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• Excellent agreement between data and SM. 

• BSM searches:  SUSY and exotic (anything that is not SUSY). 

• A very wide variety of signatures of new physics has been 
searched for, but no new particles -- beyond a Higgs -- have 
been found thus far.
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What Should We Conclude?
• The simple Higgs field gives a complete model 

on its own.  

• There are new particles that drive the Higgs-
symmetry breaking. But they are too heavy to be 
seen at the 8 TeV LHC. 

• There are new particles with M~ O(TeV). But they 
are hidden from the LHC searches.
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What Should We Conclude?
• The simple Higgs field gives a complete model 

on its own.  

• There are new particles that drive the Higgs-
symmetry breaking. But they are too heavy to be 
seen at the 8 TeV LHC. 

• There are new particles with M~ O(TeV). But they 
are hidden from the LHC searches.

• Develop new strategies and look for hidden corners!

• Probably not, especially when there is something 
missing in the SM.

• LHC will collect more data at 13/14 TeV. HL-LHC, 100 TeV?



• Think about a simple physics case, such as resonances. 
(everything can be thought of as a resonance.) 

• diphoton, dilepton, dijet,, ttbar resonance etc 

• Bump hunting? Relatively easy to find but not easy in 
practice! 

Where is New Physics?
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• Why not consider all possible combinations of two 
reconstructed objects? (put aside possible theoretical 
constraints….)
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Table 1: Examples of di-object. F �= ‘excited fermion’, R/= ‘R-parity violation’, LQ = ‘Lepto-
Quark’. Numbers in subscript indicate that particles have extra dimensional origin. Supersym-
metric particles have ∼ as usual.
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Consider all combinations with two reconstructed objects. 
Are covering all spots theoretically and experimentally?
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This is NOT a complete list at all!



Some comments
• Table tells us how a di-object decays. No information on its production. 

• Search strategy can be different depending on the mass scale and details of each 
model. 

• One can further classify  

• in terms of electric charge (SS/DS), color charge (single, triplet, octet, sextet 
etc), Lorentz symmetry (scalar/fermion/vector) 

• e and mu are different. tau is special.  Gluon and quarks are different. 

• Table can be extended with THREE reconstructed objects. 

• Reconstruction of a resonance in MET channel is challenging. 

• Not impossible.  

• Various ideas exist: MT2, M2, energy peak etc. 
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• Certainly the table is not complete at all. Nevertheless we can see we are 
covering these boxes pretty well.  

• In fact, all spots have been considered at least in theory. 

• Some channels are better motivated than the others. 

• Some channels are looked at experimentally and some are not. 

• However, we need to keep in mind what assumptions are made behind each 
analysis. Many searches are very model-dependent. 

• We cover final states reasonably well but we often make (rather) strong 
assumptions on the production of these resonances (which leads to model-
dependent analysis). 

• We will take a look at some examples of resonances with non-standard 
production mechanism that might be important at the LHC Run II. 

• dijet, ttbar resonances, chromo-philic Zprime, dilepton . . . . . 

• how to fake resonance-like signals.



Dijet Resonance

X
q / g / q / q

q / g / q / gq / g / q / g

q / g / q / q



!"#$%&'()*+,)-.++)!"##$%&'()*)&+

!!"!#$
Dobrescu, Yu 2013 test

• Challenge for low mass: 
QCD backgrounds and 
detector trigger rates.



Dijet Resonances: pushing to low masses

! Model independent limits on σ×A for masses between 0.2 and ~4 TeV

14

arXiv: 1407.1376

qq induced BW gg induced BWGeneric Gaussian

Quentin Buat (SFU)



13 TeV Results
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Figure 5: The 95% credibility-level upper limits obtained from the mj j distribution on cross-section times accept-
ance times branching ratio to two jets, σ×A×BR, for a hypothetical signal with a cross-section σG that produces a
Gaussian contribution to the observed mj j distribution, as a function of the mean mass of the Gaussian distribution,
mG. Limits are obtained for four different widths, from a width equal to the detector mass resolution (“Res.”),
3%–2% depending on mj j probed, to 15% of the mean of the Gaussian mass distribution.
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• 13 TeV limit slightly better than 8 TeV limit.
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Figure 3: The observed 95% CL upper limits on the product of the cross section, branching
fraction, and acceptance for quark-quark (top left), quark-gluon (top right), and gluon-gluon
(bottom left) type dijet resonances, shown as symbols connected by solid curves, and a com-
parison of all types (bottom right). The corresponding expected limits (dash-dotted curves)
and their variation at the 1 and 2 standard deviation levels (shaded bands) are also shown.
The limits are compared to the predicted cross sections of string resonances [15, 16], scalar di-
quarks [17], excited quarks [21, 22], axigluons [18, 19], colorons [19, 20], color-octet scalars [23],
new gauge bosons W� and Z� [24], and RS gravitons [25].
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Pair Production of Color Octet

plings to mass eigenstates may be partially canceled.
The field content of this model resembles the colored
Kaluza-Klein modes of the first two levels in theories
with universal extra dimensions.

3 G!

µ production at hadron colliders

The Feynman rules for G!

µ interactions with gluons
[see Eq. (1)] is given in Appendix A of Ref. [16].
To leading order in !s, the partonic processes that
lead to G!

µ pair production at hadron colliders have
gluons (Fig. 1) or quark-antiquark pairs (Fig. 2) in
the initial state. The production cross section may
be computed at tree level using CalcHEP [17]. For
the gluon-gluon initial state, we find (in agreement
with Ref. [10])
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where $ = (1" 4M2
G/ŝ)1/2 is the boost of G!

µ, and ŝ
is the center-of-mass energy of the partonic collision.
This cross section is independent of ŝ for ŝ # M2

G
as a consequence of spin-1 exchange in the t and
u channels. Unitarity is preserved in this process
independent of the gauge symmetry breaking sector
because the radial modes of the ! field or whatever
else unitarizes longitudinal G!

µG!

µ scattering do not
contribute to gg ! G!

µG!

µ. Note that Eq. (3) has
the same large-ŝ behaviour as the cross section for
the standard model process %% ! W+W" [18].

Assuming negligible couplings of G!

µ to standard
model quarks (hq $ 1), the cross section for qq !
G!

µG!

µ depends only on MG and on the masses of the
vectorlike quarks exchanged in the t and u channels.
We take these to be of the order of or larger than
MG so that the vectorlike quarks do not a"ect the
G!

µ decays. For vectorlike quark masses equal to MG,
the process with quark-antiquark initial state has a
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Figure 1: G!
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µ production from gg initial state
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represent gluons, while wavy lines represent massive
vector octets.
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This agrees with the cross sections obtained from
the squared matrix elements computed in [19]. For
vectorlike quark masses (MQ) larger than MG or

%
ŝ

we find that "(qq ! G!

µG!

µ) & #!2
s ŝ/(18M

4
G) up to

corrections of order 1/M2
Q. This cross section grows

with ŝ because the Goldstone boson eaten by G!

µ

has a coupling to Q̄%µT aQ proportional to MQ, so
that Q cannot be much heavier than MG if we keep
hq $ 1.

4 Signal and background at the Tevatron

Taking the factorization and renormalization scale
to be

%
ŝ/2, and using the CTEQ6L parton distri-

butions [20], we obtain the leading-order cross sec-
tion for G!

µG!

µ production at the Tevatron shown in
Fig. 3. The shaded (yellow) band denotes the uncer-
tainty in the cross section from varying the factoriza-
tion and renormalization scale between MG and

%
ŝ.

The uncertainty from varying MQ within the range
MG to 2MG is even smaller. If vectorlike quarks are
not included, then the cross section decreases (by
a factor of two in the perturbative window allowed
by dijet searches, namely hq & 0.3 and MG & 200
GeV). Next-to-leading order corrections are likely to
be large (they are of the order of 50% for tt̄ produc-
tion [21], and G!

µ has larger spin and color represen-
tation than the top quark), but computing them is
beyond the scope of this letter.

The main G!

µ decays are into qq̄, as the G!

µ de-
cays into gluons require higher-dimension operators
which we neglect. The signal due to the decay of a
G!

µ pair is 4 jets. Assuming equal branching frac-
tions to all quark flavors, and given that decays to
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Figure 2: G!
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µ production from qq̄ initial state (u-
channel diagram is not shown). If couplings of stan-
dard model quarks (q) to G!

µ are suppressed due to
mixing with vectorlike quarks (Q), then G!

µ or q ex-
change contributions may be negligible.

3

Lorentz index. Any massive spin-1 particle may be
identified with the gauge boson of a spontaneously
broken gauge symmetry, provided higher-dimensional
operators are included. We assume that this e!ec-
tive theory is valid over a range of scales above MG,
so that the higher-dimensional operators are sup-
pressed and may be neglected. The gauge symme-
try breaking pattern that gives only a massive spin-1
octet and the massless gluon is SU(3)1 ! SU(3)2 "
SU(3)c. Any other gauge group that gives rise to
G!

µ should embed this minimal gauge group. The in-
teractions of the massive octet with gluons may be
derived by rotating the SU(3)1 and SU(3)2 gauge
kinetic terms to the mass eigenstate basis. A pair of
G!

µ bosons couples at tree level to one or two gluons:
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Here gs is the QCD gauge coupling, fabc are the
SU(3)c structure constants, and Gµ is the gluon
field. The above interactions have an accidental Z2

symmetry because G!

µ appears only in pairs.

The most general Lorentz-invariant dimension-
4 interactions of G!

µ with quarks are of the type
G!a

µ q"µT aq!, where q and q! are quarks carrying the
same electroweak charges, and T a are the generators
of the fundamental representation of SU(3)c. The
coe"cients of these operators form three di!erent
3 ! 3 Hermitian matrices. To avoid a lengthy dis-
cussion of flavor-changing processes, we assume that
these three matrices have diagonal elements approx-
imately equal (up to a sign) to a parameter hq > 0,
and negligible o!-diagonal elements. There is an
upper limit on hq set by dijet searches. For a G!

µ

mass MG between 150 and 200 GeV the limit is at
most hq < gs/4 [14], while for some values of MG

above 200 GeV the limit is more stringent, around
hq < gs/7 [15].

Such suppressed couplings of G!

µ to quarks can
arise in simple renormalizable models. For exam-
ple, let us consider an SU(3)1 ! SU(3)2 gauge the-
ory where the breaking down to SU(3)c is due to
the vacuum expectation value of a complex scalar
field # (or of a fermion-antifermion pair, induced
by some technicolor-like interaction), which trans-
forms as a bifundamental under the product gauge
group. After diagonalizing the gauge boson mass
matrix, the massless gluon has a gauge coupling gs =
h1h2/

'

h2
1 + h2

2, where h1 and h2 are the SU(3)1 !

SU(3)2 gauge couplings. This is to be identified with
the QCD coupling at the scale MG: gs $ 1.1 for MG

of a few hundred GeV. Imposing perturbativity of
both SU(3) interactions at the symmetry breaking
scale gives gs < h1, h2 !

%
4#. In the gauge eigen-

state basis, the quarks that are triplets under SU(3)1
couple to G!

µ with a strength hq = gsh1/h2, with h1

and h2 interchanged for triplets under SU(3)2. A
simple choice is that all observed quarks transform as
triplets under SU(3)1 [6]. By itself, this would lead
to a large coupling of G!

µ to quarks, hq " g2
s/
%

4# $
0.3, which would imply that most G!

µ masses be-
tween 250 and 750 GeV are ruled out by the CDF
search [15]. However, in the presence of new heavy
quarks which mix with the observed ones, the cou-
plings of G!

µ may change dramatically. Consider
a vectorlike quark Q whose left- and right-handed
components transform as a 3 under SU(3)2, and
like standard model left-handed quarks (qL) under
SU(2)W ! U(1)Y . In addition to a mass term for
Q, the Lagrangian includes Yukawa couplings of the
vectorlike quark to qL and #. The o!-diagonal mass
term induced by &#' requires a rotation of qL and
QL by an angle $, such that the coupling of G!

µ to
qL"µT aqL becomes
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and an “o!-diagonal” interaction G!a
µ QL"µT aqL is

induced. For tan $ = h1/h2, we find hq = 0, while
the coe"cient of the o!-diagonal interaction becomes
gs. By including a vectorlike quark for each standard
model quark, one may in principle arrange that all
tree-level couplings of G!

µ to standard model cur-
rents vanish. Such cancellations require fine-tuning,
and are unlikely to be realized precisely in nature.
Nevertheless, cancellations at the 15% level are suf-
ficient to free G!

µ from the existing limits on dijet
resonances. Note that the mixings between stan-
dard model quarks and vectorlike ones may be ap-
proximately flavor independent, so that the induced
flavor-changing neutral currents are not necessarily
large.

A more sophisticated model includes an addi-
tional SU(3) gauge group, and invariance under a
Z2 symmetry that interchanges two of the groups.
There are in this case two heavy spin-1 octets. By
virtue of the Z2 symmetry, the couplings of the lighter
octet to standard model quarks vanish exactly. The
heavier octet has sizable couplings to quarks in the
gauge eigenstate basis, but as in the previous model,
in the presence of some vectorlike quarks the cou-
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plings to mass eigenstates may be partially canceled.
The field content of this model resembles the colored
Kaluza-Klein modes of the first two levels in theories
with universal extra dimensions.

3 G!

µ production at hadron colliders

The Feynman rules for G!

µ interactions with gluons
[see Eq. (1)] is given in Appendix A of Ref. [16].
To leading order in !s, the partonic processes that
lead to G!

µ pair production at hadron colliders have
gluons (Fig. 1) or quark-antiquark pairs (Fig. 2) in
the initial state. The production cross section may
be computed at tree level using CalcHEP [17]. For
the gluon-gluon initial state, we find (in agreement
with Ref. [10])
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+ 13ŝ + 34M2
G

#

" 8
$
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where $ = (1" 4M2
G/ŝ)1/2 is the boost of G!

µ, and ŝ
is the center-of-mass energy of the partonic collision.
This cross section is independent of ŝ for ŝ # M2

G
as a consequence of spin-1 exchange in the t and
u channels. Unitarity is preserved in this process
independent of the gauge symmetry breaking sector
because the radial modes of the ! field or whatever
else unitarizes longitudinal G!

µG!

µ scattering do not
contribute to gg ! G!

µG!

µ. Note that Eq. (3) has
the same large-ŝ behaviour as the cross section for
the standard model process %% ! W+W" [18].

Assuming negligible couplings of G!

µ to standard
model quarks (hq $ 1), the cross section for qq !
G!

µG!

µ depends only on MG and on the masses of the
vectorlike quarks exchanged in the t and u channels.
We take these to be of the order of or larger than
MG so that the vectorlike quarks do not a"ect the
G!

µ decays. For vectorlike quark masses equal to MG,
the process with quark-antiquark initial state has a
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Figure 1: G!
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µ production from gg initial state
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µ exchange is not shown). Curly lines
represent gluons, while wavy lines represent massive
vector octets.
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This agrees with the cross sections obtained from
the squared matrix elements computed in [19]. For
vectorlike quark masses (MQ) larger than MG or

%
ŝ

we find that "(qq ! G!

µG!

µ) & #!2
s ŝ/(18M

4
G) up to

corrections of order 1/M2
Q. This cross section grows

with ŝ because the Goldstone boson eaten by G!

µ

has a coupling to Q̄%µT aQ proportional to MQ, so
that Q cannot be much heavier than MG if we keep
hq $ 1.

4 Signal and background at the Tevatron

Taking the factorization and renormalization scale
to be

%
ŝ/2, and using the CTEQ6L parton distri-

butions [20], we obtain the leading-order cross sec-
tion for G!

µG!

µ production at the Tevatron shown in
Fig. 3. The shaded (yellow) band denotes the uncer-
tainty in the cross section from varying the factoriza-
tion and renormalization scale between MG and

%
ŝ.

The uncertainty from varying MQ within the range
MG to 2MG is even smaller. If vectorlike quarks are
not included, then the cross section decreases (by
a factor of two in the perturbative window allowed
by dijet searches, namely hq & 0.3 and MG & 200
GeV). Next-to-leading order corrections are likely to
be large (they are of the order of 50% for tt̄ produc-
tion [21], and G!

µ has larger spin and color represen-
tation than the top quark), but computing them is
beyond the scope of this letter.

The main G!

µ decays are into qq̄, as the G!

µ de-
cays into gluons require higher-dimension operators
which we neglect. The signal due to the decay of a
G!

µ pair is 4 jets. Assuming equal branching frac-
tions to all quark flavors, and given that decays to
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Figure 2: G!
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µ production from qq̄ initial state (u-
channel diagram is not shown). If couplings of stan-
dard model quarks (q) to G!

µ are suppressed due to
mixing with vectorlike quarks (Q), then G!

µ or q ex-
change contributions may be negligible.
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distribution in the average mass of selected dijet pairs has been investigated for localized dis-
agreements between the data and the background estimate. This method takes advantage of a
number of additional optimized kinematic requirements imposed on the dijet pair. No signifi-
cant deviation is found between the selected events and the expected standard model multijet
background. Limits are placed on the production of colorons decaying into four jets with a
100% branching fraction, excluding at 95% confidence level, masses between 200 and 835 GeV.
For this model, these results include first limits in the mass ranges of 200–250 GeV and 740–
835 GeV, extending previous limits [16] to lower masses by 50 GeV, and to higher masses by
95 GeV. Limits are set on top squark pair production through the λ

��
UDD coupling to final states

with either only light-flavor jets or both light- and heavy-flavor jets with a 100% branching
fraction. We exclude at a 95% confidence level top squark production followed by R-parity
violating decays to light-flavor jets for top squark masses from 200 to 350 GeV and decays to
heavy-flavor jets for masses between 200 and 385 GeV. Both sets of limits are the most stringent
such limits to date, and the first from the LHC for this model of R-parity violating top squark
decay.
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plings to mass eigenstates may be partially canceled.
The field content of this model resembles the colored
Kaluza-Klein modes of the first two levels in theories
with universal extra dimensions.

