blue circles represent the total of 10000 points scanned over by the Markov-

chain, with no additional constraints. The green triangles represent a subset of the sampled points

which give relic density in the range of 0.1 < ⌦h2 < 0.13. The red diamonds assume an additional

requirement of �
tot

m

S

= (3� 9)%GeV. The dashed lines represent the range in which the total width in

the range of (3� 9)% of m
S

can be explained by dominant decays into dark matter.

dependent on the remaining model parameters. What do we mean with chiral nature?

Benchmark points: For concreteness we selected four benchmark points which provide a

yield in �� of O(1� 10) fb, roughly required to explain the observed di-photon excess (1.1):

P
1

: gGG = 0.25 gBB = 1 ,

P
2

: gGG = 0.25 gBB = 2 ,

P
3

: gGG = 0.14 gBB = 1 ,

P
4

: gGG = 0.14 gBB = 2 ,

(2.3)

where we are keeping fixed the cut-o↵ scale at ⇤ = 10 TeV. We intentionally choose O(1)

values for gBB, which opens up the parameter space leading to a sizeable �� cross section.
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The conclusion is robust 
even if you vary the 

couplings to gluons and 
photons



If the di-photon signal is indeed real…

… and the large width is explained by DM …

… a signal consistent with a 750 GeV DM mediator	


and 300 GeV DM with O(1) couplings 	


should appear in the MET+j channel

… and a signal consistent with ~300 GeV DM	


particle should appear in direct detection



Is the prediction reasonable?
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p1 (0.25,1) 2.7 322 30 6.2 0.10

p2 (0.25,2) 2.2 307 29 25 0.12

p3 (0.14,1) 2.7 323 29 2.1 0.12

p4 (0.14,2) 2.3 308 31 7.8 0.12

Table 1: Summary of the di-photon signal yield at LHC-13TeV and the preferred dark matter param-

eters for the four selected benchmark points.

of ⌦DMh2  0.12, with black lines indicating ⌦DMh2 = 0.12. The relic abundance band is

weakly dependent on the coupling as expected for an annihilation cross section dominated by

an s-channel resonance and fixes the DM mass to be M ⇠ m
S

2

.

The desired region is the overlap between the large width band (in purple) and the dark

matter relic abundance line (black solid). For the large values of the dark matter mass necessary

to obtain the correct relic abundance, a width in the selected range can be achieved only with

a large dark matter coupling gDM . This result is in agreement with the expectation that the

dark matter relic abundance together with the requirement on the width of S essentially fixes

both gDM and M .

By inspecting figure 4, we can select representative values of the dark matter mass and dark

matter coupling gDM , where we chose the total width �tot ⇠ 30 GeV for illustrative purpose.

We denote the model points as p
1...4 in figure 4. Table 1 summarizes the signal yield in the

di-photon channel and the DM relic abundance for the four selected benchmark points, where

all the parameters of the model are now fixed by requiring a large mediator width, a sizable

�� cross section, and the correct dark matter abundance.

Note that the �� production cross section for our benchmarks ranges between 2 � 25 fb,

providing enough room to fit the ATLAS and CMS excess while taking into account event

selection e�ciency and the acceptance.

3 Experimental constraints

The scenario we consider is bounded by several existing collider searches at
p
s = 8 TeV and by

astro-particle searches that we discuss in more detail in the following sections. For a previous

study of LHC Run I constraints on DM models with mediators see e.g. [57].

