
X(750) model review

Adam Falkowski  

Nantes, 24 May,  2016
Tuesday, May 24, 16



ATLAS Run-2 Data - Spectrum
ATLAS-CONF-2016-018

40 events in 60 GeV window 
around 750 GeV, roughly 19 above bg15 events in 40 GeV window 

around 750 GeV, roughly 10 above bg
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ATLAS Run-2 Data - Significance

At 750 GeV
3.9σ excess for Γ=45 GeV

3.6σ excess for Γ=0

At 750 GeV
3.6σ excess for 
Γ=48 GeV

2nd KK mode
also visible ;)

ATLAS-CONF-2016-018
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ATLAS Run-1 Data - Spectrum
ATLAS-CONF-2016-018

For spin-0 analysis, 1.9σ excess at 750 GeV in run-1. Decent compatibility (at 1.2 σ) 
between run-2 and run-1 diphoton bumps assuming gluon-fusion production. 

Much worse compatibility (at 2.7 σ) for spin-2 analysis. 
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2.9σ excess at 760 GeV in run-2 data. Adding B=0 data slightly increased significance 

Very good compatibility of ATLAS and CMS diphoton bumps at 750 GeV

Very good compatibility between CMS run-2 and run-1 data, this time independently 
of the spin hypothesis. 3.4σ excess at 750 GeV in combined run-1 and run-2 data

CMS Run-2 and Run-1 Data 
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Production process?

Narrow or wide? 

Other decays channels? 

Spin 0 or Spin 2 (or higher)?

Parity even or parity odd?

Singlet or multiplet?

One particle or a part of a larger sector?

Meaning of life and universe? 

Main questions
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The larger the ratio of 13 to 8 TeV cross sections, the more significant is the 
combined ATLAS+CMS signal 

Preference for large width is significant for ATLAS alone, but  marginal in combined 
data  

At this point it’s no longer “ATLAS diphoton excess”, it’s “LHC diphoton excess”
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Figure 1: The significance of the diphoton excess as a function of R
13/8, the ratio of the 13TeV and

8TeV production cross sections, for narrow (left panel) and wide (right panel) width hypotheses.

The blue, red and black curves correspond to CMS only data, ATLAS only data and the combined

fit, respectively. The vertical lines indicate di↵erent production mechanisms computed using the

NLO NNPDF 2.3 [28] pdf set.

data accumulates. Towards that end, we consider the simultaneous measurements of the

rate after applying vector boson fusion (VBF) cuts along with the total width. This can

distinguish between di↵erent production channels and help resolve whether hidden decays

are required. For example, we show that the ratio of the rates with and without applying

VBF cuts is an e�cient discriminator between gluon fusion and heavy quark production.

Furthermore, for a given VBF ratio there is a maximum allowed rate to electroweak gauge

bosons and quark pairs (excluding tt̄); measuring a rate beyond this value may indicate

decays to a hidden sector or to currently relatively unconstrained final states, such as tt̄.

The paper is organized as follows. In Section II we present an updated fit of the resonance

to the most recent ATLAS and CMS 13TeV and 8TeV analyses. In Sec. III we introduce

the EFT interactions of S to the SM particles, assuming S is either spin-0 and spin-2. In

Sec. IV we derive the correlations between branching ratios of S to di↵erent EW gauge boson

pairs. Section V discusses the importance of searching for the potential VBF production

of S, while Sec. VI considers the implications of simultaneous measurements of the VBF

production rate and the total width. We conclude in Sec. VII.
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Combining run-1 and run-2 data, best fit cross section for narrow scalar resonance 
produced in gluon fusion is around σ(pp→S) Br(S→γγ) ≈ 3 fb

Slightly larger cross sections needed for large width and/or larger spin

Best fit cross section  Kamenik et al 
1603.06566
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Figure 3: The preferred 13 TeV diphoton rate, ��� , as a function of the 13TeV to 8TeV production

cross section ratio, R
13/8. The blue, red, and black solid lines give the CMS only, ATLAS only

and combined fit results, respectively, with 1� bends denoted by blue, red thin lines and the grey

band. The vertical lines indicate di↵erent production mechanisms computed using NLO NNPDF

2.3 [28] pdf set. Left (Right): for narrow (wide) width hypothesis; Up (Down): for spin-0 (2).

Finally, we combine the ATLAS and CMS data to estimate the preferred value for the

cross section ���. We use the combined �2 (2), (3) to find the 1� band as function of R
13/8.

The results are presented in Fig. 3. Note that the best-fit cross section grows larger as

the ratio R
13/8 increases. In Tab. I we summarize the best-fit 13 TeV diphoton rates, ���,

for a number of assumed production mechanisms. In Tab. I we take the e�ciencies, ✏i, to

be independent of the production mechanism. The errors due to this approximation are

expected to be subleading compared to the current sizable experimental uncertainties and

the limitations of our fitting procedure. For the spin-0 case one can understand the smallness

of these e↵ects most easily by noting that the photon pT distributions are boost invariant
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What is the mass and cross section?

CMS xsec fits in good agreement with theorist fits
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Figure 3. The 68% CL (darker green) and 95% CL (lighter green) regions in the plane of mass
vs. cross-section of a scalar resonance decaying to 2 photons favored by the ATLAS and CMS run-1
and run-2 data . The results are presented assuming a Breit-Wigner shape with � = 5 GeV (left)
and � = 40 GeV (right).

In Fig. 4 we also show the best fit region for mS = 750 GeV in the plane of the resonance
width vs cross section. Again, we see slight preference for a large width: the best fit point
occurs for �S = 30, and � = 4.8 fb. Finally, in the full 3D scan we find the best fit point
for mS ⇡ 730 GeV, � ⇡ 6 fb, and �S ⇡ 40 GeV. This is preferred over the best fit point
with �S = 5 GeV by ��2 ⇡ 2.5.

3 Toy Model: A Singlet

We begin by studying a minimal model which addresses the excess discussed above. We
introduce a real scalar, S, coupled to photons and gluons

LS,e↵ =

e2

4v
cs��SAµ⌫Aµ⌫ +

g2s
4v

csggSG
a
µ⌫G

a
µ⌫ , (3.1)

where e is the electromagnetic constant, gs is the QCD coupling constant, and v ' 246 GeV
is introduced for dimensional reasons. In our numerical analyses we use the SM couplings
evaluated at 750 GeV, gs = 1.07, and e = 0.31. These couplings are non-renormalizable,
but they may arise effectively in a renormalizable model after integrating out vector-like
quarks at one loop. We assume the singlet has a Yukawa coupling yX to a vector-like quark
X which resides in the fundamental representation of SU(3)c and has mass mX and electric
charge QX ,

L � �yXS ¯XX . (3.2)

– 6 –

Everyone’s model

Scalar field S coupled to photons and gluons
via effective non-renormalizable interactions
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Figure 4. The 68% CL (darker green) and 95% CL (lighter green) regions in the plane of width
vs. cross-section of a 750 GeV scalar resonance decaying to 2 photons favored by the ATLAS and
CMS run-1 and run-2 data .

Assuming mX & mS , we integrate out X to generate the following effective couplings to
gluons and photons (see e.g. [30, 31]):

csgg =

yXv

12⇡2mX
, cs�� =

yXQ2
Xv

2⇡2mX
. (3.3)

As a consequence, the ratio between the photon and gluon couplings is fixed by the electric
charge of X, cs�� = 6Q2

Xcsgg.
The partial decay widths mediated by these effective couplings are given by,

�(S ! ��) = c2s��
e4m3

S

64⇡v2
, �(S ! gg) = c2sgg

g4sm
3
S

8⇡v2
. (3.4)

Assuming that S can decay only to gluons and to photons, the branching fraction for the
photon decays is found to be,

Br(S ! ��) =
e4c2s��

8g4sc
2
sgg + e4c2s��

. (3.5)

Under the same assumption, the total decay width of S is always small for perturbative
values of yX and mX & 1 TeV. In the narrow width approximation, the tree-level production

– 7 –
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On general grounds (SU(2)xU(1) gauge symmetry) we expect decays to ZZ and Zγ 
and maybe also WW. Other decay modes possible but more model dependent

Current constraints allow cross section in other channels to be larger than diphoton 
one. Strongest constraints on dilepton cross section, comparable to diphoton one. 