3 G!

µ production at hadron colliders

The Feynman rules for G!

µ interactions with gluons
[see Eq. (1)] is given in Appendix A of Ref. [16].
To leading order in !s, the partonic processes that
lead to G!

µ pair production at hadron colliders have
gluons (Fig. 1) or quark-antiquark pairs (Fig. 2) in
the initial state. The production cross section may
be computed at tree level using CalcHEP [17]. For
the gluon-gluon initial state, we find (in agreement
with Ref. [10])
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where $ = (1" 4M2
G/ŝ)1/2 is the boost of G!

µ, and ŝ
is the center-of-mass energy of the partonic collision.
This cross section is independent of ŝ for ŝ # M2

G
as a consequence of spin-1 exchange in the t and
u channels. Unitarity is preserved in this process
independent of the gauge symmetry breaking sector
because the radial modes of the ! field or whatever
else unitarizes longitudinal G!

µG!

µ scattering do not
contribute to gg ! G!

µG!

µ. Note that Eq. (3) has
the same large-ŝ behaviour as the cross section for
the standard model process %% ! W+W" [18].

Assuming negligible couplings of G!

µ to standard
model quarks (hq $ 1), the cross section for qq !
G!

µG!

µ depends only on MG and on the masses of the
vectorlike quarks exchanged in the t and u channels.
We take these to be of the order of or larger than
MG so that the vectorlike quarks do not a"ect the
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µ decays. For vectorlike quark masses equal to MG,
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This agrees with the cross sections obtained from
the squared matrix elements computed in [19]. For
vectorlike quark masses (MQ) larger than MG or
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we find that "(qq ! G!
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G) up to

corrections of order 1/M2
Q. This cross section grows

with ŝ because the Goldstone boson eaten by G!

µ

has a coupling to Q̄%µT aQ proportional to MQ, so
that Q cannot be much heavier than MG if we keep
hq $ 1.

4 Signal and background at the Tevatron

Taking the factorization and renormalization scale
to be
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ŝ/2, and using the CTEQ6L parton distri-

butions [20], we obtain the leading-order cross sec-
tion for G!

µG!

µ production at the Tevatron shown in
Fig. 3. The shaded (yellow) band denotes the uncer-
tainty in the cross section from varying the factoriza-
tion and renormalization scale between MG and
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ŝ.

The uncertainty from varying MQ within the range
MG to 2MG is even smaller. If vectorlike quarks are
not included, then the cross section decreases (by
a factor of two in the perturbative window allowed
by dijet searches, namely hq & 0.3 and MG & 200
GeV). Next-to-leading order corrections are likely to
be large (they are of the order of 50% for tt̄ produc-
tion [21], and G!

µ has larger spin and color represen-
tation than the top quark), but computing them is
beyond the scope of this letter.

The main G!

µ decays are into qq̄, as the G!

µ de-
cays into gluons require higher-dimension operators
which we neglect. The signal due to the decay of a
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µ pair is 4 jets. Assuming equal branching frac-
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Lorentz index. Any massive spin-1 particle may be
identified with the gauge boson of a spontaneously
broken gauge symmetry, provided higher-dimensional
operators are included. We assume that this e!ec-
tive theory is valid over a range of scales above MG,
so that the higher-dimensional operators are sup-
pressed and may be neglected. The gauge symme-
try breaking pattern that gives only a massive spin-1
octet and the massless gluon is SU(3)1 ! SU(3)2 "
SU(3)c. Any other gauge group that gives rise to
G!

µ should embed this minimal gauge group. The in-
teractions of the massive octet with gluons may be
derived by rotating the SU(3)1 and SU(3)2 gauge
kinetic terms to the mass eigenstate basis. A pair of
G!

µ bosons couples at tree level to one or two gluons:

g2
s

2
fabcfade G!µb

!

G!d
"

G!c
! Ge

µ + G!e
µ Gc

!

#

+ G!e
! G!cGd

µ

$

+ gsf
abcG!a

µ

!%

!µG!!b # !!G!µb
&

Gc
! # G!b

! !µG!c
$

.

(1)

Here gs is the QCD gauge coupling, fabc are the
SU(3)c structure constants, and Gµ is the gluon
field. The above interactions have an accidental Z2

symmetry because G!

µ appears only in pairs.

The most general Lorentz-invariant dimension-
4 interactions of G!

µ with quarks are of the type
G!a

µ q"µT aq!, where q and q! are quarks carrying the
same electroweak charges, and T a are the generators
of the fundamental representation of SU(3)c. The
coe"cients of these operators form three di!erent
3 ! 3 Hermitian matrices. To avoid a lengthy dis-
cussion of flavor-changing processes, we assume that
these three matrices have diagonal elements approx-
imately equal (up to a sign) to a parameter hq > 0,
and negligible o!-diagonal elements. There is an
upper limit on hq set by dijet searches. For a G!

µ

mass MG between 150 and 200 GeV the limit is at
most hq < gs/4 [14], while for some values of MG

above 200 GeV the limit is more stringent, around
hq < gs/7 [15].

Such suppressed couplings of G!

µ to quarks can
arise in simple renormalizable models. For exam-
ple, let us consider an SU(3)1 ! SU(3)2 gauge the-
ory where the breaking down to SU(3)c is due to
the vacuum expectation value of a complex scalar
field # (or of a fermion-antifermion pair, induced
by some technicolor-like interaction), which trans-
forms as a bifundamental under the product gauge
group. After diagonalizing the gauge boson mass
matrix, the massless gluon has a gauge coupling gs =
h1h2/

'

h2
1 + h2

2, where h1 and h2 are the SU(3)1 !

SU(3)2 gauge couplings. This is to be identified with
the QCD coupling at the scale MG: gs $ 1.1 for MG

of a few hundred GeV. Imposing perturbativity of
both SU(3) interactions at the symmetry breaking
scale gives gs < h1, h2 !

%
4#. In the gauge eigen-

state basis, the quarks that are triplets under SU(3)1
couple to G!

µ with a strength hq = gsh1/h2, with h1

and h2 interchanged for triplets under SU(3)2. A
simple choice is that all observed quarks transform as
triplets under SU(3)1 [6]. By itself, this would lead
to a large coupling of G!

µ to quarks, hq " g2
s/
%

4# $
0.3, which would imply that most G!

µ masses be-
tween 250 and 750 GeV are ruled out by the CDF
search [15]. However, in the presence of new heavy
quarks which mix with the observed ones, the cou-
plings of G!

µ may change dramatically. Consider
a vectorlike quark Q whose left- and right-handed
components transform as a 3 under SU(3)2, and
like standard model left-handed quarks (qL) under
SU(2)W ! U(1)Y . In addition to a mass term for
Q, the Lagrangian includes Yukawa couplings of the
vectorlike quark to qL and #. The o!-diagonal mass
term induced by &#' requires a rotation of qL and
QL by an angle $, such that the coupling of G!

µ to
qL"µT aqL becomes

hq = gs

(

h1

h2

cos2$ #
h2

h1

sin2$

)

, (2)

and an “o!-diagonal” interaction G!a
µ QL"µT aqL is

induced. For tan $ = h1/h2, we find hq = 0, while
the coe"cient of the o!-diagonal interaction becomes
gs. By including a vectorlike quark for each standard
model quark, one may in principle arrange that all
tree-level couplings of G!

µ to standard model cur-
rents vanish. Such cancellations require fine-tuning,
and are unlikely to be realized precisely in nature.
Nevertheless, cancellations at the 15% level are suf-
ficient to free G!

µ from the existing limits on dijet
resonances. Note that the mixings between stan-
dard model quarks and vectorlike ones may be ap-
proximately flavor independent, so that the induced
flavor-changing neutral currents are not necessarily
large.

A more sophisticated model includes an addi-
tional SU(3) gauge group, and invariance under a
Z2 symmetry that interchanges two of the groups.
There are in this case two heavy spin-1 octets. By
virtue of the Z2 symmetry, the couplings of the lighter
octet to standard model quarks vanish exactly. The
heavier octet has sizable couplings to quarks in the
gauge eigenstate basis, but as in the previous model,
in the presence of some vectorlike quarks the cou-

2

plings to mass eigenstates may be partially canceled.
The field content of this model resembles the colored
Kaluza-Klein modes of the first two levels in theories
with universal extra dimensions.

3 G!

µ production at hadron colliders

The Feynman rules for G!

µ interactions with gluons
[see Eq. (1)] is given in Appendix A of Ref. [16].
To leading order in !s, the partonic processes that
lead to G!

µ pair production at hadron colliders have
gluons (Fig. 1) or quark-antiquark pairs (Fig. 2) in
the initial state. The production cross section may
be computed at tree level using CalcHEP [17]. For
the gluon-gluon initial state, we find (in agreement
with Ref. [10])

"(gg !G!

µG!

µ) =
9#!2

s

16ŝ3

!

$ŝ

"

8ŝ2

M2
G

+ 13ŝ + 34M2
G

#

" 8
$

ŝ2 + 3M2
Gŝ " 3M4

G

%

ln

"

1 + $

1 " $

#&

, (3)

where $ = (1" 4M2
G/ŝ)1/2 is the boost of G!

µ, and ŝ
is the center-of-mass energy of the partonic collision.
This cross section is independent of ŝ for ŝ # M2

G
as a consequence of spin-1 exchange in the t and
u channels. Unitarity is preserved in this process
independent of the gauge symmetry breaking sector
because the radial modes of the ! field or whatever
else unitarizes longitudinal G!

µG!

µ scattering do not
contribute to gg ! G!

µG!

µ. Note that Eq. (3) has
the same large-ŝ behaviour as the cross section for
the standard model process %% ! W+W" [18].

Assuming negligible couplings of G!

µ to standard
model quarks (hq $ 1), the cross section for qq !
G!

µG!

µ depends only on MG and on the masses of the
vectorlike quarks exchanged in the t and u channels.
We take these to be of the order of or larger than
MG so that the vectorlike quarks do not a"ect the
G!

µ decays. For vectorlike quark masses equal to MG,
the process with quark-antiquark initial state has a

g

g

g
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µ

G!

µ
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µ
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g
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µ
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µ

g

g

G!

µ
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µ

Figure 1: G!

µG!

µ production from gg initial state
(u-channel G!

µ exchange is not shown). Curly lines
represent gluons, while wavy lines represent massive
vector octets.

cross section
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$

83ŝ + 72M2
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+ 2
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1 " $
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This agrees with the cross sections obtained from
the squared matrix elements computed in [19]. For
vectorlike quark masses (MQ) larger than MG or

%
ŝ

we find that "(qq ! G!

µG!

µ) & #!2
s ŝ/(18M

4
G) up to

corrections of order 1/M2
Q. This cross section grows

with ŝ because the Goldstone boson eaten by G!

µ

has a coupling to Q̄%µT aQ proportional to MQ, so
that Q cannot be much heavier than MG if we keep
hq $ 1.

4 Signal and background at the Tevatron

Taking the factorization and renormalization scale
to be

%
ŝ/2, and using the CTEQ6L parton distri-

butions [20], we obtain the leading-order cross sec-
tion for G!

µG!

µ production at the Tevatron shown in
Fig. 3. The shaded (yellow) band denotes the uncer-
tainty in the cross section from varying the factoriza-
tion and renormalization scale between MG and

%
ŝ.

The uncertainty from varying MQ within the range
MG to 2MG is even smaller. If vectorlike quarks are
not included, then the cross section decreases (by
a factor of two in the perturbative window allowed
by dijet searches, namely hq & 0.3 and MG & 200
GeV). Next-to-leading order corrections are likely to
be large (they are of the order of 50% for tt̄ produc-
tion [21], and G!

µ has larger spin and color represen-
tation than the top quark), but computing them is
beyond the scope of this letter.

The main G!

µ decays are into qq̄, as the G!

µ de-
cays into gluons require higher-dimension operators
which we neglect. The signal due to the decay of a
G!

µ pair is 4 jets. Assuming equal branching frac-
tions to all quark flavors, and given that decays to

g (G!

µ
)

q

q̄

G!

µ

G!

µ

Q (q)

q

q̄

G!

µ

G!

µ

Figure 2: G!

µG!

µ production from qq̄ initial state (u-
channel diagram is not shown). If couplings of stan-
dard model quarks (q) to G!

µ are suppressed due to
mixing with vectorlike quarks (Q), then G!

µ or q ex-
change contributions may be negligible.
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scenarios. The dotted red line shows the NLO+NLL predictions for coloron pair production,
and the vertical dashed blue line indicates the boundary of the limits between the low- and
high-mass scenarios.

distribution in the average mass of selected dijet pairs has been investigated for localized dis-
agreements between the data and the background estimate. This method takes advantage of a
number of additional optimized kinematic requirements imposed on the dijet pair. No signifi-
cant deviation is found between the selected events and the expected standard model multijet
background. Limits are placed on the production of colorons decaying into four jets with a
100% branching fraction, excluding at 95% confidence level, masses between 200 and 835 GeV.
For this model, these results include first limits in the mass ranges of 200–250 GeV and 740–
835 GeV, extending previous limits [16] to lower masses by 50 GeV, and to higher masses by
95 GeV. Limits are set on top squark pair production through the λ

��
UDD coupling to final states

with either only light-flavor jets or both light- and heavy-flavor jets with a 100% branching
fraction. We exclude at a 95% confidence level top squark production followed by R-parity
violating decays to light-flavor jets for top squark masses from 200 to 350 GeV and decays to
heavy-flavor jets for masses between 200 and 385 GeV. Both sets of limits are the most stringent
such limits to date, and the first from the LHC for this model of R-parity violating top squark
decay.
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FIG. 5: Upper limit on signal production rate at 95% C.L.
Expected and observed upper limits on σ(pp̄ → Y Y →jjjj)
versus mY in the non-resonant analysis shown in (a). Two
signal hypotheses are shown, see text for details. Observed
limits on σ(pp̄ → X → Y Y →jjjj) versus mX and mY shown
in (b). Circles indicate the true values of the parameters used
in each ensemble of simulated samples used to evaluate the
limits; intermediate values are interpolated.

sance parameters are not fit in the experiments. The
observed limits are consistent with expectation for the
background-only hypothesis. The resonant analysis is
very similar, but is done as a function of the X mass
hypothesis, fitting the four-jet mass distribution for the
most likely value of X production cross section, σX .

In the non-resonant case, this analysis sets limits on
coloron or stop-quark pair production, excluding 50-100
GeV/c2 and 50-125 /c2, respectively; see Table I and the
top of Fig. 5. The uncertainty on the theoretical cross-
section prediction comes from two sources summed in
quadrature. The first uncertainty is the envelope of the
PDF uncertainties from the cteq uncertainties and an
alternative PDF choice, mstw2008lo [26] (5% relative).
The second uncertainty comes from a variation of the
renormalization and factorization scales by a factor of
two in each direction from their default values of the
per-event mass scale. These theoretical uncertainties are
illustrated in Figure 5.

In the resonant case, this analysis excludes axi-gluon
(A) production leading to pairs of σ particles and four-

TABLE I: Observed and expected 95% C.L. upper limits on
σ(pp̄ → Y Y →jj jj) for several values of mY . Also shown
are theoretical predictions for coloron pair production [6, 7]
or stop-quark pair production with R-parity-violating decay
t̃ → qq� [27].

Mass Expected Observed Coloron Stop quarks
(GeV/c2) (pb) (pb) (pb) (pb)
50 240 250 320 570
70 75 62 180 100
90 8.2 5.9 62 26
100 11 17 37 15
125 14 11 11 4.4
150 37 46 3.7 1.5
200 4.5 2.0 0.60 0.25
250 2.7 1.5 0.11 5.4× 10−2

300 2.0 3.0 2.9× 10−2 1.3× 10−2

400 1.1 1.5 1.7× 10−3 7.2× 10−4

500 0.3 0.3 8.5× 19−5 3.6× 10−5

TABLE II: Observed and expected 95% C.L. upper limits on
σ(pp̄ → X → Y Y →jj jj) for several values of mY and mX .
Also shown are theoretical predictions for axi-gluon produc-
tion assuming coupling to quarks of Cq = 0.4 [5, 9].

mX mY Expected Observed Axi-gluon
(GeV/c2) (GeV/c2) (pb) (pb) (pb)

150 50 641.2 431.1 5600
70 209.6 270.6

175 50 66.8 78.9 3500
70 111.5 163.9

200 50 13.8 9.5 2200
70 30.4 91.5
90 17.8 100.4

225 50 18.0 26.0 1750
70 20.7 25.0
90 20.9 25.3

250 50 6.2 2.0 1000
70 4.0 3.6
90 5.1 2.8

275 50 6.5 1.2 850
70 7.7 1.3
90 9.7 1.4

300 50 5.0 7.1 540
70 2.4 2.6
90 1.7 1.0
140 1.8 1.2

400 50 15.5 6.8 170
70 15.0 20.2
90 30.6 52.8
140 41.0 74.6
180 46.9 79.1

500 50 20.7 6.8 60
70 15.9 4.7
90 17.7 5.9
140 25.2 7.0
180 26.7 8.0
220 29.7 9.3
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asymptotic calculator implemented in the ROOSTATS [33, 34] package. The full CLs calcula-
tions give similar limits within a few percent, and closure tests where a fixed signal is injected,
yield consistent coverage. The observed and expected 95% confidence level (CL) upper limits
on the gluino pair-production cross section times branching fraction as a function of gluino
mass are presented in Fig. 7. The solid red lines in the figure show the next-to-leading-order
(NLO) plus next-to-leading-logarithm (NLL) cross sections for gluino pair production [35–39],
and the dashed red lines indicate the corresponding one-standard-deviation (σ) uncertainties,
which range between 15% and 43%. To quote final results, we use the points where the −1σ-
uncertainty curve for the NLO+NLL cross section crosses the expected- and observed-limit
curves. We additionally quote the result where the central theoretical curve intersects the limit
curves.

