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!

SM
The SM + ! is not viable

Tree-level decays
of SM particles

excluded by LHC
searches

t

NP

!

W, Z
!

SM ggF! ! and VBF ! !

Rate to
di-photons

requires large Õt
Hooft coupling,

eq. (6)

TABLE I: The SM + ! is not viable. SM gluon fusion and VBF production requires boosting the decay width to di-photons
via a large Õt Hooft coupling.

bounds on the di-photon branching ratios, such as

BR(! ! ��)/BR (! ! W + W ! ) ! 5 Ö 10/ 174" 2.9 Ö 5.7 # 10! 2

BR(! ! ��)/BR (! ! tøt) ! 5 Ö 10/ 4036" 1.24Ö 2.48# 10! 3 (1)

and so on. If a coupling of ! to the t and/or W is responsible for a loop induced decay to��, then there is no
obstruction for the tree-level decay modes in the denominator of (1). From simple dimensional analysis, we already
see that

BR(! ! ��)/BR (! ! W + W ! /t øt)) "
! ↵

4⇡

" 2
" 5 # 10! 5 (2)

which is several orders of magnitude smaller than the lower bounds in (1). For the remaining SM fermions this tension
is even stronger due to the chiral suppression in the loop function. In particular for the bottom quark this suppression
is more than enough to rule out a bottom-loop induced decay, even though the constraint onbøb is somewhat weaker
than the constraints on tøt and W W . Using the table above one can see that it is not possible to signiÞcantly increase
the di-photon branching ratio without violating the limits on one of the tree-level decays Þrst. Thus, we Þnd that
decay of the resonance through SM particles is not viable: we need additional new physics!

The next consideration is whether production can be SM-like, while the decay to�� occurs through loops of heavy
messengers. To address this question, we introduce the rate of resonant! production and decay to di-photons:

R!! = ö�in " ! ,incl. m2
!

" !!

" !! + " other

dL
dm2

!
, (3)

where ö�in " ! ,incl is the inclusive, parton-level cross section for a particular initial state Ôin Õ1, " !! is the partial width
to ��, " other is the total width from any other decays, and the Þnal factor is the relevant parton luminosity function
evaluated at the mass of! (m! ).

For a two-body initial state, SM SM ! ! , to leading order we can then always rewrite this in terms of the decay
width of the process! ! in :

R!! "
" in

m!

" !!

" !! + " other

dL
dm2

!
, (4)

1 In this paper, we use leading order estimates, and do not include K factors for the production cross-sections. The e ↵ect of K factors
will increase the quoted rates by factors of up to two.
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signal region, compensating by net look-elsewhere e! ect,
in a way that the signal detected by the other experiment
then acquires a global signiÞcance. This implies that the
total global signiÞcance of the LHC di-photon excess at
750 GeV invariant mass exceeds the 3! level and should
be considered as a strong evidence for new physics.

Breaking down the signal, we see that the most sig-
niÞcant excess in the di-photon invariant mass spectrum
observed by CMS for barrel-barrel events in the combined
8+13 TeV analysis is at around 750 GeV, suggesting a
production cross section times branching ratio of

! CMS
pp! H BR CMS

H ! !! = 4 .47± 1.86 fb, (1)

obtained by the combination, properly scaled, of 8 and
13 TeV data.

As for the ATLAS signal, the most signiÞcant excess in
the diphoton invariant mass spectrum is observed around
747 GeV. The di! erence between the number of events
predicted by SM and the data is equal to

" N = 13.6 ± 3.69, (2)

which, given the e# ciency and acceptance values for the
mentioned invariant mass and the integrated luminosity,
corresponds to a cross section of:

! ATLAS
pp! H BR ATLAS

H ! !! =
" N

" ! L
=

13.6 ± 3.69
0.4 ! 3.2

fb = 10.6± 2.9 fb.

(3)
We remark that the quoted values of the cross sec-

tion are compatible with each other at the 1.8 ! level.
Were these excesses generated by a Higgs boson with
mass equal to 750 GeV, its signal strength compared to
a SM Higgs with the same mass in the narrow-width ap-
proximation, deÞned for a given scalar# by

µX, " =
! pp! " Br " ! X øX

! SM
pp! " BrSM

" ! X øX

, (4)

would be equal to

µATLAS
! ,H = (6 .4± 1.7) ! 104, µCMS

! ,H = (2 .7± 1.1) ! 104 .
(5)

In the following we use this result as a basis for our com-
putation and refer to a combined cross section