Still, constraints non-trivial such that it’s difficult to pump up X(750) GeV width by 
decays to SM particles. Exotic but not invisible decays needed.   

�(pp ! ��)
p
s = 8TeV

p
s = 13TeV

narrow broad narrow broad
CMS 0.63± 0.31 fb 0.99± 1.05 fb 4.8± 2.1 fb 7.7± 4.8 fb

ATLAS 0.21± 0.22 fb 0.88± 0.46 fb 5.5± 1.5 fb 7.6± 1.9 fb

final � at
p
s = 8TeV � at

p
s = 13TeV

state f observed expected ref. observed expected ref.

e+e�, µ+µ� < 1.2 fb < 1.2 fb [3] < 5 fb < 5 fb [78]
⌧+⌧� < 12 fb < 15 fb [3] < 60 fb < 67 fb [79]
Z� < 11 fb < 11 fb [3] < 28 fb < 40 fb [80]
ZZ < 12 fb < 20 fb [3] < 200 fb < 220 fb [81]
Zh < 19 fb < 28 fb [3] < 116 fb < 116 fb [82]
hh < 39 fb < 42 fb [3] < 120 fb < 110 fb [83]

W+W� < 40 fb < 70 fb [3] < 300 fb < 300 fb [84]
tt̄ < 450 fb < 600 fb [3]

invisible < 0.8 pb - [3]
bb̄ <⇠ 1 pb <⇠ 1 pb [3]
jj <⇠ 2.5 pb - [3]

Table 2: Upper box: signal rates. Lower box: bounds at 95% confidence level on pp cross sections

for various final states produced through a resonance with Mz = 750GeV and �/Mz ⇡ 0.06.

Here we extend the list of parton luminosity factors C} given in [3] by including massive SM
vectors, which can be either T ransverse or Longitudinal4

p
s Cb¯b Ccc̄ Css̄ Cd ¯d Cuū Cgg C�� CZLZL CZTZT CZT � CWLWL CWTWT

8TeV 1.07 2.7 7.2 89 158 174 11(8) 0.01 0.3 3.1 0.03 0.8
13TeV 15.3 36 83 627 1054 2137 54(64) 0.14 2.8 27 0.4 8

The gauge boson parton luminosity functions in the table are obtained convoluting the WL,T ,
ZL,T , and photon leading order splitting functions with the quark pdfs (“NNPDF30_lo_as_0118”
set [92]), evaluated at factorisation scale µW = MW , µZ = MZ and µ� = 10 GeV. The
two numbers for the C�� correspond to the photon luminosities obtained using the photon
pdfs in the “NNPDF30_lo_as_0118” set (outside parentheses) and the number obtained with
the aforementioned procedure (inside parentheses). These numbers come with a significant
uncertainty, due to the sensitivity on the aforementioned choice of renormalisation scale. We
have checked that they are able to reproduce, within a factor of two, the relevant processes
computed with MadGraph5 [93]. We consider this precision su�cient for our study, but we
stress that going to higher order splitting functions for the gauge bosons can make this error
smaller, which may be needed in the future. From the Table above we see that the C-factors
for longitudinal vector bosons are highly suppressed. Longitudinal vector boson fusion (VBF)

4We omit mixed LT contributions since they are suppressed by an additional power of M2
W,Z/M2

z, see
eq. (B.10).
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For a singlet scalar, it is natural to mix with the Higgs boson

Unless some symmetries or fine-tuning prevent it, mixing angle expected to 
be  sinα∼mh^2/mS^2∼1/30 

For 750 GeV resonance, mixing angle strongly constrained by non-
observation of WW and ZZ resonances

How much mixing with Higgs?
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Topic received (disproportionally) large attention in context of LHC 
Higgs studies

It is much more interesting for 750 GeV case, as no preferred 
hypothesis a priori 

Good theoretical motivation for pseudo-scalars (e.g. pions of new 
technicolor-like sector coupled to photons via anomalies), as well as 
experimental one (mixing with Higgs suppressed)

For spin ≥ 2  weaker theoretical motivation (basically that it’d be 
cool), and experimental one (currently based on rumors only)  

Parity and Spin studies 

Tuesday, May 24, 16



Assuming spin 0, usual methods of parity determination inherited from Higgs 
study apply for 750 GeV 

One example: angle between decay planes of two Z bosons in X -> ZZ -> 4l 
decays 

5

must be separated from other jets by �R > 0.2, and jets
by �R > 0.4 among themselves.

Then, exactly two opposite-sign lepton pairs are re-
quired in the four-lepton channel. The two with invari-
ant mass closest to mZ are tagged as coming from one Z,
and the other two from the second one. In the semilep-
tonic ZZ decay exactly two opposite-sign leptons and
at least two jets must be present. In the semileptonic
W+W� decay exactly one lepton and at least two jets
and /ET > 20GeV are instead required. The longitudi-
nal momentum of the neutrino can be in this case re-
constructed by the W± on-shell condition (see for ex-
ample [33]). Following Ref. [14], we take the smaller in
absolute value among the two possible solutions. There
is no further ambiguity in pairing pair of particles with
the corresponding massive gauge bosons in any of these
channels. We therefore require any reconstructed Z
(W±) mass to be in a window of ±20GeV around mZ

(mW ). Besides, each Z and W± is required to have
pT > 250GeV. On top of this, the invariant mass of the
four SM tagged particles is required to be in the range
[700, 800]GeV. Finally, the event must not pass the VBF
criteria, to be defined in the next section.

The e�ciencies for selecting events in each of these
categories are shown in Table I. The estimated cross sec-
tions for the SM backgrounds after passing all cuts are
also shown. The irreducible backgrounds dominate in
all cases. Therefore, only these have been taking into
account. In order to compute all these quantities we
have generated parton-level events with MadGraph v5
which are subsequently passed through Pythia v6 [34]
to account for showering, hadronization and fragmenta-
tion e↵ects. The cuts above are finally implemented in
MadAnalysis v5 [35].
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FIG. 5: AGF distribution for the scalar (solid blue) and the
pseudo-scalar (dashed red) cases with 40 observed events after
10’000 pseudo experiments. The distance (d) between the two
central values in terms of the largest � is also shown.

Having reconstructed the momenta of the four decay

products, we can define the following asymmetry:

AGF =
N(✓GF > ⇡/4)�N(✓GF < ⇡/4)

N(✓GF > ⇡/4) +N(✓GF < ⇡/4)
, (5)

where

✓GF =

⇢
✓ if ✓ < ⇡/2
⇡ � ✓ if ✓ > ⇡/2

, (6)

and

✓ = arccos

⇢
(p

1

⇥ p
2

) · (p
3

⇥ p
4

)

|p
1

⇥ p
2

||p
3

⇥ p
4

|

�
, (7)

with p
1,2 and p

3,4 the three-momenta of the decay prod-
ucts of each massive gauge boson. This observable has
been widely used in Higgs physics (see for example [36]).
However, the small Higgs mass makes some channels
above not suitable for CP studies with this asymmetry,
inasmuch as the signal peaks in the region populated by
the SM background. For S decays instead, the rather
large mass allows us to stay in much more suppressed
background regions. Note also that two body S decays
could be also considered. As a matter of fact, photon
conversion events have been discussed in the Higgs liter-
ature [37]. The typical opening angle of the lepton prod-
ucts are however of the order of me/E� ⇠ 10�6, which is
well below any present or future experimental sensitivity.
In four-lepton events, the variable defined in Eq. 5

takes the form shown in Fig. 4. No significant departures
from this shape are found in other channels. In order
to quantify the discrimination power of this asymmetry
for a given number N

obs

of observed events, we perform
10’000 pseudo experiments with N

obs

events each. As
a matter of example, the distribution followed by AGF

for N
obs

= 40 is shown in Fig. 5. The one (two) sigma
statistical uncertainty is defined by the symmetric inter-
val around the center of the distribution containing the
68% (95%) of the total area. For the matter of example,
this is also shown in the figure. We further emphasize
the discrimination power of this asymmetry by plotting
these quantities as a function of the total number of ob-
served events in Fig. 6 for only signal (left panel) and
with as much background as signal (right panel). For
the latter we assume a flat background distribution. It
can be checked that this is a reasonable approximation
for all channels (see dotted green line in Fig. 4).