The production of gluinos undergoing RPV decays into light-flavour jets is excluded at 95%
CL for gluino masses below 650 GeV, with a less conservative exclusion of 670 GeV based upon
the theory value at the central scale. The respective expected limits are 755 and 795 GeV. These
results extend the limit of 460 GeV [10] obtained with the 7 TeV CMS dataset. Gluinos whose
decay includes a heavy-flavour jet are excluded for masses between 200 and 835 GeV, which
is the most stringent mass limit to date for this model of RPV gluino decay, with the less con-
servative exclusion up to 855 GeV from the central theoretical value. The respective expected
limits are 825 and 860 GeV. While a smaller phase space is probed in the heavy-flavour search,
the limits extend to higher masses because of the reduction of the background.
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Figure 7: Observed and expected 95% CL cross section limits as a function of mass for the
inclusive (left) and heavy-flavour searches (right). The limits for the heavy-flavour search cover
two mass ranges, one for low-mass gluinos ranging from 200 to 600 GeV, and one for high-mass
gluinos covering the remainder of the mass range up to 1500 GeV. The solid red lines show the
NLO+NLL predictions [35–39], and the dashed red lines give the corresponding one-standard-
deviation uncertainty bands [40].

8 Summary
A search for hadronic resonance production in pp collisions at a centre-of-mass energy of 8 TeV
has been conducted by the CMS experiment at the LHC with a data sample corresponding to
an integrated luminosity of 19.4 fb−1. The approach is model independent, with event selection
criteria optimised using the RPV supersymmetric model for gluino pair production in a six-jet
final state. Two different scenarios for this RPV decay have been considered: gluinos decaying
exclusively to light-flavour jets, and gluinos decaying to one b-quark jet and two light-flavour

Any analysis on final state with top quarks?
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Searches for new hadronic resonances typically focus on high-mass spectra, due to overwhelming
QCD backgrounds and detector trigger rates. We present a study of searches for relatively low-mass
hadronic resonances at the LHC in the case that the resonance is boosted by recoiling against a
well-measured high-pT probe such as a muon, photon or jet. The hadronic decay of the resonance is
then reconstructed either as a single large-radius jet or as a resolved pair of standard narrow-radius
jets, balanced in transverse momentum to the probe. We show that the existing 2015 LHC dataset
of pp collisions with

�
Ldt = 4 fb−1 should already have powerful sensitivity to a generic Z� model

which couples only to quarks, for Z� masses ranging from 20-500 GeV/c2.

I. INTRODUCTION

Searches for resonance peaks in the two-jet in-
variant mass spectrum are a central feature of the
physics program of every collider experiment of the
past half-century. Theoretically, this is well mo-
tivated due to the many classes of models of new
physics which predict s-channel resonances with sig-
nificant couplings to quarks and gluons. Experi-
mentally, the search is attractive as it can be done
in a fairly model-independent manner and because
increases in center-of-mass energy can provide new
sensitivity even in small initial datasets.

The upper range of sensitivity in terms of the
hypothetical resonance mass is limited by the cen-
ter of mass energy and the fraction of that energy
contained in the interacting partons. In the LHC
era, the power to discover or exclude such hadronic
resonances has been extended into the TeV range,
though no evidence of statistically significant ex-
cesses have been seen. The lower range of sensitivity
is controlled by more mundane factors, such as the
enormous background rates, which would swamp the
trigger and data-acquisition systems. These high
rates demand minimum pT thresholds for the jets
which create a lower bound on the sensitivity at a
mass of approximately M = 2pT. As a result, re-
cent searches have no sensitivity below several hun-
dred GeV, and no experiment has probed below
M = 300 GeV using the dijet final state in the past
two decades. Indeed, in terms of the coupling be-
tween quarks and the heavy resonance, limits in this
low-mass region are weaker than limits in higher-
mass regions [1].

In this paper, we investigate an alternative ap-
proach in which the trigger thresholds are avoided
by examining data where the light resonance (de-
noted Z � without loss of generality) is boosted in
the transverse direction via recoil from initial-state

q

q̄

Z �

q

q̄

g

q

q̄

Z �

q

q̄

γ,W

FIG. 1. Diagrams of Z� production with recoil against
either a gluon (top), a photon or W boson (botton).

radiation (ISR) of a photon (γ + Z �), a W boson
(W + Z �), or a jet (j + Z �); see Fig. 1. Requir-
ing a hard ISR object in the final state comes at
the cost of reduced Z � production rates, but allows
highly-efficient triggering at much lower Z � masses
than typically possible when triggering directly on
the Z � decay products. A similar idea was explored
in Ref. [2] in the context of dark matter searches;
that study projected limits on low-resonances in all
boson ISR channels, and suggests that jet channel
is the most sensitive. Our study builds on this work
by accounting for (and ameliorating) the important
impact of additional pp interactions (pile-up), em-
ploying more realistic background models1 as well
as considering the power of modern jet substructure
tools.

1 Specifically, correct handling of jet multiplicity and combi-
natorics dilutes the power of the Z� + j channel in relation
to the Z� + γ and Z� +W channels.
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We show that sensitivity approaching unit cou-
plings can be achieved in the low-mass (20-500 GeV)
region using the existing LHC dataset.

II. THE MODEL

Many models of new physics [3–5] include a new
U(1) gauge sector and a new vector boson Z �. Mod-
els with a low-mass Z �, of the type considered here,
are especially appealing as a potential mediator be-
tween the standard model and the dark sector [6–
9]. Such models can avoid flavor constraints if the
couplings to quarks are the same for each genera-
tion, and can have significantly larger couplings to
quarks than leptons while preserving anomaly can-
cellations [1]. For the purposes of this study, we con-
sider a simple extension to the standard model with
a single extra Z � boson which couples exclusively
and equally to all quarks by adding the Lagrangian
term:

L ⊃ gB
6
q̄γµqZ �

µ (1)

The free parameters of the model are the boson
mass, MZ� , and the quark coupling constant, gB .
This term arises for example from a gauged baryon
number scenario where all quarks have a gB/3 charge
under a new U(1)B field, as described in Ref. [1].
Projected limits on gB can indicate the feasibility
of searching for perturbative theories with features
similar to the simplified model here. Cross sections
and widths are shown in Fig. 2.

In these studies, simulated signal samples are gen-
erated with gB = 1.5. Limits on the cross section
can then be converted into upper limits on the gauge
coupling strength using the cross section scaling re-
lation, which is approximately σ ∝ g4B . At this value
of gB , the Z � width is small comparable to the mass
resolution.

III. SIMULATED SAMPLES

Simulated samples are used to model the kinemat-
ics of the signal and background processes.

Events with a hypothetical Z � boson are are sim-
ulated at parton level with madgraph5 [10], with
pythia [11] for showering and hadronization and
delphes [12] with the ATLAS-style configuration
for detector simulation.

FIG. 2. Production cross sections at
√
s = 13 TeV in pp

collisions for j + Z�, W + Z� and γ + Z�. Also shown
is the width of the Z� as a function of mass for several
choices of gauge coupling gB . All calculations include
the parton-level requirement of a jet, charged lepton, or
photon in their respective channels with pT > 10 GeV.

The γ+jets background is generated with
sherpa [13] requiring one photon and 1 − 3 addi-

2

FIG. 6. Expected upper limits at 95% CL on the cou-
pling gB between the hypothetical Z� boson and quarks,
for the γ+Z�, W +Z�, and jet+Z� channels, in both the
single large-R jet as well as the dijet modes, for values
of MZ� from 20-500 GeV. If the k-factors for the largest
backgrounds are doubled, the limits are weakened by
17-21%. The limits are calculated for the case of pp col-
lisions at

√
s = 13 TeV with

�
Ldt = 4 fb−1. For com-

parison, we include existing limits from UA2 and CDF
(shaded contours), as interpreted by [1].

The large-R jet method is not as sensitive to
collinear decay products, and so therefore should
be more robust at lower masses. Improvements in
large-R jet reconstruction techniques will possibly
allow experiments to set limits at masses even lower
than those projected here.

Although we studied the use of substructure vari-
ables such as N -subjettiness [19] and Energy Cor-
relation Functions [20] for large-R jets, we found
these variables did not lead to a selection with re-
liably improved sensitivity. It is possible that with

the more sophisticated detector modeling available
to experimentalists, including more realistic track-
ing, vertexing, and calorimeter clustering, improved
pileup removal and substructure resolution may en-
hance limits in this channel, particularly at very low
masses.

Compared to the results of Ref. [2], we find that
once pileup and detector effects are accounted for,
the photon channel has sensitivity much more com-
parable to the jet channel, with reach to even lower
Z � masses. Although these effects also consider-
ably reduce the overall expected sensitivity, we show
that sensitivity approaching unit couplings can be
achieved in the low-mass (20-500 GeV) region using
the existing LHC dataset.

Several important challenges remain for an ex-
perimental analysis, most notably the construction
of a reliable background estimate that can be con-
strained in data. The limits presented here assume
the possibility of constraining the background model
by fitting the mass sidebands simultaneously with
the signal hypotheses. In practice, this would most
likely be accomplished using a parametric fit func-
tion; this approach would be easiest to validate in
the region of the mass spectrum which is monotonic
and smooth, possibly limiting the reach towards the
lowest-mass resonances. If experimentalists can de-
velop methods to overcome these challenges, the po-
tential for discovery exists with data available today.
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Searches for new hadronic resonances typically focus on high-mass spectra, due to overwhelming
QCD backgrounds and detector trigger rates. We present a study of searches for relatively low-mass
hadronic resonances at the LHC in the case that the resonance is boosted by recoiling against a
well-measured high-pT probe such as a muon, photon or jet. The hadronic decay of the resonance is
then reconstructed either as a single large-radius jet or as a resolved pair of standard narrow-radius
jets, balanced in transverse momentum to the probe. We show that the existing 2015 LHC dataset
of pp collisions with

�
Ldt = 4 fb−1 should already have powerful sensitivity to a generic Z� model

which couples only to quarks, for Z� masses ranging from 20-500 GeV/c2.

I. INTRODUCTION

Searches for resonance peaks in the two-jet in-
variant mass spectrum are a central feature of the
physics program of every collider experiment of the
past half-century. Theoretically, this is well mo-
tivated due to the many classes of models of new
physics which predict s-channel resonances with sig-
nificant couplings to quarks and gluons. Experi-
mentally, the search is attractive as it can be done
in a fairly model-independent manner and because
increases in center-of-mass energy can provide new
sensitivity even in small initial datasets.

The upper range of sensitivity in terms of the
hypothetical resonance mass is limited by the cen-
ter of mass energy and the fraction of that energy
contained in the interacting partons. In the LHC
era, the power to discover or exclude such hadronic
resonances has been extended into the TeV range,
though no evidence of statistically significant ex-
cesses have been seen. The lower range of sensitivity
is controlled by more mundane factors, such as the
enormous background rates, which would swamp the
trigger and data-acquisition systems. These high
rates demand minimum pT thresholds for the jets
which create a lower bound on the sensitivity at a
mass of approximately M = 2pT. As a result, re-
cent searches have no sensitivity below several hun-
dred GeV, and no experiment has probed below
M = 300 GeV using the dijet final state in the past
two decades. Indeed, in terms of the coupling be-
tween quarks and the heavy resonance, limits in this
low-mass region are weaker than limits in higher-
mass regions [1].

In this paper, we investigate an alternative ap-
proach in which the trigger thresholds are avoided
by examining data where the light resonance (de-
noted Z � without loss of generality) is boosted in
the transverse direction via recoil from initial-state

q

q̄

Z �

q

q̄

g

q

q̄

Z �

q

q̄

γ,W

FIG. 1. Diagrams of Z� production with recoil against
either a gluon (top), a photon or W boson (botton).

radiation (ISR) of a photon (γ + Z �), a W boson
(W + Z �), or a jet (j + Z �); see Fig. 1. Requir-
ing a hard ISR object in the final state comes at
the cost of reduced Z � production rates, but allows
highly-efficient triggering at much lower Z � masses
than typically possible when triggering directly on
the Z � decay products. A similar idea was explored
in Ref. [2] in the context of dark matter searches;
that study projected limits on low-resonances in all
boson ISR channels, and suggests that jet channel
is the most sensitive. Our study builds on this work
by accounting for (and ameliorating) the important
impact of additional pp interactions (pile-up), em-
ploying more realistic background models1 as well
as considering the power of modern jet substructure
tools.

1 Specifically, correct handling of jet multiplicity and combi-
natorics dilutes the power of the Z� + j channel in relation
to the Z� + γ and Z� +W channels.
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We show that sensitivity approaching unit cou-
plings can be achieved in the low-mass (20-500 GeV)
region using the existing LHC dataset.

II. THE MODEL

Many models of new physics [3–5] include a new
U(1) gauge sector and a new vector boson Z �. Mod-
els with a low-mass Z �, of the type considered here,
are especially appealing as a potential mediator be-
tween the standard model and the dark sector [6–
9]. Such models can avoid flavor constraints if the
couplings to quarks are the same for each genera-
tion, and can have significantly larger couplings to
quarks than leptons while preserving anomaly can-
cellations [1]. For the purposes of this study, we con-
sider a simple extension to the standard model with
a single extra Z � boson which couples exclusively
and equally to all quarks by adding the Lagrangian
term:

L ⊃ gB
6
q̄γµqZ �

µ (1)

The free parameters of the model are the boson
mass, MZ� , and the quark coupling constant, gB .
This term arises for example from a gauged baryon
number scenario where all quarks have a gB/3 charge
under a new U(1)B field, as described in Ref. [1].
Projected limits on gB can indicate the feasibility
of searching for perturbative theories with features
similar to the simplified model here. Cross sections
and widths are shown in Fig. 2.

In these studies, simulated signal samples are gen-
erated with gB = 1.5. Limits on the cross section
can then be converted into upper limits on the gauge
coupling strength using the cross section scaling re-
lation, which is approximately σ ∝ g4B . At this value
of gB , the Z � width is small comparable to the mass
resolution.

III. SIMULATED SAMPLES

Simulated samples are used to model the kinemat-
ics of the signal and background processes.

Events with a hypothetical Z � boson are are sim-
ulated at parton level with madgraph5 [10], with
pythia [11] for showering and hadronization and
delphes [12] with the ATLAS-style configuration
for detector simulation.

FIG. 2. Production cross sections at
√
s = 13 TeV in pp

collisions for j + Z�, W + Z� and γ + Z�. Also shown
is the width of the Z� as a function of mass for several
choices of gauge coupling gB . All calculations include
the parton-level requirement of a jet, charged lepton, or
photon in their respective channels with pT > 10 GeV.

The γ+jets background is generated with
sherpa [13] requiring one photon and 1 − 3 addi-

2

FIG. 6. Expected upper limits at 95% CL on the cou-
pling gB between the hypothetical Z� boson and quarks,
for the γ+Z�, W +Z�, and jet+Z� channels, in both the
single large-R jet as well as the dijet modes, for values
of MZ� from 20-500 GeV. If the k-factors for the largest
backgrounds are doubled, the limits are weakened by
17-21%. The limits are calculated for the case of pp col-
lisions at

√
s = 13 TeV with

�
Ldt = 4 fb−1. For com-

parison, we include existing limits from UA2 and CDF
(shaded contours), as interpreted by [1].

The large-R jet method is not as sensitive to
collinear decay products, and so therefore should
be more robust at lower masses. Improvements in
large-R jet reconstruction techniques will possibly
allow experiments to set limits at masses even lower
than those projected here.

Although we studied the use of substructure vari-
ables such as N -subjettiness [19] and Energy Cor-
relation Functions [20] for large-R jets, we found
these variables did not lead to a selection with re-
liably improved sensitivity. It is possible that with

the more sophisticated detector modeling available
to experimentalists, including more realistic track-
ing, vertexing, and calorimeter clustering, improved
pileup removal and substructure resolution may en-
hance limits in this channel, particularly at very low
masses.

Compared to the results of Ref. [2], we find that
once pileup and detector effects are accounted for,
the photon channel has sensitivity much more com-
parable to the jet channel, with reach to even lower
Z � masses. Although these effects also consider-
ably reduce the overall expected sensitivity, we show
that sensitivity approaching unit couplings can be
achieved in the low-mass (20-500 GeV) region using
the existing LHC dataset.

Several important challenges remain for an ex-
perimental analysis, most notably the construction
of a reliable background estimate that can be con-
strained in data. The limits presented here assume
the possibility of constraining the background model
by fitting the mass sidebands simultaneously with
the signal hypotheses. In practice, this would most
likely be accomplished using a parametric fit func-
tion; this approach would be easiest to validate in
the region of the mass spectrum which is monotonic
and smooth, possibly limiting the reach towards the
lowest-mass resonances. If experimentalists can de-
velop methods to overcome these challenges, the po-
tential for discovery exists with data available today.
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Figure 3: The 95% CL upper limits obtained on coupling gq as a function of the resonance mass mZ � for the
lepto-phobic Z � model, as described in the text. Coupling values above the solid curve are excluded. The expected
limit is indicated by a dotted curve. The limits shown are interpolated between limits derived from simulation
at discrete points in the parameter space. The small markers indicate the simulated points. Ref. [15] provides
additional constraints that do not appear on this plot. For 450 GeV < mZ � < 950 GeV, it places an upper limit on
gq from 0.08–0.13, depending on mZ � .
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Table 3: Observed and expected excluded mass ranges for the BSM models considered in the
statistical analysis. Mass limits are given for the µ + jets and e + jets channels separately and
for their combination.

excluded mass regions [TeV]

signal µ + jets e + jets combination
observed (expected) observed (expected) observed (expected)

Z
� ( 1% width) 0.5 − 1.8 (0.6 − 1.9) 1.0 − 1.1, 1.3 − 2.2 (0.9 − 1.7) 0.6 − 2.3 (0.6 − 2.1)

Z
� (10% width) 0.5 − 3.2 (0.5 − 3.3) 0.5 − 3.2 (0.5 − 3.2) 0.5 − 3.4 (0.5 − 3.5)

Z
� (30% width) 0.5 − 3.9 (0.5 − 4.0) 0.5 − 3.8 (0.5 − 3.8) 0.5 − 4.0 (0.5 − 4.0)

KK gluon 0.5 − 2.7 (0.5 − 2.8) 0.6 − 2.7 (0.6 − 2.5) 0.5 − 2.9 (0.5 − 2.9)
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Figure 8: 95% CL upper limits on the production cross section times branching ratio for a
resonance decaying to tt, shown as function of the resonance’s mass. Limits are set for four
BSM scenarios: a Z

� boson with relative width (Γ/M) of 1% (a), a Z
� boson with relative width

(Γ/M) of 10% (b), a Z
� boson with relative width (Γ/M) of 30% (c) and a KK excitation of a

gluon in the RS model (d).