LHC-8TeV constraints: The model we propose populates di↵erent final state topologies,

given the rich decay pattern of the scalar mediator (see figure 1). For the benchmark points
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p1 0.86 3.7 1.4 1.3 3.9 · 10�32 6.9 · 10�46

p2 3.6 3.5 6.0 1.4 5.5 · 10�32 4.6 · 10�46

p3 0.3 1.2 0.48 0.14 4.1 · 10�32 2.3 · 10�46

p4 1.1 1.2 1.8 0.13 6.2 · 10�32 1.6 · 10�46

Table 2: Summary of experimental constraints from LHC-8TeV searches and from dark matter ex-

periments on the four benchmark points described in Table 1. All collider cross sections are given in

fb and assume
p
s = 8TeV. For the constraints on �

jj

we compute the cross section imposing a cut of

pj
T

> 20GeV, ⌘
j

< 2.5, while for the �MET+j

we impose a cut of pj
T

> 500GeV.

collider and from dark matter experiments, and can provide viable scenarios to accommodate

the di-photon excess as well as to account for the correct relic density of dark matter. Note

that the benchmark points predict a direct detection cross section which is not far from the

actual experimental reach, and will likely be accessible in future experiments.

4 Future signatures

In this note we have proposed a simplified dark matter model with a mediator of mass ⇠
750 GeV to account for the di-photon excess recently reported by the ATLAS and CMS

collaborations. If the resonance is a scalar singlet, the requirement of a moderately large

resonance width from the ATLAS collaboration (see (1.3)) hints to the existence of extra

decay channels.. Here we have investigated the possibility that the scalar singlet has an extra

decay mode into an invisible particle which can play the role of a dark matter candidate.

This simple assumption, together with the requirement of a correct relic abundance, provides

a prediction for the mass of the dark matter, that should be around ⇡ 300 GeV for a scalar

mediator of 750 GeV.

The model is indeed very predictive and we can identify the expected signatures in other

channels at LHC-13TeV and in dark matter experiments. The most distinctive LHC signature

is in MET+j which has the largest cross section and will be reachable at LHC-13TeV with

more luminosity. From the model independent analysis of CMS [47] one can estimate the

luminosity needed to exclude our model at 13 TeV by assuming that the e�ciencies for the

main SM backgrounds are the same as in the 8 TeV run. We focus on the MET > 500 GeV bin,

which gave the most stringent constraints at 8 TeV. A back of the envelope estimate indicates

that the benchmark point p
1

(with large MET+j cross section) should be within reach with
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Figure 5: Summary of the parameter space allowed by experimental constraints, in the g
GG

and

g
BB

plane, which results in �
��

> 2 fb at LHC13TeV. We marginalize over M
 

= [25, 600] GeV and

g
DM

= [0.1, 3], where we always require ⌦h2  0.12. Regions above dashed and dotted lines are ruled

out by individual searches specified on the plot, where we use dotted lines to represent the weakest

limits in the marginalization and the dashed lines for the strongest limits. The solid blue line and the

shaded region below it corresponds to the region of parameter space which can not account for a large

width of the di-photon resonance. The points labeled as capital P1�4 represent the benchmark model

points in (g
GG

, g
BB

) of 2.3, we use as illustrations in the paper. The direct detection bounds labeled

DD assume ⌦h2 = 0.12.

constraints. Note that this region of model parameters is also able to accommodate the di-

photon excess signal strength.

Benchmark points: Table 2 shows a summary of all the experimental constraints on

our scenario for the four benchmark model points in Table 1. Benchmark point 2, with

(gGG, gBB) = (0.25, 2), gives the largest yield in the di-photon signal (see Table 1) and it

is already severely constrained by the �� final state. Interestingly, requiring the correct DM

relic abundance for that choice of gGG and gBB, and hence fixing gDM and M to the values

in Table 1, enhances the Z� branching ratio making the benchmark 2 also excluded by Z�

searches at LHC-8TeV.

The other benchmark points are all within the allowed experimental bounds, both from
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Assume new resonance mixes with the Higgs
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Figure 6. Left: The 68% CL (darker green) and 95% CL (lighter green) regions of the parameter
space of the doublet-singlet model with the singlet coupled to a vector-like quark with charge
QX = 2/3. The gray region is the parameter space disfavored at 95% CL by ATLAS [39, 40] and
CMS [29] searches for a heavy Higgs boson decaying to WW and ZZ. We also show the contours
of constant �(pp ! S)Br(S ! gg) cross section. Right: The same for the mixing angle fixed as
sin↵ = 0.008 and presented in the space of Yukawa coupling yX and mass mX of the vector-like
quark. The dashed blue line marks the parameters for which the vector-like quark cancels the
quadratic divergent contribution to the Higgs mass from the SM top quark.