ö! pp! H !BR H ! !! = 6 .26± 3.32 fb . (6)

III. EFFECTIVE SINGLET EXTENSIONS

We start our analysis by extending the SM with a sin-
glet spin-0 particle, $, that we assume for deÞniteness
to have odd parity. Analogous results will however hold
for the scalar case. Barring a portal coupling%pH 2$2,
strongly constrained by the SM Higgs couplings mea-
sured at LHC [8], and by assuming that the contact be-
tween $ and the SM gauge boson is provided only by

heavy particles which transform non-trivially under the
SM symmetry group, we can write the e! ective interac-
tion Lagrangian [9]

L I = &s
' s

4( v
$

"

a

Ga
µ#

÷Gaµ #+ (7)

+ &w
'

4( v
$

#

Bµ# ÷B µ# + b
"

c

W c
µ#

÷W cµ #

$

,

where &s, &w , and b are free parameters, and the tilded
tensors represent the dual Þeld strength tensors. Clearly,
whereas the quoted cross section times branching ratio
bounds a combination of all of these parameters, the ra-
tios between the branching ratios into the electroweak
gauge bosons are regulated solely byb. Then, by using
our cross section times branching ratio reference value,
Eq. (6), we can predict the production cross section times
branching ratio in the remaining electroweak bosons com-
binations as a function ofb. We show in Fig. 1 the results
obtained with our method in the massless limit for the
produced particles.

FIG. 1. The production cross section times branching ratios
for an on-shell 750 GeV pseudoscalar or scalar resonance as a
function of the parameter b of Eq. (7).

Clearly, within this model, it is possible to suppress the
signal in the diboson and) Z channels simply by requiring
that |b| < 1.

Direct couplings of the pseudoscalar$ to SM fermions
f can be written in the following fashion

L $f øf = " i&f
yf#

2
$ øf ) 5f (8)

where we take the Yukawa couplingyf equal to its SM
value rescaled by a factor&f , in agreement with the Mini-
mal Flavor Violation framework [10]. However, given the
lack of signals for$ in the * ø* and dilepton channel, we
argue that &f $ 1 must hold for every SM fermion and
consequently disregard these interactions in our analysis.

We conclude this section by remarking that a singlet
scalar, coupling to SM vector bosons via an e! ective La-
grangian as in Eq. (7) where the dual Þeld strength ten-
sor are replaced by the ordinary strength tensors, would
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TABLE I: The SM + � is not viable. SM gluon fusion and VBF production requires boosting the decay width to di-photons
via a large Õt Hooft coupling.

bounds on the di-photon branching ratios, such as
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and so on. If a coupling of ! to the t and/or W is responsible for a loop induced decay to!! , then there is no
obstruction for the tree-level decay modes in the denominator of (1). From simple dimensional analysis, we already
see that

BR(! ! !! )/BR (! ! W + W ! /t øt)) "
! "

4#

" 2
" 5 # 10! 5 (2)

which is several orders of magnitude smaller than the lower bounds in (1). For the remaining SM fermions this tension
is even stronger due to the chiral suppression in the loop function. In particular for the bottom quark this suppression
is more than enough to rule out a bottom-loop induced decay, even though the constraint onbøb is somewhat weaker
than the constraints on tøt and W W . Using the table above one can see that it is not possible to signiÞcantly increase
the di-photon branching ratio without violating the limits on one of the tree-level decays Þrst. Thus, we Þnd that
decay of the resonance through SM particles is not viable: we need additional new physics!

The next consideration is whether production can be SM-like, while the decay to!! occurs through loops of heavy
messengers. To address this question, we introduce the rate of resonant! production and decay to di-photons:

R!! = ö$
in" ! ,incl.

m2
!

" !!

" !! + "
other

dL
dm2

!
, (3)

where ö$
in" ! ,incl

is the inclusive, parton-level cross section for a particular initial state Ôin Õ1, " !! is the partial width
to !! , "

other

is the total width from any other decays, and the Þnal factor is the relevant parton luminosity function
evaluated at the mass of! (m! ).

For a two-body initial state, SM SM ! ! , to leading order we can then always rewrite this in terms of the decay
width of the process! ! in :

R!! "
"
in

m!

" !!

" !! + "
other

dL
dm2

!
, (4)

1 In this paper, we use leading order estimates, and do not include K factors for the production cross-sections. The e ! ect of K factors
will increase the quoted rates by factors of up to two.
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will increase the quoted rates by factors of up to two.
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using effective W/Z approximation
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E! ective Model of Singlet Scalar

¥ The simplest low energy effective Lagrangian of gauge boson interaction part:

L eff = cg
4!" S

!
#Ga

µ$G
aµ$ + cW

4!" em

! ásin2 %W

#Wa
µ$W

aµ$ + cB
4!" em

! ácos2 %W
#Bµ$B

µ$.