V. VECTOR-BOSON FUSION

The LO cross section for producing S in association
with two jets with pT larger than 10 GeV, separated by
at least �R > 0.1 and with dijet invariant mass above
400 GeV, can be approximately written as

�VBF =45
⇣ cgg
0.01

⌘
2

+ 1.2
c2��

(1 + r)2

+ 1.7
c2��r

(1 + r)2
+ 43

c2��r
2

(1 + r)2
fb, (8)

Chala et al.
1604.02029
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must be separated from other jets by �R > 0.2, and jets
by �R > 0.4 among themselves.

Then, exactly two opposite-sign lepton pairs are re-
quired in the four-lepton channel. The two with invari-
ant mass closest to mZ are tagged as coming from one Z,
and the other two from the second one. In the semilep-
tonic ZZ decay exactly two opposite-sign leptons and
at least two jets must be present. In the semileptonic
W+W� decay exactly one lepton and at least two jets
and /ET > 20GeV are instead required. The longitudi-
nal momentum of the neutrino can be in this case re-
constructed by the W± on-shell condition (see for ex-
ample [33]). Following Ref. [14], we take the smaller in
absolute value among the two possible solutions. There
is no further ambiguity in pairing pair of particles with
the corresponding massive gauge bosons in any of these
channels. We therefore require any reconstructed Z
(W±) mass to be in a window of ±20GeV around mZ

(mW ). Besides, each Z and W± is required to have
pT > 250GeV. On top of this, the invariant mass of the
four SM tagged particles is required to be in the range
[700, 800]GeV. Finally, the event must not pass the VBF
criteria, to be defined in the next section.

The e�ciencies for selecting events in each of these
categories are shown in Table I. The estimated cross sec-
tions for the SM backgrounds after passing all cuts are
also shown. The irreducible backgrounds dominate in
all cases. Therefore, only these have been taking into
account. In order to compute all these quantities we
have generated parton-level events with MadGraph v5
which are subsequently passed through Pythia v6 [34]
to account for showering, hadronization and fragmenta-
tion e↵ects. The cuts above are finally implemented in
MadAnalysis v5 [35].

FIG. 5: AGF distribution for the scalar (solid blue) and the
pseudo-scalar (dashed red) cases with 40 observed events after
10’000 pseudo experiments. The distance (d) between the two
central values in terms of the largest � is also shown.

Having reconstructed the momenta of the four decay

products, we can define the following asymmetry:

AGF =
N(✓GF > ⇡/4)�N(✓GF < ⇡/4)

N(✓GF > ⇡/4) +N(✓GF < ⇡/4)
, (5)

where

✓GF =

⇢
✓ if ✓ < ⇡/2
⇡ � ✓ if ✓ > ⇡/2

, (6)

and

✓ = arccos
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with p
1,2 and p

3,4 the three-momenta of the decay prod-
ucts of each massive gauge boson. This observable has
been widely used in Higgs physics (see for example [36]).
However, the small Higgs mass makes some channels
above not suitable for CP studies with this asymmetry,
inasmuch as the signal peaks in the region populated by
the SM background. For S decays instead, the rather
large mass allows us to stay in much more suppressed
background regions. Note also that two body S decays
could be also considered. As a matter of fact, photon
conversion events have been discussed in the Higgs liter-
ature [37]. The typical opening angle of the lepton prod-
ucts are however of the order of me/E� ⇠ 10�6, which is
well below any present or future experimental sensitivity.
In four-lepton events, the variable defined in Eq. 5

takes the form shown in Fig. 4. No significant departures
from this shape are found in other channels. In order
to quantify the discrimination power of this asymmetry
for a given number N

obs

of observed events, we perform
10’000 pseudo experiments with N

obs

events each. As
a matter of example, the distribution followed by AGF

for N
obs

= 40 is shown in Fig. 5. The one (two) sigma
statistical uncertainty is defined by the symmetric inter-
val around the center of the distribution containing the
68% (95%) of the total area. For the matter of example,
this is also shown in the figure. We further emphasize
the discrimination power of this asymmetry by plotting
these quantities as a function of the total number of ob-
served events in Fig. 6 for only signal (left panel) and
with as much background as signal (right panel). For
the latter we assume a flat background distribution. It
can be checked that this is a reasonable approximation
for all channels (see dotted green line in Fig. 4).

V. VECTOR-BOSON FUSION

The LO cross section for producing S in association
with two jets with pT larger than 10 GeV, separated by
at least �R > 0.1 and with dijet invariant mass above
400 GeV, can be approximately written as

�VBF =45
⇣ cgg
0.01

⌘
2

+ 1.2
c2��

(1 + r)2

+ 1.7
c2��r

(1 + r)2
+ 43

c2��r
2

(1 + r)2
fb, (8)

Parity determination
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Spin-0 is trivial, spin-1 is impossible

For spin-2 4 different distributions possible, with forward and/or central 
enhancement

For KK graviton-like coupling to matter resonance produced in m=2 and decaying 
to S=2 diphoton state, leading to D2,2 distribution with forward enhancement 

Spin Discrimination Panico,Vecchi,Wulzer
1603.04248
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Figure 2: The D distributions relevant for gg/�� (left) and qq (right) production at J = 2.

Notice that D(2)

0,0

and D(2)

0,2

can appear in both production modes.

Eq.s (10), (11) and (12) provide the required map among the amplitude coe�cients and
the potentially observable quantities (�’s and BR’s) that parametrize the partonic cross
section in eq. (9). We see that the observables depend on few combinations of the a and
ea parameters that control the amplitude coe�cients through table 1. In particular, no
information can be extracted on whether the a’s are real or complex, namely on whether
eq. (5) is satisfied or not, as previously mentioned.

The cross section parametrization in eq. (9) can be directly employed for the comparison
with experiments or, as we find convenient to do for the analysis in section 3, rewritten in
a “probabilistic” format by factoring out the total resonance production cross section times
the total branching ratio to an unpolarized photon pair (BR), namely

d�̄

in

d cos ✓
= �̄

in

⇥BR
X

|m|,S

P in

|m|SD(J)

|m|,S . (13)

Here

P in

|m|S =
�̄(in ! R|m|)BR(R ! [��]

S

)

�̄
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is the probability for the produced resonance to have spin equal to |m| in absolute value
and to decay to a state of spin S. The last identity in eq. (14) has been obtained using
eq.s (10) and (12). The probabilistic format is useful as it allows to disentangle the total
signal rate from the normalized angular distribution, encapsulated in the P’s. Notice that
the P’s, precisely because they are probabilities, sum up to one.

2.2 LHC cross sections and distributions

It is conceptually straightforward to go from the partonic cross section, characterized by the
�⇥BR and P parameters as in eq. (13) (or by eq. (9)), to LHC di↵erential cross sections
or to event samples to be compared with the experimental data. The result will consist in
a linear combination of distributions or in an admixture of event samples, each generated
with its own “D” partonic distribution and weighted by the corresponding “P” probability.
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Table 2: The D functions for J = 0, 2, 3. For brevity we defined s ⌘ sin ✓ and c = cos ✓.

qq are displayed in the plots in figure 2. We see they have considerably di↵erent shapes so
that it should be possible to distinguish them even with moderate experimental accuracy.