• All existing ttbar resonance searches assume diquark coupling.
• Limits are strongly dependent on diquark couplings.
• What if diquark coupling is small?
• Can we look for ttbar resonance without diquark coupling (top-philic)?



Figure 1: Decay width of G3. Perhaps we do not need this plot.

we will not assume any theoretical constraints in our parameters and will only consider
experimental bounds. However, each underlying model may provide different constraints
and parameter space. For instance, KK gluon in RS model tends to be very heavy and its
couplings are determined by wave function overlap in extra dimensions.

2.2 Production modes

[ Copied the following piece from Introduction to here ]
We find that such a top-philic resonance can be produced in two different ways:

1. at the tree level:

(a) four top-quark channel: pp → G3 + tt̄ → tt̄+ tt̄

(b) single top mode : pp → G3 + t(t̄) + j → tt̄+ t(t̄) + j

(c) single top mode : pp → G3 + t(t̄) +W± → tt̄+ t(t̄) +W±

2. at the one-loop level:

(a) loop induced tt̄j: pp → G3 + j → tt̄+ j

(b) loop induced tt̄: pp → G3 → tt̄ (off-shell)

Production via one loop (in the last two processes) leads to a large cross section compared
to tree-level productions. All these productions are model-independent in a sense that they
do not rely on how the resonance couples to other particles in the model. Even if a diquark
coupling is zero, these productions always exist as long as one is interested in a tt̄ resonance.

2.3 Production at Tree-Level

In this section, we consider tree-level production of G3 resonance, which always involves
at least one top quark in the final state. Basic structure of this production lies with the
top quark production in the SM, where the top quark may be produced singly (tj/t̄j and
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Figure 2: Sample diagrams of G3 production in association with tj (left) and tt̄ (middle
and right). Update diagrams with G3 not g3. Maybe all diagrams? [ Yes, remove

one ttbar diagram, put in tW channel instead ]

tW−/t̄W+) or in pair (tt̄) 1. Then a top quark in the final state radiates off G3, which will
decay into tt̄. In the case with tt̄ and tW productions, there is an extra contribution from
the t-channel radiation as shown in the middle diagram of Fig. 2

[ Which parameters have been used ?? (cuts, jet definition etc.) ]
Figure 3 summarizes tree-level production cross sections of G3 as a function of its mass

(MG) for a choice of cL = 1 = cR. We use CalcHEP [6] for cross section estimation and
verified results using MadGraph5 [7]. We set the renormalization and factorization scale to
µ0 =

√
ŝ/2 with CTEQ6L for all computations. Especially for G3tt̄ production, this choice

1We include gluon and all five quarks as well as their anti-particles in our jet (j). gluon (g) does not
appear in the tree-level production.

Figure 3: Production cross sections of G3 in association with tt̄, tj and tW at the LHC.
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Figure 12: Production cross section at the 14 TeV LHC for the tree level process pp → G3 + tt̄
shown in the model parameter plane of MG-ct/

√
2. The upper left corner (shaded in yellow) of this

parameter space has been already probed by the 8 TeV LHC. The lighter shade is used to indicate
an exclusion potential that may be achieved for Run 2 of the LHC.

upper limit on the four top-quark production cross section is 32 fb (95% C.L.) at LHC
8 TeV with 19.6 fb−1. This constraint is depicted in the top left corner of Figure 12 by the
area that has been shaded in plain yellow. The (other) contours in the MG-cL parameter
plane where cL ≡ cR = ct/

√
2 represent the production cross section of four top quarks at

an LHC energy of 14 TeV.3 From this visualization, we note that most of the parameter
space remains unconstrained, yet becomes conveniently testable at Run 2 for rather natural
choices of the coupling (cL ∼ O(1) ∼ cR) and G3 masses below ∼ 1000 GeV.

At 14 TeV the SM prediction for four top quarks at NLO is around 15 fb (see Ref. [44]).
This means that the contribution from the G3 signal can lead to a significant enhancement
of the four top-quark cross section yielding a large signal over background ratio (S/B) for
the major fraction of the parameter space. If we take the scale variation as a measure for the
systematic uncertainty of the NLO calculation, which the authors of Ref. [44] determined
to be around ±4 fb, the measurement in the four top-quark channel will unavoidably be
dominated by systematic uncertainties. A meaningful search thus requires a large enough
S/B of around 0.5. This yields a rough estimate for the potential of a Run 2 search, which
we mark in Figure 12 using the lighter shade of yellow. Note that the S/B requirement is
more stringent, as the statistical significance (S/

√
B) for the discovery of a potential signal

of 7.5 fb can be easily reached with as little as 7 fb−1 of data.

3As discussed in Section 2.2, the chirality (θ) dependence of the cross section is very weak, calling for
the obvious choice to show the cross section as a function of the model parameters MG and ct.
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Figure 2: Sample diagrams for the G3 tree level production in association with (a) tt̄, (b) tj and
(c) tW . The G3 generation modes are derived from top quark final states produced via strong (a),
electroweak (b) and mixed QCD and electroweak (c) interactions.

Figure 3 summarizes the tree level production cross sections of the G3 as a func-
tion of its mass (MG) for a choice based on natural coupling values, cL = 1 = cR. We
use CalcHEP [14] for the cross section evaluation and verified the results using Mad-
Graph5 [15]. We set the renormalization and factorization scale to µ0 =

√
ŝ/2, and

employ the CTEQ6L parton density functions for all computations. Especially for the
G3 tt̄ production, this scale choice gives consistent results compared to the one reading
µ0 = MG/2 +mt, which is similar to Mh/2 +mt used in tt̄h production. The cross section
results for the processes pp → G3+ tt̄, pp → G3+ tj and pp → G3+ tW are shown as solid,
dashed, and dot-dashed curves, respectively, with the 8 TeV results depicted in blue and

Figure 3: Tree level production cross sections of the G3 vector particle in association with tt̄
(solid), tj (dashed) and tW (dot-dashed) at the LHC, using natural values for the coupling strengths
(cL = cR = 1). The cross sections are shown as a function of the mass of the resonance, MG; the
yellow bands correspond to scale variations by factors of two.
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2. at the one-loop level: pp → G3 + j → tt̄+ j

Production via one loop (in the last process) leads to a large cross section compared to
tree-level productions. All these productions are model-independent in a sense that they
do not rely on how the resonance couples to other particles in the model. Even if a diquark
coupling is zero, these productions always exist as long as one is interested in a tt̄ resonance.
A more exotic resonance, chromophilic Z �, is investigated in Ref. [4] and searched for by
CDF collaboration [5]. In their study, a heavy resonance (Z �) interacts with SM gluon only,
leading to a dominant decay mode of Z � → qq̄g. In our study, we allow interaction of G3

to the third generation only but assume no coupling to SM gluon. Therefore G3 will decay
to a top pair immediate once produced.

We set up a very simple model with a top-philic resonance and compute production
cross sections in Section 2 with an emphasis on the production via one loop. In Section
3, we consider current bounds on parameter space and discuss prospects at the LHC run
II. In Section 4, we study reconstruction of the mass peak in tt̄+ j mode and Section 5 is
reserved for summary.

2 Model-Independent Search for a tt̄ Resonance (G�)

2.1 Model

We consider a model with a color-singlet vector particle (G3) of mass MG, which couples
to the top quark (t and t̄) only. We assume a very weak or no interaction with all the other
quarks and the gluon. The only relevant interaction is given as follows:

L = t̄ γµ
�
cLPL + cRPR

�
tGµ

3 ,

= ctt̄ γµ
�
cos θPL + sin θPR

�
tGµ

3 (2.1)

where PL/R = 1∓γ5
2 , ct =

�
(cL)2 + (cR)2 and tan θ = cL

cR
. The decay width at leading

order is given by

Γ
�
G3 → tt̄

�
=

c2tMG

8π

�

1− 4M2
t

M2
G

�
1 +

M2
t

M2
G

�
3 sin 2θ − 1

��
(2.2)

≈ c2tMG

8π
for Mt � MG . (2.3)

Since Γ
MG

≈ c2t
8π � 1 the width of the resonance is very narrow for ct ∼ 1, and therefore

determined by the detector resolution. Throughout this paper, we will only consider the
two body decay mode G3 → tt̄, where MG > 2Mt. Note that in principle the G3 can decay
into a t-W -b system or into a W+-W−-b-b̄ system if Mt + MW + Mb < MG < 2Mt or
2MW + 2Mb < MG < Mt +MW +Mb, respectively. This is shown in Fig. 1.

In our setup, there are only three parameters, the mass of tt̄ resonance (MG) and the
interaction strengths ((cL, cR) or (ct, θ)). We will take a model-independent approach
using the effective Lagrangian above without considering any underlying theory. Therefore
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• Assume all other 
diquark couplings 
are very small 
and negligible.  

• Consider color-
singlet vector 
resonance.
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Figure 7: The expected number of events from decays of tree level generated G3 resonances
that contribute to final states for the inclusive production of dileptons (left), same-sign dileptons
(middle), and trileptons (right).

a good opportunity at the 14 TeV LHC. Especially for resonance structure searches in an
inclusive channel such as in multi-lepton final states, all production modes contribute at a
non-negligible rate. The inclusive search is important as the tree level production leads to
multi-gauge boson (or multi-top quark) final states, which make it difficult to reconstruct a
bump in a straightforward manner. Figure 7 shows the number of expected signal events in
the inclusive dilepton, same-sign dilepton and trilepton final state. The cross sections have
been computed for ct = 1 and are normalized to 1 fb−1 at 14 TeV. The four-lepton events
are roughly 5-6% of the events that have at least three leptons in the final state. As shown
in Figure 7, the same-sign dilepton events are fairly large and make up a fraction of about
40-45% of the inclusive dilepton events. The statistics for dilepton events is higher than
for trilepton events by a factor of 7 but a larger background is expected for the dilepton
selection. Note that all curves in Figure 7 are just rough estimates of such event counts,
since no cuts have been imposed in this study.

We finally remark that the above discussion of the tree level generation of the G3

resonance has been guided by the principle of modifying resonant SM top quark topolo-
gies in single top quark (electroweak interaction) and top quark pair (strong interaction)
production by permitting the real emission of a G3 particle off one of the top quark lines.
However, as one implication of a more complete physics picture we immediately realize that
the G3 can also emerge from SM topologies with non-resonant top quarks. For example,
in the gg → bW+W−b̄ process, the G3 can be attached to a t̂-channel top quark propaga-
tor connecting two ingoing b-quarks each of which originating from an initial state gluon
splitting and emitting a W boson subsequently. At the inclusive level – which we discuss
in this paper – non-resonant contributions like the one in this example are usually small
and can be neglected. However, one should bear in mind that more sophisticated kinematic
selections project out phase-space regions where these contributions may become relatively
large. Furthermore, a G3 emission can shift the top quark propagator onto its mass-shell.
In these cases, it is important to go beyond the approximation of factorizing the top quark
and G3 production from their decays. For instance, the G3 tW and G3 tt̄ are the singly and
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background cross section, implying that these backgrounds are well under our control. In

reality, however, the fake rates are strongly pT -dependent, and a detailed experimental study

would be required to confirm our estimate.

3 Results

(a) Luminosity in fb
−1

required for discovery of spin-1

singlet resonance ρ in SSDL channel of 4t final state,

with 99.9999% confidence (corresponds to 5σ in large-

statistics limit).

(b) Expected exclusion for singly-produced ρ in SSDL

channel of 4t final state, at 95% confidence with SM

signal injection and luminosity of 30 (300) fb
−1

.

(c) 95% expected upper limit on σ ×BR for tt̄ reso-

nance produced in association with a top-antitop pair

with luminosity of 300 fb
−1

.

(d) Luminosity in fb
−1

required for discovery of sin-

glet scalar φ in SSDL channel of 4t final state, with

99.9999% confidence (corresponds to 5σ in large-

statistics limit).

Figure 5: Discovery/exclusion potential for gauge singlet tt̄ resonance at LHC14 in 4t final

state.
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SSDL Signals

Liu, Mahbubani 1511.09452
• Correct estimation of charge mid / jet-faking-leptons is important.
• Provides a high sensitivity with a small branching ratio of 4.4%.
• The SSDL channel can evade dominant                     background.tt̄ + jets
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Prospects for Top-Philic Resonances

• The sensitivity of the top-philic 
resonance can be further improved by 
combining all channels.
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• The current ATLAS bound can be further pushed down substantially 
with the top-tagging / b-tagging in SSDL.

challenging even in the HL LHC

Kim, Kong, Lee, Mohlabeng 1604.07421 

• Using boosted top taggers, we set out 
three primary channels.

• ``Double top-tagging`` on the fully-
hadronic and semi-leptonic channels.

• ``Single top-tagging`` on the same-
sign dilepton channel.



Figure 1: Decay width of G3. Perhaps we do not need this plot.

we will not assume any theoretical constraints in our parameters and will only consider
experimental bounds. However, each underlying model may provide different constraints
and parameter space. For instance, KK gluon in RS model tends to be very heavy and its
couplings are determined by wave function overlap in extra dimensions.

2.2 Production modes

[ Copied the following piece from Introduction to here ]
We find that such a top-philic resonance can be produced in two different ways:

1. at the tree level:

(a) four top-quark channel: pp → G3 + tt̄ → tt̄+ tt̄

(b) single top mode : pp → G3 + t(t̄) + j → tt̄+ t(t̄) + j

(c) single top mode : pp → G3 + t(t̄) +W± → tt̄+ t(t̄) +W±

2. at the one-loop level:

(a) loop induced tt̄j: pp → G3 + j → tt̄+ j

(b) loop induced tt̄: pp → G3 → tt̄ (off-shell)

Production via one loop (in the last two processes) leads to a large cross section compared
to tree-level productions. All these productions are model-independent in a sense that they
do not rely on how the resonance couples to other particles in the model. Even if a diquark
coupling is zero, these productions always exist as long as one is interested in a tt̄ resonance.

2.3 Production at Tree-Level

In this section, we consider tree-level production of G3 resonance, which always involves
at least one top quark in the final state. Basic structure of this production lies with the
top quark production in the SM, where the top quark may be produced singly (tj/t̄j and

– 4 –
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Figure 8: Cross section of the loop induced production mode pp → G3 + j for various
values of θ and utilizing ct = 1. The jet defining requirements are given in Eq. (2.4). [ The

old plot is to the left while the new one is to the right; comparing them I don’t

understand why the blue dashed and dashed-dotted lines have changed (maybe

even the solid blue is a little lower)? Did we use the wrong cuts before? We

should double-check that the new plot contains the results for the experimental

cuts. Once we are sure we remove the left plot. ]

CTEQ6L PDF set. This setup also defines the experimental cuts, which we will refer to
later on, in particular in the context of the jet definition.

2.4.1 Associated production: pp → G3 + j → tt̄ + j

Two different subprocesses contribute, namely

gg → G3(→ tt̄) + g , (2.5)
qq̄ → G3(→ tt̄) + g , (2.6)

and the remaining subprocesses can be obtained by crossing. For the gluon channel (gg) we
find 24 diagrams contributing, for the quark channel (qq̄) there are only two. The topology
for the quark-gluon channel (qg or q̄g) is the same as in the qq̄ case. Note that in the quark
channel no initial state radiation can occur as these contributions vanish due to color. A
sample of gluonic diagrams and the two quark initiated diagrams are depicted in Fig. 7.

In the quark initiated subprocess the only contribution is via an odd number of particles
attached to the top loop. In case all three particles are vector like particles, this contribution
vanishes due to Furry’s theorem. This is the case if θ = π/4, as for this case there is no
axial component in the G3 resonance. We checked this behavior numerically, which is an
important consistency check for our calculation. In the gluon initiated case the contribution
does not completely vanish for θ = π/4 as there are still contributions from box diagrams.

Our results are shown in Fig. 8 at 7 TeV and 14 TeV for ct = 1. One notices a strong
dependence on chirality, especially at θ = π/4, as explained above. These cross sections are
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Figure 7: Sample diagrams for the gluon process and the two diagrams contributing to
the quark initiated subprocesses.

We can obtain the diagrams involving a G3 resonance by using a Standard Model Z-
boson, require that the Z-boson couples only to top quarks, and modify its parameters such
as mass, width, and couplings to vector- and axial currents accordingly. All diagrams for
all subprocesses and production modes are ultraviolet and infrared finite, i.e. all possible
double and single poles of the one-loop amplitude are zero. In GoSam that zero is obtained
numerically which means deviations from zero can be used to assess possible numerical
instabilities. Therefore we checked the pole terms for each phase space point and any
event was rejected if the pole terms were in agreement with zero in less than thirteen
digits. The fraction of such events was however in the sub per-mill range which indicates a
numerical stable evaluation of the amplitudes. [ We note that as a cross-check of our

calculation, we reproduce results in Ref. [24] for gg → gZ in SM.??? ]
For the numerical integration over the phase space we used MadEvent [25]. To improve

on the timing for the evaluation of a phase space point we introduced a Monte Carlo
sampling over the helicities for the gluon initiated subprocess in the tt+jet channel 2.4.1.