¥ # only interacts with the gauge boson pairs directly via dimension-5 operators.

¥ WW and ZZ decays of # are largely suppressed due to its SU(2)L -singlet nature

¥ There is only Yukawa-like interaction with vector-like fermion Q, thus no decay to
bøb or tøt.

¥ The gluon-gluon fusion production of # and the branching ratio to Z&and &&
decays are signiÞcantly enhanced.
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Parameters Choices for Our Benchmark Model

¥ Model independent search, but two coupling parameter sets were chosen to
model the benchmark signal events

¥ Coupling coefficients are estimated by Naive Dimensional Analysis (NDA)[5] for
the n! loop corrections controllable in the underlying theory: cV " O(1)/ 4⇡.
Set (a): cg = cW = ! cB = 1/ 4⇡ is chosen.

¥ The large color number N#
c of the underlying strong dynamics can be considered

in NDA [6]; and an factor af $ O(1) is associated with W or B if the underlying
dynamics can explain the flavour hierarchy and mixing: cV " af

!
N#

cO(1)/ 4⇡.
Set (b): cg = 1/ 2⇡, cW = ! cB = 1/ ⇡ for N#

c = 4 and af = 2

¥ cW = ! cB is assumed so that Z� decay rate is dominant over ��

¥ The underlying dynamics scale ! = 6TeV . mQ = 750GeV .
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Parameters Choices for Our Benchmark Model

¥ Model independent search, but two coupling parameter sets were chosen to
model the benchmark signal events

¥ Coupling coefÞcients are estimated byNaive Dimensional Analysis (NDA)[5] for
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N#

cO(1)/ 4⇡.
Set (b): cg = 1/ 2⇡, cW = ! cB = 1/ ⇡ for N#
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¥ cW = ! cB is assumed so that Z� decay rate is dominant over ��

¥ The underlying dynamics scale ! = 6TeV. mQ = 750GeV.
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Results of Observed and Expected Limits
Observed limits in the Þducial region with the two benchmark parameter sets
predictions

¥ Uncertainties from
the expected limits

¥ Set (a) no
sensitivity

¥ Set (b) excluded in
the range
[200, 1180]GeV

¥ All ßuctuations
within the 2! band
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Event Selection

Cuts applied in the Z� searches
Cuts e+e�� µ+µ��
Lepton pT pe

T > 25GeV pµT > 25GeV
Lepton ⌘ |⌘e | < 2.47 |⌘µ | < 2.7
Boson mass [65, 115]GeV [65, 115] GeV
l track isolation < 0.15 < 0.15
l calo isolation < 0.20 < 0.30
Photon E�T > 40GeV , �R(l, �) > 0.7

|⌘� | < 2.37
photon isolation < 4 GeV

impact
parameter < 6.5 < 3.5
significance

Table: Selection cuts applied in the Z�
searches.

Cuts e+e��
Lepton pe

T > 25GeV
|⌘e(µ) | < 2.47(2.7)
Ne+ = 1,Ne� = 1

Boson 65 < minv (Z) < 115 GeV
Photon E�T > 40 GeV

|⌘� | < 2.37, �R(e, �) > 0.7
✏ph < 0.5

Table: Definition of the
extended fiducial region.
Here Ne is the number of
leptons in one event; ✏ph is
the photon isolation
fraction.
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Analysis Overview
�ä Resonance search strategy: direct Z!  mass spectrum Þt with analytic 

background function and signal function

�ä Separated search ranges:
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Fig. 4. Observed (solid lines) and median expected (dashed lines) 95% CL limits on the product of the production
cross section times the branching ratio for the decay to a Z boson and a photon of a narrow scalar boson X,
! (pp ! X) " BR(X ! Z" ), as a function of the boson mass mX . The green and yellow solid bands correspond
to the ±1! and ±2! intervals for the expected upper limit, respectively. The limits in the mX ranges of 250 GeV–
700 GeV and 1.5 TeV–2.75 TeV are obtained from the leptonic and hadronic analyses respectively, while in the
range 700 GeV–1.5 TeV they are obtained from the combination of the two analyses.
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normalised to the SM expectation, as well as on several nuisance
parameters that describe the shape and normalisation of the back-
ground distribution in each event category and the systematic un-
certainties. Results for the signal production cross section times
branching ratio are also provided. In that case, the likelihood func-
tion depends on two parameters of interest, the signal cross sec-
tions times branching ratios at

!
s = 7 TeV and

!
s = 8 TeV, and

the systematic uncertainties on the SM cross sections and branch-
ing ratios are removed.