The cross sections and branching ratios appearing in eq. (9) are defined as follows. The
�̄’s are the total cross sections (at unit parton luminosity) for the production of the resonance
with spin m = |m| plus, if m 6= 0, the one with m = �|m|. Namely
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The cross-section for in = qq need not to be discussed explicitly because it is just identical to
the qq one by the second relation in eq. (2). The BR’s in eq. (9) are those for the resonance
decaying to a polarized diphoton pair with equal helicities � = �

0 = ±1 for S = 0 and with
opposite helicities for S = 2, i.e.
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��

S

again as defined in eq. (11). Notice that the fact of having two distinct decay
channels (++ and ��) for S = 0 and only one (+�, which is indistinguishable from �+
after angular integration) for S = 2 compensates for the fact that the ±± states are made of
indistinguishable particles and thus they have to be integrated over half of the solid angle.
Furthermore, the branching ratios, as apparent from the notation, do not depend on the
resonance spin m because of rotational invariance.
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Phenomenological model for spin-2 resonance
Kinetic terms (unique ghost free form) 

Interactions with matter:  for each particle, coupling to its energy-momentum tensor
Since latter is dimension-4, spin-2 has dimension-5 non-renormalizable couplings

For ordinary massless graviton these couplings are universal 
and suppressed by the Planck scale 

But in general massive graviton couplings don’t have to be universal, 
and we know calculable examples
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No chiral suppression for decays 
to fermions (unlike for scalars)

For ZZ and WW, decays depends 
also on coupling to the Higgs field 
(because it contains longitudinal 
components of W and Z)

For Zγ, decays occur only when 
coupling to WW and BB field 
strength is non-universal

Spin-2: decay widths see e.g.
Lee,Park,Sanz

1306.4107
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where X = ⌘µ⌫Xµ⌫ , and ⌘µ⌫ = diag(1,�1,�1,�1) is
the Minkowski metric tensor. This form of the kinetic
terms ensures that exactly 5 polarization states of the
spin-2 particle are propagating degrees of freedom. The
interactions with the SM fields can be described by the
following e↵ective Lagrangian:
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Here V 2 Ga,W i, B denotes the SM SU(3) ⇥ SU(2) ⇥
U(1) gauge fields, f 2 (qL, uR, dR, `L, eR) stands for the
fermion fields, and H is the Higgs doublet. The deriva-
tives are covariant with respect to the SM local sym-

metry and f̄�µ
 !
D ⌫f ⌘ f̄�µD⌫f � D⌫ f̄�µf . The scale

v = 246 GeV is inserted for dimensional reasons. For the
massless graviton which mediates the Einstein gravity,
all the couplings ci are universal and equal to

cH = cV = cf =
v

MP
⇡ 10�16, (4)

where MP = 2.44 ⇥ 1018 GeV is the (reduced) Planck
mass. However, for a massive graviton the couplings do
not have to be universal in general; in this paper we
will construct consistent weakly coupled e↵ective models
where the couplings are non-universal.

Given the couplings in Eq. (3), the partial decay widths
of the spin-2 particle to SM mass eigenstates is given by
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where ri ⌘ m2
i /m

2
X . Furthermore, �(X ! W+W�) =

2�(X ! ZZ) with mZ ! mW and cZZ ! cW . The cou-
plings to Z and � can be expressed by the ones in the elec-
troweak basis as c�� = s2✓cW + c2✓cB , cZZ = c2✓cW + s2✓cB ,
cZ� = c✓s✓(cW � cB), where s✓ and c✓ are the sine and
cosine of the Weinberg angle. Note that the spin-2 decay
to Z� occurs only for non-universal couplings. Also note
that decays to hh always imply decays to WW and ZZ
with at least a comparable branching fraction. This is
because the spin-2 coupling to the Higgs boson is always
accompanied by couplings to the Goldstone components
of the Higgs doublet which, via the equivalence theorem,
can be interpreted as the longitudinal polarizations of W
and Z.

The production cross section of the spin-2 particle at
the LHC can be written as
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where the first term in the square bracket originates from
gluon fusion, and the second from qq̄ annihilation. Here,
ELHC is the center-of-mass energy of proton-proton col-
lisions at the LHC, Li are the parton luminosity func-
tions, and ki are the QCD k-factors which we take to be
kGGX ' kqqX ⇡ 1.6 [10, 11]. For example, using the NLO
NNPDF2.3.2 pdf set [12] for gluon fusion production one
finds �(pp ! X)13TeV ⇡ 1.2 ⇥ 104c2G pb. The numeri-
cal value of cG that reproduces the di-photon excess in
Eq. (1) depends on Br(X ! ��), which is arbitrary at
this point. We find

cG ⇡ 3.1⇥ 10�3

s
4.4⇥ 10�2

Br(X ! ��)
. (7)

where we have chosen a reference value of Br(X ! ��)
corresponding to the universal graviton coupling limit
(ci = cX), c.f. Table I . We see that requiring cG . 1 im-
plies Br(X ! ��) & 10�7, otherwise the scale suppress-
ing the spin-2 couplings to gluons would be below the
electroweak scale. The opposite limit Br(X ! ��) . 1
implies that cG & 6.6⇥10�4 corresponding to a suppres-
sion scale below ⇠ 400 TeV.

Spin-2 particles produced at the LHC are polarized.
If the polarization is measured along the beam axis, at
LO in QCD only h = ±2 helicities are produced in gluon
fusion, and only h = ±1 helicities are produced in qq̄
annihilation. Polarization determines the angular distri-
bution of the photons to which the spin-2 particle decays.
We define ✓⇤ as the angle between the decay direction and
the beam axis in the rest frame of the decaying particle.
The ✓⇤ distributions are then given by
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massless graviton which mediates the Einstein gravity,
all the couplings ci are universal and equal to

cH = cV = cf =
v

MP
⇡ 10�16, (4)

where MP = 2.44 ⇥ 1018 GeV is the (reduced) Planck
mass. However, for a massive graviton the couplings do
not have to be universal in general; in this paper we
will construct consistent weakly coupled e↵ective models
where the couplings are non-universal.

Given the couplings in Eq. (3), the partial decay widths
of the spin-2 particle to SM mass eigenstates is given by

�(X ! hh) =
c2Hm3

X

960⇡v2
(1� 4rh)

5/2
,

�(X ! ff̄) =
m3

X

320⇡v2
(1� 4rf )

3/2 [

�
c2fL + c2fR

�✓
1� 2rf

3

◆
+ cfLcfR

20rf
3

�
,

�(X ! ZZ) =
m3

X

80⇡v2
p
1� 4rZ


c2ZZ +

c2H
12

+
rZ
3

�
3c2H + 20cHcZZ � 9c2ZZ

�

+
2r2Z
3

�
7c2H � 10cHcZZ + 9c2ZZ

��
,

�(X ! Z�) =
c2Z�m

3
X

40⇡v2
(1� rZ)

3

✓
1 +

rZ
2

+
r2Z
6

◆
,

�(X ! ��) =
c2��
8c2G

�(X ! GG) =
c2��m

3
X

80⇡v2
, (5)

where ri ⌘ m2
i /m

2
X . Furthermore, �(X ! W+W�) =

2�(X ! ZZ) with mZ ! mW and cZZ ! cW . The cou-
plings to Z and � can be expressed by the ones in the elec-
troweak basis as c�� = s2✓cW + c2✓cB , cZZ = c2✓cW + s2✓cB ,
cZ� = c✓s✓(cW � cB), where s✓ and c✓ are the sine and
cosine of the Weinberg angle. Note that the spin-2 decay
to Z� occurs only for non-universal couplings. Also note
that decays to hh always imply decays to WW and ZZ
with at least a comparable branching fraction. This is
because the spin-2 coupling to the Higgs boson is always
accompanied by couplings to the Goldstone components
of the Higgs doublet which, via the equivalence theorem,
can be interpreted as the longitudinal polarizations of W
and Z.