For the theoretical predictions, we used the following setup and parameters:

pT,j > 25 GeV , |ηj | < 2.5 , R = 0.4 , mt = 173.4 GeV , Γt = 1.5 GeV . (2.4)

Both the renormalization and factorization scale were set to µR,F =
√
ŝ/2, and we used the
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• Strong dependence on the chiral structure of this top-philc resonance. 
theta=3/4*pi corresponds to axial coupling. (Longitudinal polarization is 
proportional to E/M.)
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Figure 4: Z � branching ratios as a function of mass, for zero kinetic mixing.

body tree-level decays, of which Z
� → tW

−
b̄/t̄W

+
b is most important; see Fig. 3 (a). Second

are UV-finite loop-level decays, with final states V V (for V a SM gauge boson) and hγ; these
are shown in Fig. 3 (c). Finally, there are UV-sensitive loop-level decays shown in Fig. 3 (d):
Z

� → Zh and Z
� → bb̄.1 These decays involve divergent loops, but in the full theory the

divergences must cancel as there is no corresponding tree-level counter-term. They then
depend on both the scale and the details of the UV completion. Since these loops are closely
related to the anomaly of Eq. (1), we truncate the divergent integrals at the UV cut-off
ΛUV ∼ 900 GeV. This means that the effective Z

�
bb̄ and Z

�
Zh couplings are enhanced by

∼ logΛ2
UV /m

2
Z� ∼ 2–3, and generically dominate over the other loop-mediated decays.

In the presence of non-zero mixing, there are additional decays to leptons and light
quarks, shown in Fig. 3 (b). There will also be interference between the loop and mixing
contributions for the decays to WW , bb̄ and Zh. In the latter two, the loop contributions
always dominate due to the logarithmic enhancement noted above. For the WW decay, the
interference is constructive for � > 0 as defined in Eq. (1).

We have computed the decay widths using FeynArts 3.9 [20] and FormCalc 8 [21; 22].
The branching ratios at zero mixing are shown in Fig. 4, and for kinetic mixing � = 10−2 in
Fig. 5; analytic expressions are given in Appendix B. In both cases, we see that the dominant
modes are some combination of bb̄, Zh or tt̄(∗), depending on the mass. Decays to WW are
a non-trivial fraction, while decays to Zγ and hγ could offer a potential signal in the form
of a hard photon. When the mixing is non-zero, we have additional decays to electrons and
muons that might provide interesting signals. Given that these will serve to tighten the
constraints on Z

� and χ without significantly modifying the phenomenology we are most

1
Strictly, there are also decays to all down-type quarks suppressed by off-diagonal elements of the CKM

matrix.
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Figure 2: Z
� production cross-sections as a function of mass. The dashed lines correspond

to Z
� production in association with top quarks, while the solid lines correspond to Z

�+jets.
The black (grey) lines are for

√
s = 8 (13) TeV. We have set gt = 0.5 and � = 0.
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Figure 3: Decay modes of the Z �. (a): Tree-level decay to t
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(∗). (b): Tree-level decay from

kinetic mixing to leptons and light quarks. (c): UV-finite loop decays. (d): UV-divergent
loop decays.
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Figure 5: Z � branching ratios as a function of mass, for kinetic mixing � = 10−2. The decay
mode marked as leptons is the sum of the ee and µµ decay modes, which are equal up to
small kinematic corrections. The legend lists only decay modes not present in Fig. 4.

interested in, we will henceforth assume that � is sufficiently small that the branching ratios
are described by Fig. 4.

Based on these results, we can divide the parameter space into three regions based on
the dominant decay mode of the Z �. When mZ� � 300 GeV, the decay Z

� → t̄t
(∗) dominates.

The phenomenology here is likely to be similar to that studied in [15]. However, below
the top threshold several other decay modes can have a sizeable branching fraction. In the
intermediate region 220 GeV � mZ� � 300 GeV, the decay Z

� → Zh dominates with Z
� → b̄b

also significant. Finally, for mZ� � 220 GeV, the decay to b̄b is most important.
Last we briefly comment on the case mZ� > 2mχ. When 2mt > mZ� , decays to the dark

matter will dominate as all other branching ratios are suppressed by loop factors g4(4π)−2 ∼

10−3. The Z
� appears as missing energy at the LHC. When mZ� � 2mt, the decay to tops

and to DM are comparable for gt = gχ. The width to tops is enhanced by a colour factor of
3, but suppressed by a factor of 2 due to the chiral coupling. Closer to threshold, kinematic
effects modify this ratio.

4 Collider searches: constraints and improved fits

In this section we demonstrate that an improved fit to the t̄th data from the LHC can be
obtained from our model. We also discuss current limits and the projected reach of the LHC
at

√
s = 13TeV in the relevant region of the parameter space.

7

• Provides a simultaneous solution to 
relic density constraint and galactic 
center excess, that is compatible 
with the fit to the TTH data.
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Figure 4: Z � branching ratios as a function of mass, for zero kinetic mixing.

body tree-level decays, of which Z
� → tW

−
b̄/t̄W

+
b is most important; see Fig. 3 (a). Second

are UV-finite loop-level decays, with final states V V (for V a SM gauge boson) and hγ; these
are shown in Fig. 3 (c). Finally, there are UV-sensitive loop-level decays shown in Fig. 3 (d):
Z

� → Zh and Z
� → bb̄.1 These decays involve divergent loops, but in the full theory the

divergences must cancel as there is no corresponding tree-level counter-term. They then
depend on both the scale and the details of the UV completion. Since these loops are closely
related to the anomaly of Eq. (1), we truncate the divergent integrals at the UV cut-off
ΛUV ∼ 900 GeV. This means that the effective Z
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bb̄ and Z
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Zh couplings are enhanced by

∼ logΛ2
UV /m
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Z� ∼ 2–3, and generically dominate over the other loop-mediated decays.

In the presence of non-zero mixing, there are additional decays to leptons and light
quarks, shown in Fig. 3 (b). There will also be interference between the loop and mixing
contributions for the decays to WW , bb̄ and Zh. In the latter two, the loop contributions
always dominate due to the logarithmic enhancement noted above. For the WW decay, the
interference is constructive for � > 0 as defined in Eq. (1).

We have computed the decay widths using FeynArts 3.9 [20] and FormCalc 8 [21; 22].
The branching ratios at zero mixing are shown in Fig. 4, and for kinetic mixing � = 10−2 in
Fig. 5; analytic expressions are given in Appendix B. In both cases, we see that the dominant
modes are some combination of bb̄, Zh or tt̄(∗), depending on the mass. Decays to WW are
a non-trivial fraction, while decays to Zγ and hγ could offer a potential signal in the form
of a hard photon. When the mixing is non-zero, we have additional decays to electrons and
muons that might provide interesting signals. Given that these will serve to tighten the
constraints on Z

� and χ without significantly modifying the phenomenology we are most

1
Strictly, there are also decays to all down-type quarks suppressed by off-diagonal elements of the CKM
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mode marked as leptons is the sum of the ee and µµ decay modes, which are equal up to
small kinematic corrections. The legend lists only decay modes not present in Fig. 4.

interested in, we will henceforth assume that � is sufficiently small that the branching ratios
are described by Fig. 4.

Based on these results, we can divide the parameter space into three regions based on
the dominant decay mode of the Z �. When mZ� � 300 GeV, the decay Z

� → t̄t
(∗) dominates.

The phenomenology here is likely to be similar to that studied in [15]. However, below
the top threshold several other decay modes can have a sizeable branching fraction. In the
intermediate region 220 GeV � mZ� � 300 GeV, the decay Z

� → Zh dominates with Z
� → b̄b

also significant. Finally, for mZ� � 220 GeV, the decay to b̄b is most important.
Last we briefly comment on the case mZ� > 2mχ. When 2mt > mZ� , decays to the dark

matter will dominate as all other branching ratios are suppressed by loop factors g4(4π)−2 ∼

10−3. The Z
� appears as missing energy at the LHC. When mZ� � 2mt, the decay to tops

and to DM are comparable for gt = gχ. The width to tops is enhanced by a colour factor of
3, but suppressed by a factor of 2 due to the chiral coupling. Closer to threshold, kinematic
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4 Collider searches: constraints and improved fits

In this section we demonstrate that an improved fit to the t̄th data from the LHC can be
obtained from our model. We also discuss current limits and the projected reach of the LHC
at

√
s = 13TeV in the relevant region of the parameter space.
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• Provides a simultaneous solution to 
relic density constraint and galactic 
center excess, that is compatible 
with the fit to the TTH data.

• A very weakly coupled, 
light ttbar resonance 
(below ~ 350 GeV) is not 
studied yet.
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We discuss nonstandard interpretations of the 750 GeV diphoton excess recently reported by the ATLAS
and CMS Collaborations which do not involve a new, relatively broad resonance with a mass near 750 GeV.
Instead,we consider the sequential cascade decay of amuchheavier, possibly quite narrow, resonance into two
photons along with one or more additional particles. The resulting diphoton invariant mass signal is
generically rather broad, as suggested by the data. We examine three specific event topologies—the “antler,”
the “sandwich,” and the two-step cascade decay—and show that they all can provide a good fit to the observed
published data. In each case,wedelineate the preferredmass parameter space selected by the best fit. In spite of
the presence of extra particles in the final state, the measured diphoton pT spectrum is moderate due to its
anticorrelation with the diphoton invariant mass. We comment on the future prospects of discriminating with
higher statistics between our scenarios, as well as from more conventional interpretations.

DOI: 10.1103/PhysRevLett.116.151805

Introduction.—Recently, the ATLAS and CMS
Collaborations have reported first results with data obtained
at the Large Hadron Collider (LHC) operating at 13 TeV.
The data show an intriguing excess in the inclusive
diphoton final state [1,2]. The ATLAS Collaboration
further reported that about 15 events in the diphoton
invariant mass distribution are observed above the standard
model (SM) expectation at 3.9! local significance (2.3!
global significance) with 3.2 fb!1 of data. The excess
appears as a bump atM " 750 GeV with a relatively broad
width ! " 45 GeV, resulting in !=M " 0.06 [1]. Similar
results are reported by the CMS Collaboration for 2.6 fb!1

of data—there are about ten excess events at a local
significance of 2.6! (2.0!) assuming a narrow (wide)
width [2]. The anomalous events are not accompanied
by significant extra activity, e.g., missing transverse energy
ET [3]. The required cross section for the excess is "10 fb
at 13 TeV, and, so far, no indication of a similar excess has
been observed in other channels.
While waiting for the definitive verdict on this anomaly

from additional LHC data, it is fun to speculate on new
physics scenarios which are consistent with the current
data. Since the excess was seen in the diphoton invariant
mass spectrum, the most straightforward interpretation
would involve the production of a resonance with mass
near 750 GeV, which decays directly to two photons. The
relative broadness of the observed feature would imply that
this resonance has a relatively large width, creating some
tension with its nonobservation in other channels. Since the
initial announcement, many models along those lines have

been proposed, e.g., in the context of extended Higgs
sectors [4], supersymmetry [5], extra dimensions [6],
strong dynamics [7], or effective field theory [8].
In this Letter, we entertain a different interpretation of the

diphoton excess in the context of a sequential cascade
decay of a much heavier, possibly quite narrow, resonance,
resulting in a final state with two photons and one or two
additional particles (see, also, Ref. [9]). Three specific
examples of such simplified model [10] event topologies
are exhibited in Fig. 1: an “antler” topology [14] in
Fig. 1(a), a “sandwich” topology [15] in Fig. 1(b), and a
two-step cascade decay in Fig. 1(c). In such scenarios, the
resulting diphoton invariant mass m"" is typically charac-
terized by a somewhat broad distribution, which eliminates
the necessity of an intrinsically broad resonance.
Furthermore, the peak of the m"" distribution is found
near the upper kinematic end point, making it likely that the
first signal events will be seen at large invariant mass, while

(c)(b)(a)

FIG. 1. The event topologies with two photons " (wavy lines)
and up to two additional particles #i (dashed lines) under
consideration in this Letter: (a) antler, (b) sandwich, and
(c) two-step cascade decay. Solid lines correspond to heavier
resonances (A, Bi).
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Simple resonance Interpretation

!!

Popular, hence most plausible (?) approach

!!

!!

•       = MA = 750 GeV, Gamma~45 GeV 

• Simplest event topology 

• Spin 0 or spin 2 possible (many models / proposals)

 [GeV]!!m

• Energy resolution is 1-2%  

• Large width? (ATLAS) 

• No other decay modes 
have been observed. 

• Decays to invisibles?
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!"#$%&'()

A

A

B1

B1

B2

B2

!!2
!!1

!!2
!!1

Unusual, hence most surprising (?) approach (as per Peskin, Nature news)

• Diphoton invariant 
mass distribution 
from a heavier 
(than 750 GeV) 
resonance and its 
non-minimal decay 
into two photons 
plus (visible or 
invisible)    s. 

• More new particles  
(not in the loop) 
are predicted.

!!



Why These Three Topologies?
• Possible topologies of 2 visible 

particles (here 2 photons) with # of 
invisibles < 2. 

• Shape of invariant mass distribution is   
derived analytically. 

• Endpoint (E), peak (P) and curvature 
(R2) well studied. 
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FIG. 2. The nine Nv = 2 topologies with N! ! 2.

distribution1 in each of those nine cases.
The di!erential distribution of the invariant mass m !

mv1v2 will be described by an analytical formula

dN

dm
! f(m;MA,MBi ,M!j ), (1)

which is only a function of the unknown masses2. Given
the general formula (1) for f(m), we can easily obtain its
kinematic endpoint

E ! max {m} (2)

and the location P of the peak of the f(m) distribution

f(m = P ) ! max {f(m)} . (3)

Let us also define the dimensionless derivative ratios

Rn ! "
!

mn

f(m)

dnf(m)

dmn

"

m=P

. (4)

By definition, R1 = 0, as long as f(m) is continuously
di!erentiable at m = P , while R2 parameterizes the cur-
vature of f(m) at m = P .

1 We note that the resonance A is in general allowed to be produced
fully inclusively, with an arbitrary number of additional visible or
invisible particles recoiling against A in the event. This precludes
us from using the /ET measurement, since it will be corrupted
by the invisible recoils, which leaves us with mv1v2 as the only
viable observable to study. The related combinatorial problem
of partitioning the visibles in the event was addressed in [2, 6].

2 Note that some of the event topologies in Fig. 2 involve e!ective
higher-dimensional interactions [7, 8], which we assume to be
point-like, otherwise e!ects of their mediators can be seen in
other processes at the LHC.

The parameters E, P and Rn are in principle all exper-
imentally measurable from the distribution (1). Tradi-
tional studies [9] have always concentrated on measuring
just the endpoint E, failing to utilize all of the available
information encoded in the distribution f(m). The end-
point approach gives a single measurement (2), which is
clearly insu"cient to determine the full spectrum of res-
onances involved in the decay chain of Fig. 1. Here we
propose to invoke the full shape (1) in the analysis [7].
We envision that in practice this will be done by per-
forming unbinned maximum-likelihood fits of (1) to the
observed data. In order to illustrate the power of the
method here, it is su"cient to consider just the addi-
tional individual measurements of P and R2. Since they
are obtained from the most populated bins near the peak,
we can expect that they will be rather well measured.
More importantly, the additional information about P
and R2 might be su"cient to completely determine the
mass spectrum (see eqs. (13,14) below). But first we need
to present our results for (1-4) in each of the nine cases
in Fig. 2.
The topology of Fig. 2(a). For a three body decay to

massless visible particles, one has

f(m;MA,M!) # m!1/2
#

m2,M2
A,M

2
!

$

, (5)

where

!(x, y, z) ! x2 + y2 + z2 " 2xy " 2yz " 2xz. (6)

In this case

E = MA "M!, (7)

P =
%

2MAM!

&

2"
'

1 + 3"2
(

/(3")
)1/2

, (8)

R2 = 6
%

1 +
#

1 + 3"2
$-1/2

)-1
, (9)

where

" ! 2MAM!/(M
2
A +M2

!). (10)

Contrary to popular belief, one can now solve for both
massesMA andM!, given two of the three measurements
(7-9). For example, using the peak location P and the
endpoint E, we find

MA =
E

2

*

P

E

+

2" 3(P/E)2

1" 2(P/E)2
+ 1

,

, (11)

M! =
E

2

*

P

E

+

2" 3(P/E)2

1" 2(P/E)2
" 1

,

. (12)

Eqs. (11,12) o!er a new method of determining both MA

and M!, which is a simpler alternative to the MT2 kink
method of [10], since here we do not rely on the /ET mea-
surement at all, and do not require to reconstruct the
decay chain on the other side of the event.

2

A

!

v1 v2

(a)

A B

!

v1 v2

(b)

A

!1 !2

v1 v2

(c)

A B

!1 !2

v1 v2

(d)

A B1 B2

!1 !2

v1 v2

(e)

A B

!1 !2

v1 v2

(f)

A B

!1 !2

v1 v2

(g)

A B1 B2

!1 !2

v1 v2

(h)

A

B1

B2

!1

!2

v1

v2(i)

FIG. 2. The nine Nv = 2 topologies with N! ! 2.

distribution1 in each of those nine cases.
The di!erential distribution of the invariant mass m !

mv1v2 will be described by an analytical formula

dN

dm
! f(m;MA,MBi ,M!j ), (1)

which is only a function of the unknown masses2. Given
the general formula (1) for f(m), we can easily obtain its
kinematic endpoint

E ! max {m} (2)

and the location P of the peak of the f(m) distribution

f(m = P ) ! max {f(m)} . (3)

Let us also define the dimensionless derivative ratios

Rn ! "
!

mn

f(m)

dnf(m)

dmn

"

m=P

. (4)

By definition, R1 = 0, as long as f(m) is continuously
di!erentiable at m = P , while R2 parameterizes the cur-
vature of f(m) at m = P .