4 The Doublet-Singlet Model

The singlet model can be extended in a straightforward way. A particularly motivated
scenario is the one in which the scalar and the SM Higgs boson h mix. Such a mixing alters
the production and decay modes of both the singlet and doublet. Consequently, precision
Higgs measurements and resonant searches in various channels (the most important one
being S ! WW ) place strong constraints on the available parameter space.

As before, we assume that the singlet couples to new vector-like quarks via the Yukawa
coupling L � �yXS ¯XX. In addition, we assume that it couples to the SM via the Higgs
portal, that is through the coupling S|H|2. Then, after electroweak symmetry breaking,
the mass matrix of the scalars contains off-diagonal terms. To diagonalize the mass matrix
one needs to perform the rotation,

h ! h cos↵+ S sin↵ , S ! �h sin↵+ S cos↵ , (4.1)

where h is the physical Higgs mode. From the Higgs coupling measurements, the mixing
angle is constrained at 95% CL to be, sin↵ . 0.4 [41], independently of mS . Electroweak
precision tests impose slightly stronger constraints in the relevant mass range: following
the analysis of Ref. [42], for a mS = 750 GeV one finds sin↵  0.32 at 95% CL. In what
follows, we study further constraints on the mixing angle assuming S is responsible for the
diphoton excess at 750 GeV. As in the toy model, we find that the decay width of S is
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always narrow in the relevant parameter space, and therefore the analysis using the narrow
width approximation is adequate.

Due to the mixing, the singlet acquires direct couplings to the SM gauge bosons and
fermions,

L � 1

v
(h cos↵+ S sin↵)

2

4
2m2

WW+
µ W�

µ +m2
ZZµZµ �

X

f

mf
¯ff

3

5 . (4.2)

This opens the possibility for S to decay to a pair of on-shell W and Z bosons. At the
same time, the tree-level Higgs couplings to the SM matter is reduced by cos↵, while the
one-loop couplings to gluons and photons may be altered. Furthermore, integrating out the
vector-like quark, induces the effective couplings of both S and h to gluons and photons:

L � e2

4v
cs�� cos↵SFµ⌫Fµ⌫ +

g2s
4v

csgg cos↵SG
a
µ⌫G

a
µ⌫

� e2

4v
cs�� sin↵hFµ⌫Fµ⌫ � g2s

4v
csgg sin↵hG

a
µ⌫G

a
µ⌫ (4.3)

where csvv are given in Eq. (3.3). As in the toy model, the couplings in the first line allow
S to be produced at the LHC and to decay to photons. The couplings in the second line,
together with the modifications in Eq. (4.2), affect the Higgs production cross-sections and
decay widths. We apply the experimental constraints on these couplings from LHC Higgs
searches using the likelihood function derived in Ref. [43].

In Fig. 6 we show the results assuming that the vector-like quark X has charge QX =

2/3, that is to say, it is a T 0 quark with the same color and electromagnetic quantum
numbers as the SM top quark. We can see that, in this case, the searches for heavy scalars
in the diboson decay channel place stringent limits on the mixing angle in the parameters
space favored by the diphoton excess, sin↵ . 0.01. The impact of the Higgs coupling
measurements is weaker in the T 0 case.

Changing QX or choosing a more complicated pattern of the vector-like quarks, we can
change the relation between csgg and cs�� compared to the T 0 case. This opens up more of
the parameter space and allows for larger values of the mixing angle, as shown in Fig. 7 and
Fig. 8. We find that the mixing angles as large as sin↵ = 0.1 can be accommodated in this
framework, for sufficiently large Yukawa coupling, yX . For larger sin↵ the Higgs couplings
measurements (especially the h ! �� rate) exclude the entire parameter space fitting the
750 GeV excess and still allowed by diboson resonance searches. We also note that in the
model with csgg = 0, that is when X is a vector-like lepton with no color charge, there is
no allowed parameter space at all that fits the 750 GeV excess.