The production cross section of the spin-2 particle at
the LHC can be written as
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where the first term in the square bracket originates from
gluon fusion, and the second from qq̄ annihilation. Here,
ELHC is the center-of-mass energy of proton-proton col-
lisions at the LHC, Li are the parton luminosity func-
tions, and ki are the QCD k-factors which we take to be
kGGX ' kqqX ⇡ 1.6 [10, 11]. For example, using the NLO
NNPDF2.3.2 pdf set [12] for gluon fusion production one
finds �(pp ! X)13TeV ⇡ 1.2 ⇥ 104c2G pb. The numeri-
cal value of cG that reproduces the di-photon excess in
Eq. (1) depends on Br(X ! ��), which is arbitrary at
this point. We find

cG ⇡ 3.1⇥ 10�3

s
4.4⇥ 10�2

Br(X ! ��)
. (7)

where we have chosen a reference value of Br(X ! ��)
corresponding to the universal graviton coupling limit
(ci = cX), c.f. Table I . We see that requiring cG . 1 im-
plies Br(X ! ��) & 10�7, otherwise the scale suppress-
ing the spin-2 couplings to gluons would be below the
electroweak scale. The opposite limit Br(X ! ��) . 1
implies that cG & 6.6⇥10�4 corresponding to a suppres-
sion scale below ⇠ 400 TeV.

Spin-2 particles produced at the LHC are polarized.
If the polarization is measured along the beam axis, at
LO in QCD only h = ±2 helicities are produced in gluon
fusion, and only h = ±1 helicities are produced in qq̄
annihilation. Polarization determines the angular distri-
bution of the photons to which the spin-2 particle decays.
We define ✓⇤ as the angle between the decay direction and
the beam axis in the rest frame of the decaying particle.
The ✓⇤ distributions are then given by
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Parameters for spin-2 resonance

For reasonable branching fractions to photons,  scale suppressing spin-2 interactions 
with gluons should be in 1-100 TeV range

Thus, spin-2 explanations of diphoton anomaly are necessary 
effective theories with low cut-off
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terms ensures that exactly 5 polarization states of the
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Here V 2 Ga,W i, B denotes the SM SU(3) ⇥ SU(2) ⇥
U(1) gauge fields, f 2 (qL, uR, dR, `L, eR) stands for the
fermion fields, and H is the Higgs doublet. The deriva-
tives are covariant with respect to the SM local sym-

metry and f̄�µ
 !
D ⌫f ⌘ f̄�µD⌫f � D⌫ f̄�µf . The scale

v = 246 GeV is inserted for dimensional reasons. For the
massless graviton which mediates the Einstein gravity,
all the couplings ci are universal and equal to

cH = cV = cf =
v

MP
⇡ 10�16, (4)

where MP = 2.44 ⇥ 1018 GeV is the (reduced) Planck
mass. However, for a massive graviton the couplings do
not have to be universal in general; in this paper we
will construct consistent weakly coupled e↵ective models
where the couplings are non-universal.

Given the couplings in Eq. (3), the partial decay widths
of the spin-2 particle to SM mass eigenstates is given by
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where ri ⌘ m2
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X . Furthermore, �(X ! W+W�) =

2�(X ! ZZ) with mZ ! mW and cZZ ! cW . The cou-
plings to Z and � can be expressed by the ones in the elec-
troweak basis as c�� = s2✓cW + c2✓cB , cZZ = c2✓cW + s2✓cB ,
cZ� = c✓s✓(cW � cB), where s✓ and c✓ are the sine and
cosine of the Weinberg angle. Note that the spin-2 decay
to Z� occurs only for non-universal couplings. Also note
that decays to hh always imply decays to WW and ZZ
with at least a comparable branching fraction. This is
because the spin-2 coupling to the Higgs boson is always
accompanied by couplings to the Goldstone components
of the Higgs doublet which, via the equivalence theorem,
can be interpreted as the longitudinal polarizations of W
and Z.

The production cross section of the spin-2 particle at
the LHC can be written as
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where the first term in the square bracket originates from
gluon fusion, and the second from qq̄ annihilation. Here,
ELHC is the center-of-mass energy of proton-proton col-
lisions at the LHC, Li are the parton luminosity func-
tions, and ki are the QCD k-factors which we take to be
kGGX ' kqqX ⇡ 1.6 [10, 11]. For example, using the NLO
NNPDF2.3.2 pdf set [12] for gluon fusion production one
finds �(pp ! X)13TeV ⇡ 1.2 ⇥ 104c2G pb. The numeri-
cal value of cG that reproduces the di-photon excess in
Eq. (1) depends on Br(X ! ��), which is arbitrary at
this point. We find

cG ⇡ 3.1⇥ 10�3

s
4.4⇥ 10�2

Br(X ! ��)
. (7)

where we have chosen a reference value of Br(X ! ��)
corresponding to the universal graviton coupling limit
(ci = cX), c.f. Table I . We see that requiring cG . 1 im-
plies Br(X ! ��) & 10�7, otherwise the scale suppress-
ing the spin-2 couplings to gluons would be below the
electroweak scale. The opposite limit Br(X ! ��) . 1
implies that cG & 6.6⇥10�4 corresponding to a suppres-
sion scale below ⇠ 400 TeV.

Spin-2 particles produced at the LHC are polarized.
If the polarization is measured along the beam axis, at
LO in QCD only h = ±2 helicities are produced in gluon
fusion, and only h = ±1 helicities are produced in qq̄
annihilation. Polarization determines the angular distri-
bution of the photons to which the spin-2 particle decays.
We define ✓⇤ as the angle between the decay direction and
the beam axis in the rest frame of the decaying particle.
The ✓⇤ distributions are then given by

Assuming gluon fusion production:
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where X = ⌘µ⌫Xµ⌫ , and ⌘µ⌫ = diag(1,�1,�1,�1) is
the Minkowski metric tensor. This form of the kinetic
terms ensures that exactly 5 polarization states of the
spin-2 particle are propagating degrees of freedom. The
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Here V 2 Ga,W i, B denotes the SM SU(3) ⇥ SU(2) ⇥
U(1) gauge fields, f 2 (qL, uR, dR, `L, eR) stands for the
fermion fields, and H is the Higgs doublet. The deriva-
tives are covariant with respect to the SM local sym-

metry and f̄�µ
 !
D ⌫f ⌘ f̄�µD⌫f � D⌫ f̄�µf . The scale

v = 246 GeV is inserted for dimensional reasons. For the
massless graviton which mediates the Einstein gravity,
all the couplings ci are universal and equal to

cH = cV = cf =
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MP
⇡ 10�16, (4)

where MP = 2.44 ⇥ 1018 GeV is the (reduced) Planck
mass. However, for a massive graviton the couplings do
not have to be universal in general; in this paper we
will construct consistent weakly coupled e↵ective models
where the couplings are non-universal.

Given the couplings in Eq. (3), the partial decay widths
of the spin-2 particle to SM mass eigenstates is given by
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where ri ⌘ m2
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X . Furthermore, �(X ! W+W�) =

2�(X ! ZZ) with mZ ! mW and cZZ ! cW . The cou-
plings to Z and � can be expressed by the ones in the elec-
troweak basis as c�� = s2✓cW + c2✓cB , cZZ = c2✓cW + s2✓cB ,
cZ� = c✓s✓(cW � cB), where s✓ and c✓ are the sine and
cosine of the Weinberg angle. Note that the spin-2 decay
to Z� occurs only for non-universal couplings. Also note
that decays to hh always imply decays to WW and ZZ
with at least a comparable branching fraction. This is
because the spin-2 coupling to the Higgs boson is always
accompanied by couplings to the Goldstone components
of the Higgs doublet which, via the equivalence theorem,
can be interpreted as the longitudinal polarizations of W
and Z.