1 We note that the resonance A is in general allowed to be produced
fully inclusively, with an arbitrary number of additional visible or
invisible particles recoiling against A in the event. This precludes
us from using the /ET measurement, since it will be corrupted
by the invisible recoils, which leaves us with mv1v2 as the only
viable observable to study. The related combinatorial problem
of partitioning the visibles in the event was addressed in [2, 6].

2 Note that some of the event topologies in Fig. 2 involve e!ective
higher-dimensional interactions [7, 8], which we assume to be
point-like, otherwise e!ects of their mediators can be seen in
other processes at the LHC.

The parameters E, P and Rn are in principle all exper-
imentally measurable from the distribution (1). Tradi-
tional studies [9] have always concentrated on measuring
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distribution1 in each of those nine cases.
The di!erential distribution of the invariant mass m !

mv1v2 will be described by an analytical formula

dN

dm
! f(m;MA,MBi ,M!j ), (1)

which is only a function of the unknown masses2. Given
the general formula (1) for f(m), we can easily obtain its
kinematic endpoint

E ! max {m} (2)

and the location P of the peak of the f(m) distribution

f(m = P ) ! max {f(m)} . (3)

Let us also define the dimensionless derivative ratios

Rn ! "
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dmn
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By definition, R1 = 0, as long as f(m) is continuously
di!erentiable at m = P , while R2 parameterizes the cur-
vature of f(m) at m = P .

1 We note that the resonance A is in general allowed to be produced
fully inclusively, with an arbitrary number of additional visible or
invisible particles recoiling against A in the event. This precludes
us from using the /ET measurement, since it will be corrupted
by the invisible recoils, which leaves us with mv1v2 as the only
viable observable to study. The related combinatorial problem
of partitioning the visibles in the event was addressed in [2, 6].

2 Note that some of the event topologies in Fig. 2 involve e!ective
higher-dimensional interactions [7, 8], which we assume to be
point-like, otherwise e!ects of their mediators can be seen in
other processes at the LHC.

The parameters E, P and Rn are in principle all exper-
imentally measurable from the distribution (1). Tradi-
tional studies [9] have always concentrated on measuring
just the endpoint E, failing to utilize all of the available
information encoded in the distribution f(m). The end-
point approach gives a single measurement (2), which is
clearly insu"cient to determine the full spectrum of res-
onances involved in the decay chain of Fig. 1. Here we
propose to invoke the full shape (1) in the analysis [7].
We envision that in practice this will be done by per-
forming unbinned maximum-likelihood fits of (1) to the
observed data. In order to illustrate the power of the
method here, it is su"cient to consider just the addi-
tional individual measurements of P and R2. Since they
are obtained from the most populated bins near the peak,
we can expect that they will be rather well measured.
More importantly, the additional information about P
and R2 might be su"cient to completely determine the
mass spectrum (see eqs. (13,14) below). But first we need
to present our results for (1-4) in each of the nine cases
in Fig. 2.
The topology of Fig. 2(a). For a three body decay to

massless visible particles, one has
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Contrary to popular belief, one can now solve for both
massesMA andM!, given two of the three measurements
(7-9). For example, using the peak location P and the
endpoint E, we find

MA =
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Eqs. (11,12) o!er a new method of determining both MA

and M!, which is a simpler alternative to the MT2 kink
method of [10], since here we do not rely on the /ET mea-
surement at all, and do not require to reconstruct the
decay chain on the other side of the event.
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and M!, which is a simpler alternative to the MT2 kink
method of [10], since here we do not rely on the /ET mea-
surement at all, and do not require to reconstruct the
decay chain on the other side of the event.

• R1=0, as long as f(m) is differentiable at m=P. 

• R2 parameterizes the curvature of f(m) at m=P.
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Common Features
• A broad width naturally arises. 

• The peak position is typically 
close to the kinematic 
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• In low statistics, events near 
the peak are likely to emerge. 

• Events off the peak are easily 
buried in the SM backgrounds.
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Common Features
• A broad width naturally arises. 

• The peak position is typically 
close to the kinematic 
endpoint. (P/E ~ 1) 

• In low statistics, events near 
the peak are likely to emerge. 

• Events off the peak are easily 
buried in the SM backgrounds.



Antler

• The shape is determined by 
two parameters, E and eta. 

• In our benchmark scenario, 
(A, B, chi)=(S, F, F)
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out to be rather moderate, due to its anti-correlation
with the diphoton mass mγγ . Given the small signal
statistics (O(10) events) such cascade decays may easily
fake the standard diphoton resonance signature, and de-
serve further scrutiny. We note that this observation is
not restricted to the diphoton channel, but is quite gen-
eral and applicable to any inclusive resonance search in
a two-body final state.
Diphoton invariant mass spectrum. We first re-

view the diphoton invariant mass distributions corre-
sponding to the above-mentioned three event topologies
from Fig. 1. The differential distribution of the diphoton
invariant mass m ≡ mγγ

dN

dm
≡ f(m; MA, MBi , Mχi) (1)

is known analytically (see, e.g., [15]) and is simply a func-
tion of the unknown masses MA, MBi and Mχi . The
kinematic endpoint (henceforth denoted as E) is defined
as the maximum value of m allowing a non-zero f(m),
i.e., E ≡ max{m}.
Ignoring for the moment spin correlations and assum-

ing pure phase space distributions, the shape in the case
of the antler topology of Fig. 1(a) is given by [13]

f(m) ∼

�
ηm, 0 ≤ m ≤ e−ηE,

m ln(E/m) , e−ηE ≤ m ≤ E,
(2)

where the endpoint E and the parameter η are defined
in terms of the mass parameters as

E =
�

eη(M2
B1

−M2
χ1
)(M2

B2
−M2

χ2
)/(MB1MB2) , (3)

η = cosh−1 �(M2
A −M2

B1
−M2

B2
)/(2MB1MB2)

�
. (4)

The corresponding shape for the sandwich topology is
given by the same expression (2), only this time E and η
are defined as follows [15]:

E =
�

eη(M2
A −M2

B1
)(M2

B2
−M2

χ2
)/(MB1MB2) ,(5)

η = cosh−1 �(M2
B1

+M2
B2

−M2
χ1
)/(2MB1MB2)

�
.(6)

In both cases, for small enough values of η, the peak
location e−ηE can be arbitrarily close to the endpoint E.
Finally, the two-step cascade decay has the well-known

triangular shape

f(m) ∼ m, (7)

where the distribution extends up to

E =
�
(M2

A −M2
B)(M

2
B −M2

χ)/M
2
B . (8)

For all three event topologies in Fig. 1 (assuming small
enough values of η in (2)), the distributions are charac-
terized by a relatively broad peak near the kinematic
endpoint, and a continuously falling tail to lower values
of m. Given that the SM background distribution for
mγγ is a very steeply falling function, the low m tail can
be easily hidden in the background, and the only feature
of the signal distribution which would be visible in the
early data is the peak itself.

Signal models. For the numerical studies below we
choose the following signal models realizing the topolo-
gies of Fig. 1. In the antler topology of Fig. 1(a),
the particle A (Bi, χi) is a scalar (fermion, fermion),
and the fermion coupling to the photon is vector-like,
∼ B̄iσµνχiFµν , where Fµν is the photon field strength
tensor. For the sandwich topology of Fig. 1(b), particle
A is a heavy U(1) vector boson with field strength ten-
sor F �

µν , which couples to a scalar B1 as ∼ B1F �
µνF

µν ,
while B2 and χi are fermions with vector-like couplings
to photons as before. Finally, in the two-step cascade
decay of Fig. 1(c), A and χ are vector particles coupling
to a scalar B as above. In all three cases, the dipho-
ton invariant mass distribution is given by the analytical
results of the previous section [16].

Data analysis. Given the analytical results (2-8)
from the previous section, we now try to fit the three
models from Fig. 1 to the mγγ spectrum data reported
by the ATLAS Collaboration [1] (black dots in Fig. 2).
To describe the background portion in the data, we in-
troduce the same background model function as in [1]:

fbg(x; b, a) = (1− x1/3)bxa, (9)

where a and b are fit parameters to be determined by
data and x = m/

√
s with

√
s = 13TeV. We then

perform likelihood fits using combined signal + back-
ground templates using f(m) from Eqs. (2, 7) and fbg(m)
from Eq. (9). Our fit results for the case of Fig. 1(a-b)
(Fig. 1(c)) are shown in the upper (lower) panel of Fig. 2.
The red solid curves represent the best-fit models (i.e.,
signal+background), while the red dashed (blue solid)
curves describe their background (signal) components.
To estimate parameter errors more carefully with low
statistics, we generate 10,000 pseudo data sets via ran-
dom samplings of the data point in each bin, assuming a
Poisson distribution with its mean value parameter set to
the number of events in each bin reported by the ATLAS
collaboration (any zero bins in the real data were always
sampled to be 0). We then conduct the same fit proce-
dure explained above for all pseudo data sets and obtain
distributions of fitted model parameters, from which we
extract mean values and 1σ confidence intervals, along
with reduced χ2 distributions.

For the antler and sandwich cases, the relevant re-
duced χ2 distribution yields a mean (median) value of
0.98 (0.93) with the Gaussian width around 1, indicat-
ing that our fitting template accommodates pseudo data
samples well enough. The extracted best-fit parameter
values and their 1σ errors are

η = 0.0322+0.0296
−0.0317, E = 827.0+30.3

−36.9 GeV. (10)

Due to the set of cuts applied in the ATLAS analysis to
suppress the SM backgrounds, the resulting signal dis-
tributions could be distorted. In order to account for
those effects, we simulate single production of particle
A at LHC13 with MadGraph5_aMC@NLO [17], followed by
Pythia 6.4 [18] and Delphes 3 [19]. We take MA = 1.7
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In this case, out of the 4 input masses entering the topol-
ogy of Fig. 2(f), one can measure three independent de-
grees of freedom, e.g. MA/MB, M!1/MB and M2

B!M2
!2
.

The topology of Fig. 2(g). The shape is described by

f(m) " m

! M2
B(1! m2

M2
A

!M2
B

)

(M!1+M!2 )
2

ds

s

"

!(s,M2
!1
,M2

!2
) (24)

and it is easy to see that the results are obtained from (20-
23) with the substitution MA # !M!2 . In particular,
the three measurable parameters in this case can be taken
as M!1/MB, M!2/MB and M2

A !M2
B.

The topology of Fig. 2(h). This is the “sandwich”
topology studied in [12]. The shape is given by

f(m) "

#

"m, 0 $ m $ e-" E,

m ln (E/m) , e-" E $ m $ E,
(25)

" % cosh-1
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, (26)

and

E =
&

e"(M2
A !M2

B1
)(M2

B2
!M2

!2
)/(MB1MB2)

'1/2
, (27)

P =

(

Ee-", " < 1;
Ee-1, " & 1;

R2 =

(

', " < 1;
1, " & 1.

(28)

The distribution (25) exhibits a cusp at the non-
di!erentiable point m = e!"E. In this case, there are
5 mass inputs: MA, MB1 , MB2 , M!1 and M!2 , but only
two independent measurable parameters: " and E.
The topology of Fig. 2(i). This is the “antler” topol-

ogy which was studied in [13] for the symmetric case of
MB1 = MB2 and M!1 = M!2 . Here we generalize the
result in [13] to arbitrary masses and find that f(m) is
given by the same expression (25), only this time

" % cosh-1
)

M2
A !M2

B1
!M2

B2

2MB1MB2

*

, (29)

E =
&

e"(M2
B1

!M2
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)(M2

B2
!M2

!2
)/(MB1MB2)

'1/2
(30)

and identical expressions (28) for P and R2. Just like
the case of Fig. 2(h), out of the 5 mass inputs, " and E
are the only two measurable mass parameters. Table II
summarizes the final tally of input particle masses and
independent measurable parameters for each topology.
Each topology from Fig. 2 also maps onto a restricted

region in the (R2, P/E) plane, as shown in Fig. 4 (for
convenience, instead of R2 ( (0,'), in the figure we plot

TABLE II. The number of mass inputs Nm for each topology
in Fig. 2 and the number of independent measurable param-
eters Np in the definition of f(m).

Topology (a,d) (b,e) (c) (f,g) (h,i)
Nm 2 3 3 4 5
Np 2 1 3 3 2
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FIG. 5. Results from a quantitative topology disambiguation
exercise using !2 as a test statistics.

2
# tan-1 R2 ( (0, 1)). For example, the cyan circle at (1, 1)
marks the prediction for the two topologies of Fig. 2(b,e),
while the magenta dot at (0.5, 0.37) and the magenta ver-
tical line correspond to the two topologies of Fig. 2(h,i).
The blue (red, green, black) points refer to the topolo-
gies of Fig. 2(a,d) (Fig. 2(g), Fig. 2(f), Fig. 2(c)). Fig. 4
demonstrates that with the three measurements E, P
and R2, one can already begin to constrain qualitatively
the allowed event topologies.
In fact, one can do even better by fitting to the full

invariant mass shapes derived here. For illustration, we
consider a scenario where particleA is a vector boson (V),
B is a fermion (F) and C is another vector boson (V),
and study two representative event topologies. The blue
squares in Fig. 5 correspond to the antler topology case
of Fig. 2(i) for which the m distribution exhibits a cusp at
m = e!"E (see Eq. (25)). This example was considered
in [13] for the purpose of measuring the masses, which
were chosen as MA = 1500 GeV, MB1 = MB2 = 730
GeV and M!1 = M!2 = 100 GeV. We also consider one
cusp-less case, namely, the topology of Fig. 2(a) with a
mass spectrum MA = 550 GeV, M! = 400 GeV (red
circles in Fig. 5).

Fig. 5 shows the average p-values (P̄ ) obtained in 200
pseudo-experiments, with 500 events each. For each ex-
ample, the filled symbols represent the case in which spin
correlations are absent, i.e., the “data” is sampled from
the phase space distributions derived earlier. We see that
the fit clearly prefers the correct topologies from Fig. 2(i)
and Fig. 2(a) (and their identical twins from Figs. 2(h)
and 2(d)), while the wrong topologies are disfavored.

In models in which the fermions have chiral couplings,
the invariant mass shapes considered here will be slightly
distorted due to spin correlations [14]. In order to study
the e!ect of spins, we repeat the two exercises for the
case of purely left-handed (L) or purely right-handed (R)
couplings of the fermions B to the vector bosons A and
C. The results are displayed in Fig. 5 with open symbols.
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and identical expressions (28) for P and R2. Just like
the case of Fig. 2(h), out of the 5 mass inputs, " and E
are the only two measurable mass parameters. Table II
summarizes the final tally of input particle masses and
independent measurable parameters for each topology.
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convenience, instead of R2 ( (0,'), in the figure we plot
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ample, the filled symbols represent the case in which spin
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out to be rather moderate, due to its anti-correlation
with the diphoton mass mγγ . Given the small signal
statistics (O(10) events) such cascade decays may easily
fake the standard diphoton resonance signature, and de-
serve further scrutiny. We note that this observation is
not restricted to the diphoton channel, but is quite gen-
eral and applicable to any inclusive resonance search in
a two-body final state.
Diphoton invariant mass spectrum. We first re-

view the diphoton invariant mass distributions corre-
sponding to the above-mentioned three event topologies
from Fig. 1. The differential distribution of the diphoton
invariant mass m ≡ mγγ

dN

dm
≡ f(m; MA, MBi , Mχi) (1)

is known analytically (see, e.g., [15]) and is simply a func-
tion of the unknown masses MA, MBi and Mχi . The
kinematic endpoint (henceforth denoted as E) is defined
as the maximum value of m allowing a non-zero f(m),
i.e., E ≡ max{m}.
Ignoring for the moment spin correlations and assum-

ing pure phase space distributions, the shape in the case
of the antler topology of Fig. 1(a) is given by [13]

f(m) ∼

�
ηm, 0 ≤ m ≤ e−ηE,

m ln(E/m) , e−ηE ≤ m ≤ E,
(2)

where the endpoint E and the parameter η are defined
in terms of the mass parameters as

E =
�

eη(M2
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−M2
χ1
)(M2

B2
−M2

χ2
)/(MB1MB2) , (3)

η = cosh−1 �(M2
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−M2

B2
)/(2MB1MB2)

�
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The corresponding shape for the sandwich topology is
given by the same expression (2), only this time E and η
are defined as follows [15]:

E =
�

eη(M2
A −M2

B1
)(M2

B2
−M2

χ2
)/(MB1MB2) ,(5)

η = cosh−1 �(M2
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+M2
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−M2
χ1
)/(2MB1MB2)

�
.(6)

In both cases, for small enough values of η, the peak
location e−ηE can be arbitrarily close to the endpoint E.
Finally, the two-step cascade decay has the well-known

triangular shape

f(m) ∼ m, (7)

where the distribution extends up to

E =
�
(M2

A −M2
B)(M

2
B −M2

χ)/M
2
B . (8)

For all three event topologies in Fig. 1 (assuming small
enough values of η in (2)), the distributions are charac-
terized by a relatively broad peak near the kinematic
endpoint, and a continuously falling tail to lower values
of m. Given that the SM background distribution for
mγγ is a very steeply falling function, the low m tail can
be easily hidden in the background, and the only feature
of the signal distribution which would be visible in the
early data is the peak itself.