The background model in each event category is chosen based
on the studies of sensitivity versus bias described in the previous
section. For 2012 data, Þfth- and fourth-order polynomials are cho-
sen to model the background in the low- pTt categories while an
exponentiated second-order polynomial is chosen for the high- pTt

categories. For 2011 data, a fourth-order polynomial is used for
the low- pTt categories and an exponential function is chosen for
the high- pTt ones. The signal resolution functions in each category
are described by the model illustrated in Section 4.2, Þxing the
fraction of events in each category to the MC predictions. For each
Þxed value of the Higgs boson mass between 120 and 150 GeV,
in steps of 0.5 GeV, the parameters of the signal model are ob-
tained, separately for each event category, through interpolation of
the fully simulated MC samples.

For each of the nuisance parameters describing systematic un-
certainties the likelihood is multiplied by a constraint term for
each of the experimental systematic uncertainties evaluated as
described in Section 5. For systematic uncertainties affecting the
expected total signal yields for different centre-of-mass or lepton
ßavour, a log-normal constraint is used while for the uncertainties
on the fractions of signal events in different pTt " |! " Z# | cate-
gories and on the signal m$$# resolution a Gaussian constraint is
used [61] .

6.2. Statistical analysis

The data are compared to background and signal-plus-back-
ground hypotheses using a proÞle likelihood test statistic [61] .
Higgs boson decays to Þnal states other than $$# are expected
to contribute negligibly to the background in the selected sample.
For each Þxed value of the Higgs boson mass between 120 and
150 GeV Þts are performed in steps of 0.5 GeV to determine the
best value of µ ( öµ ) or to maximise the likelihood with respect to
all the nuisance parameters for alternative values of µ , including
µ = 0 (background-only hypothesis) and µ = 1 (background plus
Higgs boson of that mass, with SM-like production cross section
times branching ratio). The compatibility between the data and
the background-only hypothesis is quantiÞed by the p-value of the
µ = 0 hypothesis, p0, which provides an estimate of the signiÞ-
cance of a possible observation. Upper limits on the signal strength
at 95% C L are set using a modiÞed frequentist ( C Ls) method [62] ,
by identifying the value µ up for which the C Ls is equal to 0 .05.
Closed-form asymptotic formulae [63] are used to derive the re-
sults. Fits to the data are performed to obtain observed results.
Fits to Asimov pseudo-data [63] , generated either according to the
µ = 1 or µ = 0 hypotheses, are performed to compute expected
p0 and C Ls upper limits, respectively.

Fig. 2 shows the m$$# distribution of all events selected in data,
compared to the sum of the background-only Þts to the data in
each of the ten event categories. No signiÞcant excess with respect
to the background is visible, and the observed p0 is compatible
with the data being composed of background only. The smallest p0

(0.05), corresponding to a signiÞcance of 1 .6 %, occurs for a mass
of 141 GeV. The expected p0 ranges between 0.34 and 0.44 for a
Higgs boson with a mass 120 < mH < 150 GeV and SM-like cross
section and branching ratio, corresponding to signiÞcances around

Fig. 2. Distribution of the reconstructed $$# invariant mass in data, after combining
all the event categories (points with error bars). The solid dark grey (blue in the
web version) line shows the sum of background-only Þts to the data performed in
each category. The dashed histogram corresponds to the signal expectation for a
Higgs boson mass of 125 GeV decaying to Z# at 50 times the SM-predicted rate.

Fig. 3. Observed 95% C L limits (solid black line) on the production cross section
of an SM Higgs boson decaying to Z# divided by the SM expectation. The limits
are computed as a function of the Higgs boson mass. The median expected 95%
C L exclusion limits (dashed red line), in the case of no expected signal, are also
shown. The green and yellow bands correspond to the ± 1 % and ± 2 % intervals.
(For interpretation of the references to colour in this Þgure legend, the reader is
referred to the web version of this article.)

0.2 %. The expected p0 at mH = 125.5 GeV is 0.42, corresponding
to a signiÞcance of 0 .2 %, while the observed p0 at the same mass
is 0.27 (0.6 %).