The production cross section of the spin-2 particle at
the LHC can be written as
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where the first term in the square bracket originates from
gluon fusion, and the second from qq̄ annihilation. Here,
ELHC is the center-of-mass energy of proton-proton col-
lisions at the LHC, Li are the parton luminosity func-
tions, and ki are the QCD k-factors which we take to be
kGGX ' kqqX ⇡ 1.6 [10, 11]. For example, using the NLO
NNPDF2.3.2 pdf set [12] for gluon fusion production one
finds �(pp ! X)13TeV ⇡ 1.2 ⇥ 104c2G pb. The numeri-
cal value of cG that reproduces the di-photon excess in
Eq. (1) depends on Br(X ! ��), which is arbitrary at
this point. We find

cG ⇡ 3.1⇥ 10�3

s
4.4⇥ 10�2

Br(X ! ��)
. (7)

where we have chosen a reference value of Br(X ! ��)
corresponding to the universal graviton coupling limit
(ci = cX), c.f. Table I . We see that requiring cG . 1 im-
plies Br(X ! ��) & 10�7, otherwise the scale suppress-
ing the spin-2 couplings to gluons would be below the
electroweak scale. The opposite limit Br(X ! ��) . 1
implies that cG & 6.6⇥10�4 corresponding to a suppres-
sion scale below ⇠ 400 TeV.

Spin-2 particles produced at the LHC are polarized.
If the polarization is measured along the beam axis, at
LO in QCD only h = ±2 helicities are produced in gluon
fusion, and only h = ±1 helicities are produced in qq̄
annihilation. Polarization determines the angular distri-
bution of the photons to which the spin-2 particle decays.
We define ✓⇤ as the angle between the decay direction and
the beam axis in the rest frame of the decaying particle.
The ✓⇤ distributions are then given by
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Original RS model with the SM on the IR brane provides a self-consistent 
explanation of the 750 excess (up to providing mechanism for stabilizing radion)

Very predictive model with no free parameters after fitting observations so far

Tension with run-1 and run-2 dilepton resonance searches   

This implies

m
2

⇡ 1.4 TeV,

m
3

⇡ 2.0 TeV,

aLM⇤ = 12.8 TeV,

M⇤ = 4.3⇥ 1017 GeV. (2.24)

Thus, the model is very predictive: all parameters are already fixed, which usually is a
bad sign... This one predicts that the branching fraction to electrons and muons (to-
gether) is equal to the branching fraction to photons, which is in some tension with run-1
data. The biggest mental problem here is the scale: for kaL ⇡ 200 GeV we expect huge
contributions to all sorts of electroweak precision data from higher-dimension operators
on the IR brane. Indeed, the holographic interpretation is that the SM is all composite
(including the gauge fields), with the compositeness scale of order kaL. This is hard to
swallow. On the other hand, the cuto↵ of the theory is ⇠ M⇤aL is in the 10 TeV range,
so maybe it’s ok... On yet another hand, with the 10 TeV cuto↵, the little hierarchy
problem for the Higgs mass is not solved, so one needs to add some susy or Goldstone
spices to the mix.

f Br(X ! f) [%] Br(X!f)
Br(X!��)

�� 4.3 1
ZZ 4.0 0.9
WW 8.4 1.9
µµ 2.2 0.5
jj 67 15.5
tt 5.8 1.3
bb 5.5 1.5
hh 0.4 0.08

Table 1: Branching fractions of the graviton decay in the all IR model. j includes gluons
and quarks up to b but no t. I took into account the W and Z mass (it changes the
branching fractions a bit, e.g from 4.6% to 4.1% for Z), but the top mass is neglected
(the mass corrections for fermion width need to be calculated yet).

2.2 DGP twist

Now I consider a modification of the standard RS scenario. I will add brane localized
kinetic terms for gravity, as in the DGP model []. This will give me more flexibility
concerning the graviton spectrum.

The bulk part of the gravity Lagrangian is the same as in the RS model,
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(2.25)

Thus the vacuum solution is still AdS5, and the wave equations for the KK profiles
remain
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�2fn = 0 (2.26)
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RS realization of spin-2
Predictions:

and the normalization condition
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Plugging this expansion into Eq. (2.6) and integrating over y we obtain
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which is the quadratic Lagrangian for a tower of massive gravitons.
The wave equation in Eq. (2.8) has a zero model solution:
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where aL ⌘ e�kL and I defined the 4D Planck scale by M2

P = M3
⇤

2k(1�a2L)
. This is the

usual graviton, coupling universally to matter’s energy momentum tensor with a Planck
suppressed strength.

For mn > 0 the wave equation in Eq. (2.8) is solved by
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where Jn, Yn are Bessels. The integration constants are chosen such that @yfn(0) = 0,
using [a�2J

2
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mn
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]0 = a�3J
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mn
ak

�
. The boundary condition at y = L leads to the mass

quantization condition:
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For aL ⌧ 1, Y
1

(mn/k) � J
1

(mn/k), and the solutions are essentially given the by zeros
of J

1

(mn/aLk). This approximation is good even for aL ⇡ 0.1. Numerically, the low end
of the spectrum is given by

mn ⇡ 3.8kaL

8
>><

>>:

1 n=1
1.8 n=2
2.7 n=3
. . .

(2.14)

If this is a model for the 750 GeV resonance, the next one is lurking at 1.35 TeV... The
normalization constant for the KK modes can be approximated as

An =
2

MP

a2Lcn, cn ⇡

8
>><

>>:

14.9 n=1
36.7 n=2
64.0 n=3
. . .

(2.15)

where the numbers depend very weakly on aL.

6

750 GeV
1.4 TeV
2 TeV

CERN et al.
1604.06446

�(pp ! ��)
p
s = 8TeV

p
s = 13TeV

narrow broad narrow broad
CMS 0.63± 0.31 fb 0.99± 1.05 fb 4.8± 2.1 fb 7.7± 4.8 fb

ATLAS 0.21± 0.22 fb 0.88± 0.46 fb 5.5± 1.5 fb 7.6± 1.9 fb

final � at
p
s = 8TeV � at

p
s = 13TeV

state f observed expected ref. observed expected ref.

e+e�, µ+µ� < 1.2 fb < 1.2 fb [3] < 5 fb < 5 fb [78]
⌧+⌧� < 12 fb < 15 fb [3] < 60 fb < 67 fb [79]
Z� < 11 fb < 11 fb [3] < 28 fb < 40 fb [80]
ZZ < 12 fb < 20 fb [3] < 200 fb < 220 fb [81]
Zh < 19 fb < 28 fb [3] < 116 fb < 116 fb [82]
hh < 39 fb < 42 fb [3] < 120 fb < 110 fb [83]

W+W� < 40 fb < 70 fb [3] < 300 fb < 300 fb [84]
tt̄ < 450 fb < 600 fb [3]

invisible < 0.8 pb - [3]
bb̄ <⇠ 1 pb <⇠ 1 pb [3]
jj <⇠ 2.5 pb - [3]

Table 2: Upper box: signal rates. Lower box: bounds at 95% confidence level on pp cross sections

for various final states produced through a resonance with Mz = 750GeV and �/Mz ⇡ 0.06.

Here we extend the list of parton luminosity factors C} given in [3] by including massive SM
vectors, which can be either T ransverse or Longitudinal4

p
s Cb¯b Ccc̄ Css̄ Cd ¯d Cuū Cgg C�� CZLZL CZTZT CZT � CWLWL CWTWT

8TeV 1.07 2.7 7.2 89 158 174 11(8) 0.01 0.3 3.1 0.03 0.8
13TeV 15.3 36 83 627 1054 2137 54(64) 0.14 2.8 27 0.4 8

The gauge boson parton luminosity functions in the table are obtained convoluting the WL,T ,
ZL,T , and photon leading order splitting functions with the quark pdfs (“NNPDF30_lo_as_0118”
set [92]), evaluated at factorisation scale µW = MW , µZ = MZ and µ� = 10 GeV. The
two numbers for the C�� correspond to the photon luminosities obtained using the photon
pdfs in the “NNPDF30_lo_as_0118” set (outside parentheses) and the number obtained with
the aforementioned procedure (inside parentheses). These numbers come with a significant
uncertainty, due to the sensitivity on the aforementioned choice of renormalisation scale. We
have checked that they are able to reproduce, within a factor of two, the relevant processes
computed with MadGraph5 [93]. We consider this precision su�cient for our study, but we
stress that going to higher order splitting functions for the gauge bosons can make this error
smaller, which may be needed in the future. From the Table above we see that the C-factors
for longitudinal vector bosons are highly suppressed. Longitudinal vector boson fusion (VBF)