Signal models. For the numerical studies below we
choose the following signal models realizing the topolo-
gies of Fig. 1. In the antler topology of Fig. 1(a),
the particle A (Bi, χi) is a scalar (fermion, fermion),
and the fermion coupling to the photon is vector-like,
∼ B̄iσµνχiFµν , where Fµν is the photon field strength
tensor. For the sandwich topology of Fig. 1(b), particle
A is a heavy U(1) vector boson with field strength ten-
sor F �

µν , which couples to a scalar B1 as ∼ B1F �
µνF

µν ,
while B2 and χi are fermions with vector-like couplings
to photons as before. Finally, in the two-step cascade
decay of Fig. 1(c), A and χ are vector particles coupling
to a scalar B as above. In all three cases, the dipho-
ton invariant mass distribution is given by the analytical
results of the previous section [16].

Data analysis. Given the analytical results (2-8)
from the previous section, we now try to fit the three
models from Fig. 1 to the mγγ spectrum data reported
by the ATLAS Collaboration [1] (black dots in Fig. 2).
To describe the background portion in the data, we in-
troduce the same background model function as in [1]:

fbg(x; b, a) = (1− x1/3)bxa, (9)

where a and b are fit parameters to be determined by
data and x = m/

√
s with

√
s = 13TeV. We then

perform likelihood fits using combined signal + back-
ground templates using f(m) from Eqs. (2, 7) and fbg(m)
from Eq. (9). Our fit results for the case of Fig. 1(a-b)
(Fig. 1(c)) are shown in the upper (lower) panel of Fig. 2.
The red solid curves represent the best-fit models (i.e.,
signal+background), while the red dashed (blue solid)
curves describe their background (signal) components.
To estimate parameter errors more carefully with low
statistics, we generate 10,000 pseudo data sets via ran-
dom samplings of the data point in each bin, assuming a
Poisson distribution with its mean value parameter set to
the number of events in each bin reported by the ATLAS
collaboration (any zero bins in the real data were always
sampled to be 0). We then conduct the same fit proce-
dure explained above for all pseudo data sets and obtain
distributions of fitted model parameters, from which we
extract mean values and 1σ confidence intervals, along
with reduced χ2 distributions.

For the antler and sandwich cases, the relevant re-
duced χ2 distribution yields a mean (median) value of
0.98 (0.93) with the Gaussian width around 1, indicat-
ing that our fitting template accommodates pseudo data
samples well enough. The extracted best-fit parameter
values and their 1σ errors are

η = 0.0322+0.0296
−0.0317, E = 827.0+30.3

−36.9 GeV. (10)

Due to the set of cuts applied in the ATLAS analysis to
suppress the SM backgrounds, the resulting signal dis-
tributions could be distorted. In order to account for
those effects, we simulate single production of particle
A at LHC13 with MadGraph5_aMC@NLO [17], followed by
Pythia 6.4 [18] and Delphes 3 [19]. We take MA = 1.7
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In this case, out of the 4 input masses entering the topol-
ogy of Fig. 2(f), one can measure three independent de-
grees of freedom, e.g. MA/MB, M!1/MB and M2
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and it is easy to see that the results are obtained from (20-
23) with the substitution MA # !M!2 . In particular,
the three measurable parameters in this case can be taken
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The distribution (25) exhibits a cusp at the non-
di!erentiable point m = e!"E. In this case, there are
5 mass inputs: MA, MB1 , MB2 , M!1 and M!2 , but only
two independent measurable parameters: " and E.
The topology of Fig. 2(i). This is the “antler” topol-

ogy which was studied in [13] for the symmetric case of
MB1 = MB2 and M!1 = M!2 . Here we generalize the
result in [13] to arbitrary masses and find that f(m) is
given by the same expression (25), only this time
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and identical expressions (28) for P and R2. Just like
the case of Fig. 2(h), out of the 5 mass inputs, " and E
are the only two measurable mass parameters. Table II
summarizes the final tally of input particle masses and
independent measurable parameters for each topology.
Each topology from Fig. 2 also maps onto a restricted

region in the (R2, P/E) plane, as shown in Fig. 4 (for
convenience, instead of R2 ( (0,'), in the figure we plot

TABLE II. The number of mass inputs Nm for each topology
in Fig. 2 and the number of independent measurable param-
eters Np in the definition of f(m).

Topology (a,d) (b,e) (c) (f,g) (h,i)
Nm 2 3 3 4 5
Np 2 1 3 3 2
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FIG. 5. Results from a quantitative topology disambiguation
exercise using !2 as a test statistics.
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the allowed event topologies.
In fact, one can do even better by fitting to the full

invariant mass shapes derived here. For illustration, we
consider a scenario where particleA is a vector boson (V),
B is a fermion (F) and C is another vector boson (V),
and study two representative event topologies. The blue
squares in Fig. 5 correspond to the antler topology case
of Fig. 2(i) for which the m distribution exhibits a cusp at
m = e!"E (see Eq. (25)). This example was considered
in [13] for the purpose of measuring the masses, which
were chosen as MA = 1500 GeV, MB1 = MB2 = 730
GeV and M!1 = M!2 = 100 GeV. We also consider one
cusp-less case, namely, the topology of Fig. 2(a) with a
mass spectrum MA = 550 GeV, M! = 400 GeV (red
circles in Fig. 5).

Fig. 5 shows the average p-values (P̄ ) obtained in 200
pseudo-experiments, with 500 events each. For each ex-
ample, the filled symbols represent the case in which spin
correlations are absent, i.e., the “data” is sampled from
the phase space distributions derived earlier. We see that
the fit clearly prefers the correct topologies from Fig. 2(i)
and Fig. 2(a) (and their identical twins from Figs. 2(h)
and 2(d)), while the wrong topologies are disfavored.

In models in which the fermions have chiral couplings,
the invariant mass shapes considered here will be slightly
distorted due to spin correlations [14]. In order to study
the e!ect of spins, we repeat the two exercises for the
case of purely left-handed (L) or purely right-handed (R)
couplings of the fermions B to the vector bosons A and
C. The results are displayed in Fig. 5 with open symbols.
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the case of Fig. 2(h), out of the 5 mass inputs, " and E
are the only two measurable mass parameters. Table II
summarizes the final tally of input particle masses and
independent measurable parameters for each topology.
Each topology from Fig. 2 also maps onto a restricted

region in the (R2, P/E) plane, as shown in Fig. 4 (for
convenience, instead of R2 ( (0,'), in the figure we plot

TABLE II. The number of mass inputs Nm for each topology
in Fig. 2 and the number of independent measurable param-
eters Np in the definition of f(m).

Topology (a,d) (b,e) (c) (f,g) (h,i)
Nm 2 3 3 4 5
Np 2 1 3 3 2
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FIG. 5. Results from a quantitative topology disambiguation
exercise using !2 as a test statistics.

2
# tan-1 R2 ( (0, 1)). For example, the cyan circle at (1, 1)
marks the prediction for the two topologies of Fig. 2(b,e),
while the magenta dot at (0.5, 0.37) and the magenta ver-
tical line correspond to the two topologies of Fig. 2(h,i).
The blue (red, green, black) points refer to the topolo-
gies of Fig. 2(a,d) (Fig. 2(g), Fig. 2(f), Fig. 2(c)). Fig. 4
demonstrates that with the three measurements E, P
and R2, one can already begin to constrain qualitatively
the allowed event topologies.
In fact, one can do even better by fitting to the full

invariant mass shapes derived here. For illustration, we
consider a scenario where particleA is a vector boson (V),
B is a fermion (F) and C is another vector boson (V),
and study two representative event topologies. The blue
squares in Fig. 5 correspond to the antler topology case
of Fig. 2(i) for which the m distribution exhibits a cusp at
m = e!"E (see Eq. (25)). This example was considered
in [13] for the purpose of measuring the masses, which
were chosen as MA = 1500 GeV, MB1 = MB2 = 730
GeV and M!1 = M!2 = 100 GeV. We also consider one
cusp-less case, namely, the topology of Fig. 2(a) with a
mass spectrum MA = 550 GeV, M! = 400 GeV (red
circles in Fig. 5).

Fig. 5 shows the average p-values (P̄ ) obtained in 200
pseudo-experiments, with 500 events each. For each ex-
ample, the filled symbols represent the case in which spin
correlations are absent, i.e., the “data” is sampled from
the phase space distributions derived earlier. We see that
the fit clearly prefers the correct topologies from Fig. 2(i)
and Fig. 2(a) (and their identical twins from Figs. 2(h)
and 2(d)), while the wrong topologies are disfavored.

In models in which the fermions have chiral couplings,
the invariant mass shapes considered here will be slightly
distorted due to spin correlations [14]. In order to study
the e!ect of spins, we repeat the two exercises for the
case of purely left-handed (L) or purely right-handed (R)
couplings of the fermions B to the vector bosons A and
C. The results are displayed in Fig. 5 with open symbols.
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out to be rather moderate, due to its anti-correlation
with the diphoton mass mγγ . Given the small signal
statistics (O(10) events) such cascade decays may easily
fake the standard diphoton resonance signature, and de-
serve further scrutiny. We note that this observation is
not restricted to the diphoton channel, but is quite gen-
eral and applicable to any inclusive resonance search in
a two-body final state.
Diphoton invariant mass spectrum. We first re-

view the diphoton invariant mass distributions corre-
sponding to the above-mentioned three event topologies
from Fig. 1. The differential distribution of the diphoton
invariant mass m ≡ mγγ

dN

dm
≡ f(m; MA, MBi , Mχi) (1)

is known analytically (see, e.g., [15]) and is simply a func-
tion of the unknown masses MA, MBi and Mχi . The
kinematic endpoint (henceforth denoted as E) is defined
as the maximum value of m allowing a non-zero f(m),
i.e., E ≡ max{m}.
Ignoring for the moment spin correlations and assum-

ing pure phase space distributions, the shape in the case
of the antler topology of Fig. 1(a) is given by [13]

f(m) ∼

�
ηm, 0 ≤ m ≤ e−ηE,

m ln(E/m) , e−ηE ≤ m ≤ E,
(2)

where the endpoint E and the parameter η are defined
in terms of the mass parameters as

E =
�

eη(M2
B1

−M2
χ1
)(M2

B2
−M2

χ2
)/(MB1MB2) , (3)

η = cosh−1 �(M2
A −M2

B1
−M2

B2
)/(2MB1MB2)

�
. (4)

The corresponding shape for the sandwich topology is
given by the same expression (2), only this time E and η
are defined as follows [15]:

E =
�

eη(M2
A −M2

B1
)(M2

B2
−M2

χ2
)/(MB1MB2) ,(5)

η = cosh−1 �(M2
B1

+M2
B2

−M2
χ1
)/(2MB1MB2)

�
.(6)

In both cases, for small enough values of η, the peak
location e−ηE can be arbitrarily close to the endpoint E.
Finally, the two-step cascade decay has the well-known

triangular shape

f(m) ∼ m, (7)

where the distribution extends up to

E =
�
(M2

A −M2
B)(M

2
B −M2

χ)/M
2
B . (8)

For all three event topologies in Fig. 1 (assuming small
enough values of η in (2)), the distributions are charac-
terized by a relatively broad peak near the kinematic
endpoint, and a continuously falling tail to lower values
of m. Given that the SM background distribution for
mγγ is a very steeply falling function, the low m tail can
be easily hidden in the background, and the only feature
of the signal distribution which would be visible in the
early data is the peak itself.

Signal models. For the numerical studies below we
choose the following signal models realizing the topolo-
gies of Fig. 1. In the antler topology of Fig. 1(a),
the particle A (Bi, χi) is a scalar (fermion, fermion),
and the fermion coupling to the photon is vector-like,
∼ B̄iσµνχiFµν , where Fµν is the photon field strength
tensor. For the sandwich topology of Fig. 1(b), particle
A is a heavy U(1) vector boson with field strength ten-
sor F �

µν , which couples to a scalar B1 as ∼ B1F �
µνF

µν ,
while B2 and χi are fermions with vector-like couplings
to photons as before. Finally, in the two-step cascade
decay of Fig. 1(c), A and χ are vector particles coupling
to a scalar B as above. In all three cases, the dipho-
ton invariant mass distribution is given by the analytical
results of the previous section [16].

Data analysis. Given the analytical results (2-8)
from the previous section, we now try to fit the three
models from Fig. 1 to the mγγ spectrum data reported
by the ATLAS Collaboration [1] (black dots in Fig. 2).
To describe the background portion in the data, we in-
troduce the same background model function as in [1]:

fbg(x; b, a) = (1− x1/3)bxa, (9)

where a and b are fit parameters to be determined by
data and x = m/

√
s with

√
s = 13TeV. We then

perform likelihood fits using combined signal + back-
ground templates using f(m) from Eqs. (2, 7) and fbg(m)
from Eq. (9). Our fit results for the case of Fig. 1(a-b)
(Fig. 1(c)) are shown in the upper (lower) panel of Fig. 2.
The red solid curves represent the best-fit models (i.e.,
signal+background), while the red dashed (blue solid)
curves describe their background (signal) components.
To estimate parameter errors more carefully with low
statistics, we generate 10,000 pseudo data sets via ran-
dom samplings of the data point in each bin, assuming a
Poisson distribution with its mean value parameter set to
the number of events in each bin reported by the ATLAS
collaboration (any zero bins in the real data were always
sampled to be 0). We then conduct the same fit proce-
dure explained above for all pseudo data sets and obtain
distributions of fitted model parameters, from which we
extract mean values and 1σ confidence intervals, along
with reduced χ2 distributions.

For the antler and sandwich cases, the relevant re-
duced χ2 distribution yields a mean (median) value of
0.98 (0.93) with the Gaussian width around 1, indicat-
ing that our fitting template accommodates pseudo data
samples well enough. The extracted best-fit parameter
values and their 1σ errors are

η = 0.0322+0.0296
−0.0317, E = 827.0+30.3

−36.9 GeV. (10)

Due to the set of cuts applied in the ATLAS analysis to
suppress the SM backgrounds, the resulting signal dis-
tributions could be distorted. In order to account for
those effects, we simulate single production of particle
A at LHC13 with MadGraph5_aMC@NLO [17], followed by
Pythia 6.4 [18] and Delphes 3 [19]. We take MA = 1.7
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with the diphoton mass mγγ . Given the small signal
statistics (O(10) events) such cascade decays may easily
fake the standard diphoton resonance signature, and de-
serve further scrutiny. We note that this observation is
not restricted to the diphoton channel, but is quite gen-
eral and applicable to any inclusive resonance search in
a two-body final state.
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kinematic endpoint (henceforth denoted as E) is defined
as the maximum value of m allowing a non-zero f(m),
i.e., E ≡ max{m}.
Ignoring for the moment spin correlations and assum-

ing pure phase space distributions, the shape in the case
of the antler topology of Fig. 1(a) is given by [13]
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m ln(E/m) , e−ηE ≤ m ≤ E,
(2)

where the endpoint E and the parameter η are defined
in terms of the mass parameters as

E =
�

eη(M2
B1

−M2
χ1
)(M2

B2
−M2

χ2
)/(MB1MB2) , (3)

η = cosh−1 �(M2
A −M2

B1
−M2

B2
)/(2MB1MB2)

�
. (4)

The corresponding shape for the sandwich topology is
given by the same expression (2), only this time E and η
are defined as follows [15]:

E =
�

eη(M2
A −M2

B1
)(M2

B2
−M2

χ2
)/(MB1MB2) ,(5)

η = cosh−1 �(M2
B1

+M2
B2

−M2
χ1
)/(2MB1MB2)

�
.(6)

In both cases, for small enough values of η, the peak
location e−ηE can be arbitrarily close to the endpoint E.
Finally, the two-step cascade decay has the well-known
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f(m) ∼ m, (7)

where the distribution extends up to

E =
�
(M2

A −M2
B)(M

2
B −M2

χ)/M
2
B . (8)

For all three event topologies in Fig. 1 (assuming small
enough values of η in (2)), the distributions are charac-
terized by a relatively broad peak near the kinematic
endpoint, and a continuously falling tail to lower values
of m. Given that the SM background distribution for
mγγ is a very steeply falling function, the low m tail can
be easily hidden in the background, and the only feature
of the signal distribution which would be visible in the
early data is the peak itself.

Signal models. For the numerical studies below we
choose the following signal models realizing the topolo-
gies of Fig. 1. In the antler topology of Fig. 1(a),
the particle A (Bi, χi) is a scalar (fermion, fermion),
and the fermion coupling to the photon is vector-like,
∼ B̄iσµνχiFµν , where Fµν is the photon field strength
tensor. For the sandwich topology of Fig. 1(b), particle
A is a heavy U(1) vector boson with field strength ten-
sor F �

µν , which couples to a scalar B1 as ∼ B1F �
µνF

µν ,
while B2 and χi are fermions with vector-like couplings
to photons as before. Finally, in the two-step cascade
decay of Fig. 1(c), A and χ are vector particles coupling
to a scalar B as above. In all three cases, the dipho-
ton invariant mass distribution is given by the analytical
results of the previous section [16].

Data analysis. Given the analytical results (2-8)
from the previous section, we now try to fit the three
models from Fig. 1 to the mγγ spectrum data reported
by the ATLAS Collaboration [1] (black dots in Fig. 2).
To describe the background portion in the data, we in-
troduce the same background model function as in [1]:

fbg(x; b, a) = (1− x1/3)bxa, (9)

where a and b are fit parameters to be determined by
data and x = m/

√
s with

√
s = 13TeV. We then

perform likelihood fits using combined signal + back-
ground templates using f(m) from Eqs. (2, 7) and fbg(m)
from Eq. (9). Our fit results for the case of Fig. 1(a-b)
(Fig. 1(c)) are shown in the upper (lower) panel of Fig. 2.
The red solid curves represent the best-fit models (i.e.,
signal+background), while the red dashed (blue solid)
curves describe their background (signal) components.
To estimate parameter errors more carefully with low
statistics, we generate 10,000 pseudo data sets via ran-
dom samplings of the data point in each bin, assuming a
Poisson distribution with its mean value parameter set to
the number of events in each bin reported by the ATLAS
collaboration (any zero bins in the real data were always
sampled to be 0). We then conduct the same fit proce-
dure explained above for all pseudo data sets and obtain
distributions of fitted model parameters, from which we
extract mean values and 1σ confidence intervals, along
with reduced χ2 distributions.