5 A Broad Resonance?

As can be seen in Fig. 4, the LHC diphoton data allow for a fairly wide O(10)-O(100) GeV
resonance at 750 GeV , which is significantly larger than the experimental resolution. While
these hints are not statistically significant at this point, it is interesting to contemplate on
the implications of such a possibility within the context of the singlet scenario.
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Figure 6. Left: The 68% CL (darker green) and 95% CL (lighter green) regions of the parameter
space of the doublet-singlet model with the singlet coupled to a vector-like quark with charge
QX = 2/3. The gray region is the parameter space disfavored at 95% CL by ATLAS [39, 40] and
CMS [29] searches for a heavy Higgs boson decaying to WW and ZZ. We also show the contours
of constant �(pp ! S)Br(S ! gg) cross section. Right: The same for the mixing angle fixed as
sin↵ = 0.008 and presented in the space of Yukawa coupling yX and mass mX of the vector-like
quark. The dashed blue line marks the parameters for which the vector-like quark cancels the
quadratic divergent contribution to the Higgs mass from the SM top quark.

4 The Doublet-Singlet Model

The singlet model can be extended in a straightforward way. A particularly motivated
scenario is the one in which the scalar and the SM Higgs boson h mix. Such a mixing alters
the production and decay modes of both the singlet and doublet. Consequently, precision
Higgs measurements and resonant searches in various channels (the most important one
being S ! WW ) place strong constraints on the available parameter space.

As before, we assume that the singlet couples to new vector-like quarks via the Yukawa
coupling L � �yXS ¯XX. In addition, we assume that it couples to the SM via the Higgs
portal, that is through the coupling S|H|2. Then, after electroweak symmetry breaking,
the mass matrix of the scalars contains off-diagonal terms. To diagonalize the mass matrix
one needs to perform the rotation,

h ! h cos↵+ S sin↵ , S ! �h sin↵+ S cos↵ , (4.1)

where h is the physical Higgs mode. From the Higgs coupling measurements, the mixing
angle is constrained at 95% CL to be, sin↵ . 0.4 [41], independently of mS . Electroweak
precision tests impose slightly stronger constraints in the relevant mass range: following
the analysis of Ref. [42], for a mS = 750 GeV one finds sin↵  0.32 at 95% CL. In what
follows, we study further constraints on the mixing angle assuming S is responsible for the
diphoton excess at 750 GeV. As in the toy model, we find that the decay width of S is
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0.2

0.5

1

2

4

8

12

16

0 2 4 6 8 10
0

5

10

15

20

y × 103

c �

R�� (fb)

Need very large      to give sizeable signal rateyb

Can work but partial tension with 8TeV constraints

• Cross section contours for gamma gamma signal at 13 TeV 

• Here photon coupling induced by vector like fermions 

• Total width anyway bounded from di-jet constraints

arXiv:1512.04928	



5

NP

�

Gluon fusion through a heavy
colored messenger

Section IIIA

NP
q

�

Non-MVF yukawa coupling to first
generation quarks

Section III B

q

�

Vector boson fusion through a
heavy W 0

Appendix B

�

SM

NP
Cascade decay Section IV

�
a

a
Decay to two pairs of collimated
photons through a Hidden Valley

Section V

NPNP

SM

Non-resonant kinematic edge
providing excess

Section IV

TABLE II: Topologies considered in this paper.

Max(�q̄q) ' 1 GeV



Quark production

L � ybb̄bS

L � yuūuS
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to account for the observed excess and, at the same time, make the light scalar mimic a

one-photon signature while still decaying within the detector.