Observed and expected 95% C L upper limits on the value of the
signal strength µ are derived and shown in Fig. 3. The expected
limit ranges between 5 and 15 and the observed limit varies
between 3.5 and 18 for a Higgs boson mass between 120 and
150 GeV. In particular, for a mass of 125.5 GeV, the observed and
expected limits are equal to 11 and 9 times the Standard Model
prediction, respectively. At the same mass the expected limit on
µ assuming the existence of an SM ( µ = 1) Higgs boson with
mH = 125.5 GeV is 10. The results are dominated by the statistical
uncertainties: neglecting all systematic uncertainties, the observed
and expected 95% C L limits on the cross section at 125.5 GeV de-
crease by about 5%.

Upper limits on the pp # H # Z# cross section times branch-
ing ratio are also derived at 95% C L, for

!
s = 7 and 8 TeV.

For
!

s = 8 TeV, the limit ranges between 0.13 and 0.5 pb; for!
s = 7 TeV, it ranges between 0.20 and 0.8 pb. At mH = 125.5 GeV

the expected and observed limits are 0.33 pb and 0.45 pb, re-
spectively, for

!
s = 8 TeV, and 0.7 pb and 0.5 pb, respectively, for!

s = 7 TeV.
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E! ective Model of Singlet Scalar

¥ The simplest low energy effective Lagrangian of gauge boson interaction part:

L eff = cg
4!" S
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#Wa
µ$W

aµ$ + cB
4!" em
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µ$.

¥ # only interacts with the gauge boson pairs directly via dimension-5 operators.

¥ WW and ZZ decays of # are largely suppressed due to its SU(2)L -singlet nature

¥ There is only Yukawa-like interaction with vector-like fermion Q, thus no decay to
bøb or tøt.

¥ The gluon-gluon fusion production of # and the branching ratio to Z&and &&
decays are signiÞcantly enhanced.
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I. INTRODUCTION

Recently ATLAS and CMS have reported an excess in the di-photon mass spectrum around 750 GeV in their
first set of data collected at the LHC at 13 TeV. The quoted local significance is 3.6 ÷ 3.9� [1] and 2.6 ÷ 2.0� [2]
respectively, where the range stems from the variation of the resonance width from narrow to wider, �/M = O(6%).
The discriminating power between small and large width is not very significant and while ATLAS data prefers larger
widths, up to 45 GeV, CMS results are more significant in the narrow width approximation. Furthermore ATLAS
best fit is for a mass of 747 ÷ 750 GeV, while CMS data peaks at 760 GeV. In this paper we will assume a value
of 750 GeV for simplicity. The cross section times branching ratio for the putative signal is consistent with roughly
5 ÷ 10 fb. In the following we will keep the cross section free in this range, except when a single reference value is
needed, for which we will assume 5 fb, the somewhat conservative lower end of this range. While the likelihood that
this excess may still be a statistical fluctuation or some experimental systematic is not negligible, this may well be
the first clear signal of physics beyond the standard model and therefore it is worth exploring whether such an e↵ect
can be accommodated within some model, and how complicated that model has to be. This exercise can assess the
credibility of a new physics (NP) signal and provide further experimental avenues to investigate the excess. Before
embarking in this activity we should set this new result in perspective against similar 8 TeV searches. Both CMS and
ATLAS have set exclusion limits on di-photon resonances at 750 GeV in Run-I [3, 4]:

CMS : 1.37÷ 2.41 fb (0.7÷ 2.0 fb exp.) ! 6.42÷ 11.3 fb (3.3÷ 9.47 fb exp.)

ATLAS : 2.42 fb (1.92 fb exp.) ! 11.36 fb (9.01 fb exp.)

where the arrows indicate the rescaled limits to 13 TeV. The range quoted for the CMS analysis corresponds to
varying the resonance width in the range 0.1÷ 75 GeV, while the ATLAS numbers have been extracted from a public
plot and correspond to e�ciencies and acceptance calculated for a Randall-Sundrum graviton resonance. We have
rescaled the 8 TeV results using the parton luminosity ratio of 4.693 [5] between 8 and 13 TeV, assuming a production
mechanism dominated by gluon fusion. In the case of a resonance coupled to qq̄ the limit on the cross section will
be a factor of 2.692/ 4.693 = 0.574 smaller. As one can see the results are broadly consistent across the two runs and
both experiments had slight excesses in Run I at the same invariant mass. A more detailed statistical analysis of the
consistency of the two results is beyond the scope of this paper.