4We omit mixed LT contributions since they are suppressed by an additional power of M2
W,Z/M2

z, see
eq. (B.10).
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In standard version of RS bulk, lightest gauge KK 
modes are a factor of 1.5 lighter than lightest 
graviton KK mode

In present context this would mean gauge KK 
modes at 500 GeV

 Solutions: hide the light gauge modes, OR make 
graviton KK modes lighter by the use of gravity 
brane kinetic terms, OR both 

Challenge for  RS bulk

AA,Kamenik
1603.06980

Hewett,Rizzo
1603.08250
Carmona

1603.08913
Dillon,Sanz
1603.09550
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in Eq. (14). Given the KK profile fn(y), the coupling of
the graviton n-th mode to the matter on the IR brane is
given by

cXn =
fn(L)

f0

v

MP
, M2

P =
M3

⇤ (1 + a2L)

2k
, (17)

where MP is the reduced Planck mass that sets the cou-
pling strength of the massless graviton. For the first
mode one finds to a good approximation

cX1 ⇡ � v

aLMP
. (18)

The coupling is enhanced by a�1
L compared to the zero

mode one because, in the RS scenario with a large warp
factor, the lowest KK modes are sharply localized near
the IR brane. Thanks to this enhancement, the RS sce-
nario with a large warp factor at the IR brane can address
the 750 GeV excess, with the diphoton resonance identi-
fied as the first KK mode of the graviton, as previously
discussed in Ref. [9]. This model is extremely predictive,
with basically no free parameters. Since all the graviton
couplings are universal, the branching fractions are com-
pletely fixed; in particular, Br(X ! ��) ⇡ 4.4%. Then
the IR warp factor aL is fixed to fit the observed pro-
duction cross section of the resonance, c.f. Eq. (18), the
curvature scale k is fixed to fit the 750 GeV resonance
mass using mX1 ⇡ 3.8kaL, and the 5D Planck mass is
fixed to fit the 4D Planck mass, c.f. Eq. (17). A set of
parameters that nicely fits the ATLAS and CMS obser-
vations is the following

aL = 3.4⇥ 10�14 , k = 5.8⇥ 1015 GeV ,

M⇤ = 4.1⇥ 1017 GeV. (19)

We refer to this benchmark point as IR, to distinguish it
from other RS benchmarks studied in the next sections.
The resulting value of the universal graviton coupling to
matter is cX = �0.003, which implies �(pp ! X)13TeV ⇡
0.12 pb, and the diphoton rate �(pp ! X ! ��)13TeV ⇡
5.2 fb. The width of the resonance well below the exper-
imental resolution: �X ⇡ 6MeV. By choosing a larger
(smaller) warp factor we can make the cross section and
width smaller (larger), but the parameters ballpark has
to stay the same to match the observations. The KK
graviton branching fractions are summarized in the first
column of Table I.

All in all, the RS model with the SM on the IR brane
o↵ers an interesting and very predictive spin-2 model for
the 750 GeV resonance. There are however two issues
with this scenario: one phenomenological, and one the-
oretical. The phenomenological one is the tension with
the dilepton resonance searches at 8TeV and 13TeV LHC.
As we can see in Table I, this scenario sharply predicts
�(X ! e+e� + µ+µ�)/�(X ! ��) = 1, and thus
�(pp ! X)8TeV ⇥ Br(X ! e+e� + µ+µ�) ⇡ 1.2 fb.
This is in tension with the ATLAS search [16] for di-
lepton resonances in LHC run-1 which found �(pp !

Z 0 ! e+e� + µ+µ�)8TeV  1.3 fb at 95% CL. More
recently ATLAS performed a similar search using the
first 13TeV data, putting a bound on �(pp ! Z 0 !
e+e� + µ+µ�)13TeV  5.5 fb at 95% CL. [17]. Not
discovering a 750 GeV dilepton resonance in 2016 run-
2 data will ultimately falsify this model. The theoret-
ical issue is that, for the parameters in Eq. (19), the
scale ⇤X suppressing graviton couplings to matter and
itself is very large, ⇤X ⇡ 100 TeV. Therefore, the cut-o↵
scale at the IR brane (the energy scale up to which SM
scattering amplitudes are perturbative) is rather high,
⇤cut ⇠ 1000 TeV. Therefore, the quantum corrections to
the mass term of the Higgs field are cut o↵ at a high ⇤cut

scale, and the little hierarchy problem of the SM, which
was the original motivation of Ref. [14], is not addressed.
In the next section we discuss a modification of the RS
scenario that potentially addresses both of these issues.

IR MIN MED MAX GMAX

�� 4.3 8.5 7.0 0.5 2.3

ZZ 4.8 7.9 7.8 2.9 12

WW 9.5 16 15 5.6 21

Z� 0 0 0 0 1.1

hh 0.3 0 0.4 1.4 6.9

tt 5.1 0 8.3 85 56

bb 6.4 0 5.2 0.4 0.04

jj 66 68 61 4.5 0.5

e+e� + µ+µ� 4.3 0 0 0 0

Table I: Branching fractions (in percent) of the first graviton
KK mode to various SM final states for the IR, MIN, MED,
MAX, and GMAX benchmarks described in the text.

RS with SM in bulk.
The prescription to reduce the KK graviton couplings

to leptons is to localize the two in di↵erent points in the
extra dimension. This will be the case when leptons are
localized away from the IR brane. One possibility is to
localize the entire SM at the UV brane, but then the
couplings of the KK gravitons to matter are extremely
suppressed and have no phenomenological relevance. A
more fruitful direction is to promote the SM gauge and
matter fields to 5D fields which propagate in the bulk
of the extra dimension [18–21], as is already the case for
gravity. The SM particles are then identified with the
zero modes of the 5D fields, while their KK modes must
be heavy enough to have avoided detection so far. The
setup contains free parameters (5D mass terms) that al-
low one to shape the zero mode profiles of fermion and
scalar fields (on the other hand, the zero mode profiles of
unbroken gauge fields are always flat in the 5th dimen-
sion). This framework has been extensively studied in
the past; in fact much more than the original RS model
with the SM localized on the IR brane. Historically, the
main motivation was the fact that it allows one to address
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limit ↵ ! 0 in Eq. (27). Using the normalization in
Eq. (3), the coupling of a fermionic zero-mode to the
first graviton KK mode is given by

c↵ =
v

MP

Z L

0

fSM,↵(y)
f1(y)

f0

⇡ � v

aLMP

r
r0
rL

↵

(↵� 2)(1� a�2↵
L )

+

r
rL
r0

a2L
a2↵L � 1

�
.

(28)

The first term in the square bracket is relevant for ↵ < 1,
and the second for ↵ > 1. For sharp IR localization,
↵ ⌧ 0, one finds c↵ ⇡ �(v/aLMP )

p
r0/rL↵/(↵� 2). In

this case the scale controlling the coupling to the first
KK graviton is aLMP . This is similar, up to a numeri-
cal factor depending on ↵, r0, rL, to the previously dis-
cussed case of KK gravitons coupling to IR-localized mat-
ter fields in the original RS model. In the limit ↵ = 0
one finds c↵ ⇡ �(v/aLMP )

p
r0/rL(1/4kL). Thus, zero

mode gauge fields, as well as matter fields with the flat
profile, have a coupling to graviton suppressed by the fac-
tor 4kL compared to IR-localized fields. For 0 < ↵ < 1,
when the profile is tilted towards the UV brane, the cou-
pling becomes suppressed by powers of the warp factor,
c↵ ⇡ �(va2↵L /aLMP )

p
r0/rL↵/(2� ↵). This switches to

a universal behavior for ↵ > 1: c↵ ⇡ (vaL/MP )
p

rL/r0.
In general, the zero modes with ↵ > 0 couple very weakly
to the KK gravitons, and they do not play any role in
production and decay of the 750 GeV resonance.