In fact, the idea of reconstructing two photons as a single one may also be of interest

to other models. One interesting example is provided by a scalar resonance � with mass

m� ⇠ 750 GeV that decays into two very light scalars s that subsequently decay into two

photons. The relevant interactions can be written as
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2. (5.1)

In figure 4 we show the parameter space region in the cGG � � plane allowed by the

diphoton searches at both 8 and 13 TeV as well as the best fit width. Searches for dijets

are not sensitive to this region of the parameter space.
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be discovered in the near future. On the other hand, no such additional decay channel is

expected if the diphoton excess is due to a scalar decaying into two very light scalars.

Finally, we emphasize that the gauge boson of a new U(1)0 gauge group can mix

with the neutral gauge bosons of the SM. Indeed, given that we include fermions charged

under both U(1)Y and U(1)0, loop processes will in general lead to kinetic mixing of the

form �1
2 sin ✏F

0µ⌫Bµ⌫ [63, 64]. The presence of such a kinetic mixing term can modify

electroweak precision observables and lead to sizeable decays of the Z 0 into SM leptons,

providing promising ways to constrain this scenario. However, the precise magnitude of

these e↵ects depends on the specific UV completion. We leave a detailed investigation of

these e↵ects to future studies.
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2HDM
• Heavy Higgses in decoupling limit 
• CP-Odd and CP-Even with small mass splitting 
•               Can mimic large width

v

MS
⌧ 1

m2
H0 �m2

A0 ⇠ v2

Couplings to photons/gluons induced by coupling to SM quarks

Same coupling induces tree level decay of heavy Higgses
BR into gluons and photons will be suppressed

7

where xHH± = m2
H/(4m2

H±) and �
±

is the coupling of
H with two charged Higgs bosons. The corresponding
coupling of A vanishes in the absence of CP violation.
The function As can be found for example in [89]. For
mH± ' 750 GeV this gives �(H ! ��) ' �2

±

⇥ 23 eV ,
which is tiny. The impact of charged Higgs loops is there-
fore generically small even for O(1) couplings. We will
take into account charged Higgs loops in our numerical
analysis discussed below.

The production modes of H include gluon fusion, vec-
tor boson fusion, as well as production in association with
gauge bosons, tops, or bottoms. The pseudoscalar A can
be produced in gluon fusion and in association with tops,
or bottoms. For a SM-like Higgs at 750 GeV, the dom-
inant production mode is through gluon fusion, which
is in turn dominated by the top loop. Also vector bo-
son fusion can contribute in a non-negligible way. For
the corresponding production cross-sections of H we es-
timate

�(gg ! H) ' (⇠Ht )2 ⇥ �(gg ! H)SM , (39)

�(VBF) ' (⇠HV )2 ⇥ �(VBF)SM , (40)

where ⇠Ht , ⇠HV are the relative size of the Htt, HWW
couplings with respect to the SM top Yukawa and weak
gauge coupling, respectively. The production cross-
sections of a SM-like Higgs boson with mass 750 GeV
at 13 TeV proton-proton collisions are approximately
�(gg ! H)SM ' 620 fb [97] and �(VBF)SM ' 220 fb [98–
100]. The gluon fusion production cross section for the
pseudoscalar A is approximately 50% larger [97]. Com-
bined with a branching ratio into diphotons of at most
O(10�5), this strongly suggests that a diphoton signal
is orders of magnitude below the observed excess, unless
the couplings of the heavy Higgses to the top quark are
non-perturbatively large, |⇠Ht | � 1. (Note that for the
coupling to gauge bosons one always has |⇠HV |  1 in a
2HDM.)