Clearly, the di-photon final state restricts the spin possibilities to 0 and 2; in the case of a spin-2, theoretical
consistency arguments generally require additional states with masses not too far from the new resonance. Thus we
focus most of our discussion on the case of a scalar resonance, which we will, from here on, denote as �. We will also
see that � can be produced from a parent messenger resonance, which we will denote as M , and this parent messenger
resonance can be spin 1, 0 or 1/2.

Under the hypothesis that the excess is coming from physics beyond the Standard Model (SM), one should also
confront the many other searches for resonant production of a pair of SM particles which constrain possible other
decay modes of �. The full list of relevant limits has been collected in Appendix A which provides the description of
the inputs in our numerical analysis. Here we summarize only the most important ones, rescaled to 13 TeV rates to
facilitate the discussion:

Final State 95% CL U.L. on � " BR [fb] lim. normalized to �!! = 5÷ 10 fb
WW (gluon fusion) 174 17.4÷ 34.8

WW (VBF) 70 7÷ 14
ZZ (gg prod.) 89 9÷ 18

ZZ (VBF prod.) 40 4÷ 8
Z� 42 4.2÷ 8.4
Zh 572 57÷ 114
hh 209 21÷ 42
bb 104 1÷ 2 " 103

tt 4.04 " 103 404÷ 807
⌧⌧ (gg prod.) 56 6÷ 11

⌧⌧ (assoc. b production) 54 5.4÷ 10.8
qq 104 1÷ 2 " 103

`` 3.5 0.35÷ 0.7

For convenience we have added a column normalizing the limits to the cross section required by the �� excess.
From this table it is easy to answer the question of whether it is possible to accommodate the di-photon excess by

extending the SM with only one particle. In particular one can see that the above numbers imply the following lower
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plot and correspond to e# ciencies and acceptance calculated for a Randall-Sundrum graviton resonance. We have
rescaled the 8 TeV results using the parton luminosity ratio of 4.693 [5] between 8 and 13 TeV, assuming a production
mechanism dominated by gluon fusion. In the case of a resonance coupled toqøq the limit on the cross section will
be a factor of 2.692/ 4.693 = 0.574 smaller. As one can see the results are broadly consistent across the two runs and
both experiments had slight excesses in Run I at the same invariant mass. A more detailed statistical analysis of the
consistency of the two results is beyond the scope of this paper.

Clearly, the di-photon Þnal state restricts the spin possibilities to 0 and 2; in the case of a spin-2, theoretical
consistency arguments generally require additional states with masses not too far from the new resonance. Thus we
focus most of our discussion on the case of a scalar resonance, which we will, from here on, denote as$ . We will also
see that$ can be produced from a parent messenger resonance, which we will denote asM , and this parent messenger
resonance can be spin 1, 0 or 1/2.

Under the hypothesis that the excess is coming from physics beyond the Standard Model (SM), one should also
confront the many other searches for resonant production of a pair of SM particles which constrain possible other
decay modes of$ . The full list of relevant limits has been collected in Appendix A which provides the description of
the inputs in our numerical analysis. Here we summarize only the most important ones, rescaled to 13 TeV rates to
facilitate the discussion:

Final State 95% CL U.L. on ! " BR [fb] lim. normalized to ! !! = 5 Ö 10 fb
WW (gluon fusion) 174 17.4 Ö 34.8

WW (VBF) 70 7 Ö 14
ZZ (gg prod.) 89 9 Ö 18

ZZ (VBF prod.) 40 4 Ö 8
Z" 42 4.2 Ö 8.4
Zh 572 57Ö 114
hh 209 21Ö 42
bb 104 1 Ö 2 " 103

tt 4.04" 103 404Ö 807
## (gg prod.) 56 6 Ö 11

## (assoc. b production) 54 5.4 Ö 10.8
qq 104 1 Ö 2 " 103

$$ 3.5 0.35Ö 0.7

For convenience we have added a column normalizing the limits to the cross section required by the"" excess.
From this table it is easy to answer the question of whether it is possible to accommodate the di-photon excess by

extending the SM with only one particle. In particular one can see that the above numbers imply the following lower
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Model Parameter Constraint
Only exclusions on the two particular parameter sets were attained from data.
However, the coupling coefÞcientscV can be any values below the upper bounds.
We can go further to constrain the parameter space.

¥ Only cross sections ! th(cV ;m" ,á á á) are needed

¥ High-dimensional parameter space: assuming constraint cW = ! cB

¥ Interesting parameters: c " cg =#
!

N$
c and ratio # = cg/ cW = 1/ af

¥ Two special #a = 1 and #b = 1/ 2, constraint of c
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