We are ready to discuss concrete parameters choices
that allow one to explain the 750 GeV excess in the RS
model with SM gauge fields propagating in five dimen-
sions. The diphoton resonance is identified with the first
KK mode of the graviton with the KK profile in Eq. (26)
and the mass in Eq. (25). Its couplings to the SM are
determined by Eq. (28) and depend on the parameters
↵i (specific for each SM particle) controlling the shape
of the zero mode profile. The SM gauge fields: gluons,
W and Z bosons, and photons have a flat profile in the
extra dimension corresponding to ↵V = 0. To avoid con-
straints from dilepton resonance searches, we assume that
the lepton fields are localized near the UV brane, ↵` > 0,
in which case they are practically decoupled from the
graviton KK modes. In the best of all worlds, the Higgs
field should be localized near the IR boundary, so that
the hierarchy problem can be addressed by the large warp
factor. Then also the top quarks should be IR localized,
so that the top Yukawa coupling remains in the perturba-
tive regime. This is however non-trivial to achieve. The
reason is that the graviton couplings to gauge zero modes
carry a suppression factor 4kL ⇠ 130, while the couplings
to IR localized fields do not have this suppression. If the
Higgs field was strictly IR-localized, the branching frac-
tion of the 750 GeV resonance would be dominated by
decays to pairs of Higgs bosons and longitudinally po-
larized W and Z bosons. This would violate the LHC
run-1 constraints from di-Higgs and di-boson resonance
searches [28–30] (c.f. [4]). As a consequence, in this setup,

MIN MED MAX

r0[1/k] 100 120 1700

M⇤[GeV] 4.1⇥ 1017 3.9⇥ 1017 1.6⇥ 1017

↵tR 1 0 �0.3

↵Q3
L

1 0 0

↵H 1 0 �0.1

�cG 2.3⇥ 10�3 2.5⇥ 10�3 9.6⇥ 10�3

�(pp ! X)[pb] 0.06 0.08 1.1

�(pp ! X ! ��)[fb] 5.3 5.3 5.4

�X [GeV] 2⇥ 10�3 3⇥ 10�3 0.5

Table II: The parameters for various benchmark models
fitting the 750 GeV excess with the first KK graviton in
the RS scenario. All benchmarks have aL = 10�15, k =
1.2 ⇥ 1018 GeV, rL = 10/k. The lowest graviton KK modes
are at m1 = mX = 750 GeV, m2 ⇡ 6 TeV, and lowest hyper-
charge KK mode is at mV1 ⇡ 2.9 TeV. The SM fermion fields
other then the right-handed top and and the 3rd generation
quark doublet are assumed to be sharply localized at the UV
brane.

only mild IR localization of the Higgs and the top is pos-
sible.
We propose 3 concrete benchmarks: MIN, MED, and

MAX, which represent various degrees of compromise
between the naturalness and phenomenological require-
ments. The parameters of the 5D Lagrangian are summa-
rized in Table II, and they are tuned to yield m1 = mX =
750 GeV and �(pp ! X)13TeVBr(X ! ��) ⇠ 5 fb. The
latter number can be easily adjusted up or down; for
example, increasing (decreasing) the UV brane kinetic
terms r0 increases (decreases) the diphoton signal, with-
out a↵ecting other predictions significantly. The width of
the 750 GeV resonance is always smaller than the exper-
imental resolution at the LHC for all benchmarks. All
the benchmarks satisfy phenomenological bounds from
LHC run-1 resonance searches in other decay channels,
as summarized in Table III. The first KK modes other
than the graviton one are predicted to be at the scale
mV1

⇡ 2.8 TeV, and correspond to KK excitations of the
SM gauge fields. That mass scale can be raised by in-
creasing the value of the IR brane kinetic term rL. The
predicted X decay branching fractions are shown in the
middle columns of Table I.
In the MIN benchmark, the SM fermion and Higgs

fields are all localized on the UV brane, which implies
that the hierarchy problem is not addressed at all. Only
the SM gauge fields have non-negligible couplings to the
KK gravitons, and these couplings are universal. The
sharp prediction of this scenario is Br(X ! ��) ⇡
Br(X ! ZZ) ⇡ Br(X ! WW )/2 ⇡ Br(X ! GG)/8 ⇡
0.08, and no other decays of the 750 GeV particle are
present. In the MED benchmark, the Higgs, the right-
handed top, and the 3rd generation quark doublet all
have a flat profile, much like the gauge fields, while the
remaining fermions are localized at the UV brane. The

Benchmark points

Parameters Branching fractions

Output

Other KK modes than 750 GeV spin-2 can be heavy enough to avoid detection

Dilepton branching fraction is practically zero

If Higgs and top localized toward IR, so as to solve hierarchy problem, large 
branching fraction to ttbar, hh, ZZ, and WW predicted   

Remaining fermions localized at UV brane

AA,Kamenik
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Bigger picture?

Composite

SUSY

X-tra 
dimensions

KK Graviton:
Giddings,Zhang 
1602.02793

Radion:
Ahmed et al 
1512.05771

Hidden pion: 
Harigaya,Nomura
 1602.01092

Dilaton: 
CERN-th et al
 1512.04933

NMSSM+cascade decays 
Ellwanger,Hugonie

1602.03344

Goldstino:
 Torre,Petersson,
1512.05333

Dirac Gaugino:
 Benakli et al
1605.05313

just MSMM:
Djouadi et al,
1605. 01040
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In explicit models, large couplings are needed (for 
example, large Yukawa couplings of resonance to new 
vector-like fermions). Typically, these couplings run 
away to a Landau pole at a few TeV. 

Most natural embedding are into models with new 
strong interactions, that give rise to a light (pseudo-
Goldstone?) composite state

This strongly interacting sector may well have 
something  to do with solving the hierarchy problem, as 
e.g. in little Higgs, composite Higgs, or Randall-
Sundrum-type models. 

Bigger picture?

Tuesday, May 24, 16



ATLAS

CMS

500 1000 1500

0.1

1

10

100

M !GeV"

Σ
ΓΓ
!fb"

R # 3
j # 0, 1

diphoton
13 TeV

2#3
$4#35#3

2#3
$4#35#3

ATLAS

CMS

500 1000 1500

0.1

1

10

100

M !GeV"
Σ
ΓΓ
!fb"

R # 3
j # 1#2

diphoton
13 TeV

2#3
$4#35#3

ATLAS

CMS

500 1000 1500

0.1

1

10

100

M !GeV"

Σ
ΓΓ
!fb"

R # 6
j # 0, ,1#2 1

diphoton
13 TeV

$2#3
4#3

$2#3
4#3
$2#3

4#3
ATLAS

CMS

500 1000 1500

0.1

1

10

100

M !GeV"

Σ
ΓΓ
!fb"

R # 8
j # 0, ,1#2 1

diphoton
13 TeV

1 1

1

Figure 2. Bound state diphoton signals at
p
s = 13 TeV for color triplets (top), sextets (bottom-

left) and octets (bottom-right) as a function of the bound state mass. Results are shown for
constituents with spin j = 0 (solid black), 1/2 (dashed blue) and 1 (dotted red), for the values of
electric charge Q indicated on each curve. Limits are from ATLAS [4] (thick pink) and CMS [5]
(thick blue). The green rectangle shows the signal size range that can be inferred from the excesses
observed in [4, 5] at M ⇡ 750 GeV.

is an underestimate, as would be claimed by the recent lattice computation of [34], and

not an overestimate as computed in [14, 18].

Another option is

j =
1

2
, R = 3 , Q = �4

3
. (3.3)

Here the �� branching fraction is 8% and the �� signal is 4.7 fb up to uncertainties.5

5Formally, a color triplet of spin 1 and charge 2/3 is also consistent with the data, but to embed such a

– 6 –

Counterexample: just so? Kats,Strassler
1602.08819

E.g., a bound state of 
charge -4/3 quarks
can explain excess 

without new extended sector
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Take away
750 GeV resonance needs to be confirmed by 2016 LHC data. For the moment, 
only “what if” speculations

Several phenomenological models describing ATLAS and CMS observations exist, 
and they can be embedded in more motivated constructions 

Already O(1-5) 750 GeV diphoton events in 2016 data 
;) Have you looked yet? ;)
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