We performed a numerical analysis of the 2HDM pa-
rameter space, taking into account decays of H and A
into tops, bottoms, taus, weak gauge bosons, gluons, and
photons. In the decay to gluons we consider loops of
tops and bottoms and use NLO expressions for the de-
cay widths. In the decay to photons we consider loops
of tops, bottoms, taus, W bosons and charged Higgses.
We considered production in gluon fusion, vector boson
fusion and in association with bottom quarks. The gluon
fusion production cross section is computed at NNLO us-
ing higlu [97] and taking into account top and bottom
loops. The cross section for production in vector boson
fusion is estimated as in (40). To obtain the cross sec-
tion for production in association with bottom quarks,
we use bbh@nnlo [101]. We neglect all other subdomi-
nant production modes. We scan all relevant couplings
in the following generous ranges

|⇠H,A
t | < 1/3/5 , |⇠H,A

b | < 100 , |⇠H,A
⌧ | < 200 ,

|⇠HV |  1 , |�
±

| < 10 . (41)

The reduced couplings of H and A to tops, bottoms and
taus are taken to be independent in the scan. We take
into account the bounds from heavy Higgs to ZZ searches
in [94] (see also [93]) that strongly constrain regions of
parameter space where |⇠HV | is sizable. We find the fol-
lowing maximal signal strengths

(�BR)(pp ! H ! ��) . (0.01/0.06/0.14) fb , (42)

(�BR)(pp ! A ! ��) . (0.01/0.07/0.18) fb , (43)

where the first/second/third value corresponds to maxi-
mal top couplings of |⇠H,A

t | = 1/3/5. Adding up the H
and A signals, we find that even with extremely large top
couplings of ⇠H,A

t ' 5, the signal cross sections are well
below 1 fb.

B. Adding more degrees of freedom

As next step, we consider additional contributions to
the e↵ective couplings of the Higgs doublets to the gauge
bosons. In an e↵ective theory approach we write

L � ↵s

12⇡v2W

⇣
�g
1H

†

1H1 + �g
2H

†

2H2

⌘
Ga

µ⌫G
a
µ⌫

+
↵s

12⇡v2W
�g
12

⇣
H†

1H2 +H†

2H1

⌘
Ga

µ⌫G
a
µ⌫

� ↵s

12⇡v2W
�̃g
12 i

⇣
H†

1H2 �H†

2H1

⌘
Ga

µ⌫G̃
a
µ⌫ , (44)

where, as throughout the paper, we assumed that CP is
conserved. In (44) we only show the couplings to glu-
ons. E↵ective couplings of the Higgs doublets to the
SU(2)L gauge bosons, �W

1,2,12, and to the Hypercharge
gauge boson, �B

1,2,12, can be defined analogously. Note
that the leading gauge invariant operators that couple
H1,2 to gauge bosons are of dimension 6, in contrast to
the singlet case discussed above, where such couplings
exists already at the dimension 5 level.
After electroweak symmetry breaking and moving to

Higgs mass eigenstates, we find for the e↵ective couplings
of H and A to gluons and photons

�g = �g
1s�s↵ + �g

2c�c↵ + �g
12(c�s↵ + s�c↵) , (45)

�� = (�B
1 + �W

1 )s�s↵ + (�B
2 + �W

2 )c�c↵

+(�B
12 + �W

12)(c�s↵ + s�c↵) , (46)

�̃g = �̃g
12 , (47)

�̃� = �̃B
12 + �̃W

12 . (48)

In the decoupling limit, � � ↵ = ⇡/2, the contributions
from �i

1,2 are suppressed by s�c� ! 1/t� in the large
tan� regime. The contributions from �i

12, on the other
hand, are not suppressed at large tan�.
As in the singlet case, the e↵ective couplings can be

induced by a multitude of new degrees of freedom. As
an example, we consider one set of vector-like quarks:
a SU(2)L doublet, Q, and the corresponding singlet, U

For three values of ⇠t =
y0t
yt

= 1, 3, 5

L � y0f Q̄L(H
0 + iA0)fR

Maximum possible signal rate arXiv:1512.07616	
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SUSY and sgoldstino

scenario, this part contains Goldstone fermion – goldstino – and its superpartners dubbed

sgoldstinos. Interactions of the latter with the Standard Model particles are determined by

soft supersymmetry breaking parameter and suppressed by a supersymmetry breaking scale
√
F . Collider phenomenology of sgoldstinos with masses of order electroweak scale have

been discussed for instance in [11, 12, 13, 14, 15, 16, 10, 17, 18]. In Refs. [5, 6] it has been

proposed that sgoldstino (scalar, pseudoscalar or both) is responsible for the diphoton excess

at 750 GeV. In this note we further discuss phenomenological implications of this proposal

pointing out at particular signatures which can be used to verify this scenario.

2 Exploring the model

The scalar S sgoldstino interactions with photons and gluons are governed by the following

effective lagrangian (see, e.g. Ref. [19])

L1 = −
M3

2
√
2F

S trGµνG
µν −

Mγγ

2
√
2
S FµνF

µν , (1)

where Mγγ = M1 cos2 θW +M2 sin2 θW and M1,2,3 are soft gaugino masses of a supersymmet-

ric extension of the Standard Model. The dominating production mechanism of sgoldstino at

high energy pp collisions is gluon-gluon fusion [11, 12] for typical hierarchy of soft supersym-

metry breaking parameters: gluino is the heaviest gaugino while the soft trilinear couplings

are of the same size as Mi. The production cross section is related to the decay of sgoldstino

to gluons Γ(S → gg) =
M2

3
m3

S

4πF 2 which is typically the main decay channel for
√
F at TeV

scale and mS <
√
F which we will assume in what follows. The width of sgoldstino decay

into photons is given by Γ(S → γγ) =
M2

γγm
3
S

32πF 2 . Apart from gg and γγ the most important

decay modes of sgoldstino relevant for our study are WW , ZZ and Zγ final state decays.

Corresponding interactions are

L2 = −
M2√
2F

SW µνWµν −
MZZ

2
√
2
SZµνZµν −

MZγ√
2F

SZµνFµν (2)

with MZZ = M1 sin2 θW +M2 cos2 θW and MZγ = (M2 −M1) sin θW cos θW .

To explain the diphoton excess we require that the mass of sgoldstino is equal to 750 GeV

and

3 fb <∼ σγγ
<∼ 13 fb at 13 TeV, (3)

where we define

σγγ ≡ σS × Br(S → γγ). (4)

2

In low scale supersymmetric models we expect 	


complex scalar partner of the goldstino to be moderately light

Couplings to MSSM particles determined by soft terms

Vector couplings or CP-even component

Fermion couplings of CP-even component
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Figure 2: Allowed region in the plane m3/m1,m2/m1 of the sgoldstino parameter space, where we
have fixed m� = 750 GeV and µ��

13 = 7 fb. Left: the solid red line gives the expected width of the
minimal sgoldstino model, the dashed black line the scale F/( TeV ·m3). Right: ratio of signals in
ZZ (dashed red), Z� (solid green) and gg (dotted blue) with respect to the signal in ��.

red lines in the left-hand plot of Figure 2. From there we can see that it is possible to reach widths

up to the GeV, if
p
F is quite close to the TeV. Still these values are too small compared with

the preferred width determination by ATLAS. However, given the little amount of data currently

available, we do not consider this as a major drawback of the sgoldstino model, and we postpone a

more careful analysis of the total width to when more data is available (including an error for the

measurement of the width). Likewise, we leave for future work the exploration of the parameter

regions of the scalar potential and/or non-minimal models with an extended Higgs sector beyond

the MSSM, where it could be possible to generate a larger width in invisible or other channels,

resulting in a broader resonance. Finally, in the right-hand plot of Figure 2, we show the signal

expected in the most promising channels to confirm the hypothesis of the sgoldstino, if this is

indeed responsible for the 750 GeV diphoton excess. This plot can provide a useful guidance to

experimental collaborations, providing sensitivity targets for dijet, ZZ and Z� resonance searches.

While we focussed on the CP-scalar � in X, its CP-odd component ⌘ has very similar coupling

structures, dictated as well by the soft SUSY breaking terms. The phenomenology of such pseudo-

scalar is fully analogous to the analysis we presented above for �.
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SUSY and sgoldstino
• Consider only CP-even component 

• Fixed diphoton signal yield at 13TeV to 7 fb

Width is always small

Similar results for CP-odd

Mimic Large Width with two sgoldstino components

Non trivial to control the mass splitting
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Strongly coupled models

Large number of composite states induce large photon coupling

Large width suggest strongly coupled models
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1. S is a PNGB of sector that produces Higgs 

2. S is a PNGB of a sector not related to EWSB

Two Scenarios
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S is a PNGB of sector that produces Higgs

• Strongly coupled sector with SU(N) gauge group  
• Global Symmetry breaking SO(6)/SO(5) 
•             Higgs + Extra singlet S

4⇡/
p
N with the coupling among mesons, or the topological expansion parameter. The same

simple structure appears in holographic realisations of strongly-coupled theories where the two
parameters are simply given by the KK mass and coupling. In all cases N ⇠ (4⇡/g⇤)2 roughly
counts the number of degrees of freedom in the new dynamics. This perhaps oversimplified
picture will be the basis of our discussion.

To understand the lightness of the Higgs with respect to the strong scale m⇤ ⇠ TeV, the
Higgs can be considered to emerge as a PNGB from the spontaneous breakdown of a global
symmetry G ! H. It is however often the case that extra PNGB scalars accompany the
Higgs [32], with their quantum numbers fixed by group theory. For example, in composite Higgs
models based on the coset SO(6)/SO(5) [33] one obtains an extra singlet PNGB. Similarly to
the Higgs multiplet, these extra PNGB pick a mass from the explicit breaking of G. Two
cases for the breaking can be envisaged: either the breaking comes from external sources (the
couplings to the SM fields via gauge and proto-Yukawa interactions), or it originates from the
internal dynamics as we explain below. In the first case the PNGB mass is expected to be
generated, as for the Higgs, from top loops. Therefore in the absence of tuning, we expect

mPNGB ⇠ mh ⇥ f

v
⇠ yt

4⇡
m⇤ , (25)

where f is the Higgs decay constant that is parametrically related to the strong scale by
m⇤ ' g⇤f = 4⇡f/

p
N . Since f � v, as required in order to avoid large deviations from the SM

in Higgs couplings and in electroweak data, we can envisage the mass of these extra PNGB to
be around 700 GeV.

Let us consider now the second option. One can easily think of two examples. The first is
given by the ⌘0 in QCD at large Nc: the anomaly, which explicitly breaks the associated U(1)A,
is a subleading e↵ect in the 1/Nc expansion. Consequently the mass of the PNGB is [34]

mPNGB ⇠
r

Nf

Nc

m⇤ , (26)

where Nf is the number of flavours. A second example is given by a Wilson line W
5

=
H
A

5

associated with a 5D U(1) gauge field, whose mass vanishes at tree level and generally arises
at the one-loop level from the Aharonov-Bohm e↵ect. The resulting mass, according to our
identification of parameters, scales like

mPNGB ⇠ g⇤
4⇡

m⇤ . (27)

This could easily appear in holographic realisations of the composite Higgs. A possibly sizeable
coupling to the U(1) gauge field A to the SM gauge fields Aa could arise from the 5D Chern-
Simons term

✏MNRSTAMF a
NRF

a
ST , (28)

after we compactify the extra dimensions. Notice, as a structural remark, that by interpreting
g⇤ ⇠ 4⇡/

p
Nc, eq. (26) and eq. (27) coincide for Nf ⇠ O(1), which is nice and reassuring. One

should however remark that when Nf ⇠ Nc there is no parametric suppression for the ⌘0 mass.
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strong coupling

Mass of PNGB

From external dynamics From internal dynamics
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We can produce PNGB masses in the range                            mh ⌧ mPNGB ⌧ m?



Conclusions
DiPhoton excess stimulated a frenzied activity

Many proposals on the market

Vanilla scenario implies new resonance at 750 GeV 	


coupled to gluons and photon

Large Width difficult to achieve

All scenarios include other NP accessible at LHC13

Possibly related to Invisible Decay into DM 
More data will probe the proposal