For the antler and sandwich cases, the relevant re-
duced χ2 distribution yields a mean (median) value of
0.98 (0.93) with the Gaussian width around 1, indicat-
ing that our fitting template accommodates pseudo data
samples well enough. The extracted best-fit parameter
values and their 1σ errors are

η = 0.0322+0.0296
−0.0317, E = 827.0+30.3

−36.9 GeV. (10)

Due to the set of cuts applied in the ATLAS analysis to
suppress the SM backgrounds, the resulting signal dis-
tributions could be distorted. In order to account for
those effects, we simulate single production of particle
A at LHC13 with MadGraph5_aMC@NLO [17], followed by
Pythia 6.4 [18] and Delphes 3 [19]. We take MA = 1.7
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statistics (O(10) events) such cascade decays may easily
fake the standard diphoton resonance signature, and de-
serve further scrutiny. We note that this observation is
not restricted to the diphoton channel, but is quite gen-
eral and applicable to any inclusive resonance search in
a two-body final state.
Diphoton invariant mass spectrum. We first re-

view the diphoton invariant mass distributions corre-
sponding to the above-mentioned three event topologies
from Fig. 1. The differential distribution of the diphoton
invariant mass m ≡ mγγ

dN

dm
≡ f(m; MA, MBi , Mχi) (1)

is known analytically (see, e.g., [15]) and is simply a func-
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In both cases, for small enough values of η, the peak
location e−ηE can be arbitrarily close to the endpoint E.
Finally, the two-step cascade decay has the well-known
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For all three event topologies in Fig. 1 (assuming small
enough values of η in (2)), the distributions are charac-
terized by a relatively broad peak near the kinematic
endpoint, and a continuously falling tail to lower values
of m. Given that the SM background distribution for
mγγ is a very steeply falling function, the low m tail can
be easily hidden in the background, and the only feature
of the signal distribution which would be visible in the
early data is the peak itself.

Signal models. For the numerical studies below we
choose the following signal models realizing the topolo-
gies of Fig. 1. In the antler topology of Fig. 1(a),
the particle A (Bi, χi) is a scalar (fermion, fermion),
and the fermion coupling to the photon is vector-like,
∼ B̄iσµνχiFµν , where Fµν is the photon field strength
tensor. For the sandwich topology of Fig. 1(b), particle
A is a heavy U(1) vector boson with field strength ten-
sor F �

µν , which couples to a scalar B1 as ∼ B1F �
µνF

µν ,
while B2 and χi are fermions with vector-like couplings
to photons as before. Finally, in the two-step cascade
decay of Fig. 1(c), A and χ are vector particles coupling
to a scalar B as above. In all three cases, the dipho-
ton invariant mass distribution is given by the analytical
results of the previous section [16].

Data analysis. Given the analytical results (2-8)
from the previous section, we now try to fit the three
models from Fig. 1 to the mγγ spectrum data reported
by the ATLAS Collaboration [1] (black dots in Fig. 2).
To describe the background portion in the data, we in-
troduce the same background model function as in [1]:

fbg(x; b, a) = (1− x1/3)bxa, (9)

where a and b are fit parameters to be determined by
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s = 13TeV. We then

perform likelihood fits using combined signal + back-
ground templates using f(m) from Eqs. (2, 7) and fbg(m)
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(Fig. 1(c)) are shown in the upper (lower) panel of Fig. 2.
The red solid curves represent the best-fit models (i.e.,
signal+background), while the red dashed (blue solid)
curves describe their background (signal) components.
To estimate parameter errors more carefully with low
statistics, we generate 10,000 pseudo data sets via ran-
dom samplings of the data point in each bin, assuming a
Poisson distribution with its mean value parameter set to
the number of events in each bin reported by the ATLAS
collaboration (any zero bins in the real data were always
sampled to be 0). We then conduct the same fit proce-
dure explained above for all pseudo data sets and obtain
distributions of fitted model parameters, from which we
extract mean values and 1σ confidence intervals, along
with reduced χ2 distributions.

For the antler and sandwich cases, the relevant re-
duced χ2 distribution yields a mean (median) value of
0.98 (0.93) with the Gaussian width around 1, indicat-
ing that our fitting template accommodates pseudo data
samples well enough. The extracted best-fit parameter
values and their 1σ errors are

η = 0.0322+0.0296
−0.0317, E = 827.0+30.3

−36.9 GeV. (10)

Due to the set of cuts applied in the ATLAS analysis to
suppress the SM backgrounds, the resulting signal dis-
tributions could be distorted. In order to account for
those effects, we simulate single production of particle
A at LHC13 with MadGraph5_aMC@NLO [17], followed by
Pythia 6.4 [18] and Delphes 3 [19]. We take MA = 1.7
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view the diphoton invariant mass distributions corre-
sponding to the above-mentioned three event topologies
from Fig. 1. The differential distribution of the diphoton
invariant mass m ≡ mγγ

dN

dm
≡ f(m; MA, MBi , Mχi) (1)

is known analytically (see, e.g., [15]) and is simply a func-
tion of the unknown masses MA, MBi and Mχi . The
kinematic endpoint (henceforth denoted as E) is defined
as the maximum value of m allowing a non-zero f(m),
i.e., E ≡ max{m}.
Ignoring for the moment spin correlations and assum-

ing pure phase space distributions, the shape in the case
of the antler topology of Fig. 1(a) is given by [13]

f(m) ∼

�
ηm, 0 ≤ m ≤ e−ηE,

m ln(E/m) , e−ηE ≤ m ≤ E,
(2)

where the endpoint E and the parameter η are defined
in terms of the mass parameters as

E =
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The corresponding shape for the sandwich topology is
given by the same expression (2), only this time E and η
are defined as follows [15]:

E =
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eη(M2
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χ2
)/(MB1MB2) ,(5)
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In both cases, for small enough values of η, the peak
location e−ηE can be arbitrarily close to the endpoint E.
Finally, the two-step cascade decay has the well-known

triangular shape

f(m) ∼ m, (7)

where the distribution extends up to

E =
�
(M2

A −M2
B)(M

2
B −M2

χ)/M
2
B . (8)

For all three event topologies in Fig. 1 (assuming small
enough values of η in (2)), the distributions are charac-
terized by a relatively broad peak near the kinematic
endpoint, and a continuously falling tail to lower values
of m. Given that the SM background distribution for
mγγ is a very steeply falling function, the low m tail can
be easily hidden in the background, and the only feature
of the signal distribution which would be visible in the
early data is the peak itself.

Signal models. For the numerical studies below we
choose the following signal models realizing the topolo-
gies of Fig. 1. In the antler topology of Fig. 1(a),
the particle A (Bi, χi) is a scalar (fermion, fermion),
and the fermion coupling to the photon is vector-like,
∼ B̄iσµνχiFµν , where Fµν is the photon field strength
tensor. For the sandwich topology of Fig. 1(b), particle
A is a heavy U(1) vector boson with field strength ten-
sor F �

µν , which couples to a scalar B1 as ∼ B1F �
µνF

µν ,
while B2 and χi are fermions with vector-like couplings
to photons as before. Finally, in the two-step cascade
decay of Fig. 1(c), A and χ are vector particles coupling
to a scalar B as above. In all three cases, the dipho-
ton invariant mass distribution is given by the analytical
results of the previous section [16].

Data analysis. Given the analytical results (2-8)
from the previous section, we now try to fit the three
models from Fig. 1 to the mγγ spectrum data reported
by the ATLAS Collaboration [1] (black dots in Fig. 2).
To describe the background portion in the data, we in-
troduce the same background model function as in [1]:

fbg(x; b, a) = (1− x1/3)bxa, (9)

where a and b are fit parameters to be determined by
data and x = m/

√
s with

√
s = 13TeV. We then

perform likelihood fits using combined signal + back-
ground templates using f(m) from Eqs. (2, 7) and fbg(m)
from Eq. (9). Our fit results for the case of Fig. 1(a-b)
(Fig. 1(c)) are shown in the upper (lower) panel of Fig. 2.
The red solid curves represent the best-fit models (i.e.,
signal+background), while the red dashed (blue solid)
curves describe their background (signal) components.
To estimate parameter errors more carefully with low
statistics, we generate 10,000 pseudo data sets via ran-
dom samplings of the data point in each bin, assuming a
Poisson distribution with its mean value parameter set to
the number of events in each bin reported by the ATLAS
collaboration (any zero bins in the real data were always
sampled to be 0). We then conduct the same fit proce-
dure explained above for all pseudo data sets and obtain
distributions of fitted model parameters, from which we
extract mean values and 1σ confidence intervals, along
with reduced χ2 distributions.

For the antler and sandwich cases, the relevant re-
duced χ2 distribution yields a mean (median) value of
0.98 (0.93) with the Gaussian width around 1, indicat-
ing that our fitting template accommodates pseudo data
samples well enough. The extracted best-fit parameter
values and their 1σ errors are

η = 0.0322+0.0296
−0.0317, E = 827.0+30.3

−36.9 GeV. (10)

Due to the set of cuts applied in the ATLAS analysis to
suppress the SM backgrounds, the resulting signal dis-
tributions could be distorted. In order to account for
those effects, we simulate single production of particle
A at LHC13 with MadGraph5_aMC@NLO [17], followed by
Pythia 6.4 [18] and Delphes 3 [19]. We take MA = 1.7
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For all three event topologies in Fig. 1 (assuming small
enough values of η in (2)), the distributions are charac-
terized by a relatively broad peak near the kinematic
endpoint, and a continuously falling tail to lower values
of m. Given that the SM background distribution for
mγγ is a very steeply falling function, the low m tail can
be easily hidden in the background, and the only feature
of the signal distribution which would be visible in the
early data is the peak itself.

Signal models. For the numerical studies below we
choose the following signal models realizing the topolo-
gies of Fig. 1. In the antler topology of Fig. 1(a),
the particle A (Bi, χi) is a scalar (fermion, fermion),
and the fermion coupling to the photon is vector-like,
∼ B̄iσµνχiFµν , where Fµν is the photon field strength
tensor. For the sandwich topology of Fig. 1(b), particle
A is a heavy U(1) vector boson with field strength ten-
sor F �

µν , which couples to a scalar B1 as ∼ B1F �
µνF

µν ,
while B2 and χi are fermions with vector-like couplings
to photons as before. Finally, in the two-step cascade
decay of Fig. 1(c), A and χ are vector particles coupling
to a scalar B as above. In all three cases, the dipho-
ton invariant mass distribution is given by the analytical
results of the previous section [16].

Data analysis. Given the analytical results (2-8)
from the previous section, we now try to fit the three
models from Fig. 1 to the mγγ spectrum data reported
by the ATLAS Collaboration [1] (black dots in Fig. 2).
To describe the background portion in the data, we in-
troduce the same background model function as in [1]:

fbg(x; b, a) = (1− x1/3)bxa, (9)

where a and b are fit parameters to be determined by
data and x = m/

√
s with

√
s = 13TeV. We then

perform likelihood fits using combined signal + back-
ground templates using f(m) from Eqs. (2, 7) and fbg(m)
from Eq. (9). Our fit results for the case of Fig. 1(a-b)
(Fig. 1(c)) are shown in the upper (lower) panel of Fig. 2.
The red solid curves represent the best-fit models (i.e.,
signal+background), while the red dashed (blue solid)
curves describe their background (signal) components.
To estimate parameter errors more carefully with low
statistics, we generate 10,000 pseudo data sets via ran-
dom samplings of the data point in each bin, assuming a
Poisson distribution with its mean value parameter set to
the number of events in each bin reported by the ATLAS
collaboration (any zero bins in the real data were always
sampled to be 0). We then conduct the same fit proce-
dure explained above for all pseudo data sets and obtain
distributions of fitted model parameters, from which we
extract mean values and 1σ confidence intervals, along
with reduced χ2 distributions.

For the antler and sandwich cases, the relevant re-
duced χ2 distribution yields a mean (median) value of
0.98 (0.93) with the Gaussian width around 1, indicat-
ing that our fitting template accommodates pseudo data
samples well enough. The extracted best-fit parameter
values and their 1σ errors are

η = 0.0322+0.0296
−0.0317, E = 827.0+30.3

−36.9 GeV. (10)

Due to the set of cuts applied in the ATLAS analysis to
suppress the SM backgrounds, the resulting signal dis-
tributions could be distorted. In order to account for
those effects, we simulate single production of particle
A at LHC13 with MadGraph5_aMC@NLO [17], followed by
Pythia 6.4 [18] and Delphes 3 [19]. We take MA = 1.7

reduced



Fit: 2-step cascade

• Likelihood fit with full model function, f(m) + fBG(m), with ATLAS cuts. 

• Best-fit value:
For the antler and sandwich cases, the relevant re-

duced χ2

0.98 (0.93) with the Gaussian width around 1, indicat-
=0.69E = 810.2+19.9

−27.5 GeV reduced



Parameter & Error Estimation
• To estimate parameter errors more carefully with low statistics, 

generate 10k pseudo data set, via random sampling of the 
data point in each bin, assuming Poisson distribution with its 
mean value parameter set to the number of events reported by 
ATLAS. (Any zero-bins in the real data were sampled to be 0.) 

• Conduct the same fit procedure for all pseudo data sets and 
obtain distributions of fitted model parameters. 

• Extract mean values and 1sigma confidence interval from the 
fitted parameter distributions. 

• Given low statistics, out fit model (signal+background) 
reproduces pseudo data sample well enough.



Masses: antler

• For symmetric antler, 
B1=B2, chi1=chi2
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B(cosh η + 1) .

η = 0.0322+0.0296
−0.0317, E = 827.0+30.3

−36.9 GeV.
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)/(MB1MB2) ,
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Masses: sandwich / 2-step 
cascade decay

• For the same 
invisible particle,

!"#$%&'()*+

A B1 B2 !!2
!!1

by considering the simple case of χ1 = χ2

motivated phenomenological scenario. Then, using the
• With E and eta measured, one can  predict 

masses of two particles, B1 and B2, as a function 
of MA and Mchi.

!!"#$%&'()#()*%+'"#$%&'()#()*%+'

!! "! #! E =
�
(M2

A −M2
B)(M

2
B −M2

χ)/M
2
B

• One relation among three 
masses



vs

• Singly-Produced primary mother particle (1.7 TeV) assumed.
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FIG. 2: Upper panel: the ATLAS diphoton data (black
dots) and our fit results with the antler and sandwich event
topologies, Eq. (2). The red solid curve represents the best-fit
signal plus background distribution. The blue dashed (green
dashed) curve represents the best-fit Monte Carlo event distri-
bution in the antler (sandwich) case after incorporating the
ATLAS analysis cuts. Lower panel: the same, but for the
2-step cascade decay of Fig. 1(c).

TeV and the remaining masses are chosen in accordance
with the best-fit E and η from Eq. (10). Since the antler
and the sandwich scenarios have, in principle, differ-
ent cut-sensitivity, we show the corresponding distribu-
tions with the blue (antler) and green (sandwich) dashed
curves in the upper panel of Fig. 2.
For the two-step cascade scenario, the relevant reduced

χ2 distribution shows a mean (median) value of 0.69
(0.67) with the Gaussian width around 0.5, indicating
that this model also reproduces the data well enough.
The best-fit value for E and its 1σ error are reported as

E = 810.2+19.9
−27.5 GeV . (11)

As before, the signal distribution after cuts is shown by
the blue dashed curve in the lower panel of Fig. 2.
Discussions and outlook. Since the number of ex-

perimentally measurable parameters for the antler topol-
ogy is two (namely, η and E) [15], the underlying mass
spectrum is not fully determined. However, a phe-
nomenologically motivated scenario is the case where the
decay is symmetric, i.e., B1 = B2 and χ1 = χ2. We then
have three input mass parameters, two of which can be
given as functions of the third mass, using the measured
values for η and E. Taking Mχ as a free parameter, we

0

F
it
te
d
m
a
ss

w
it
h
1
σ
[T
eV

]

100 200 300 400 500

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

MA

MB

Mχ [GeV]

0

200

400

600

800

1000

1200

1400

  [GeV]!!m
0 100 200 300 400 500 600 700 800 9001000

  [
G

eV
]

!! Tp

0

200

400

600

800

1000

1200

1400 Topology (a)

(MA, MB1 = MB2 , Mχ1 = Mχ2)

= (1700.0, 849.89, 175.13) (GeV)

0 0.5 1.0 1.5 2.52.0 3.0
0

0.5

1.0

1.5

2.5

2.0

3.0

MA [TeV]

M
B

1
[T
eV

]

Mχ = 600GeV

Mχ = 300GeVM
χ
=
0

0

200

400

600

800

1000

1200

  [GeV]!!m
0 100 200 300 400 500 600 700 800 9001000

  [
G

eV
]

!! Tp

0

200

400

600

800

1000

1200

1400 Topology (b)

(MA, MB1 , MB2 , Mχ1 = Mχ2)

= (1700.0, 1382.2, 1043.0, 336.75) (GeV)

0 0.5 1.0 1.5 2.52.0 3.0
0

0.5

1.0

1.5

2.5

2.0

3.0

MA [TeV]

M
B

[T
eV

]
Mχ = 600GeV

Mχ = 300GeVM
χ
=
0

0

500

1000

1500

2000

2500

  [GeV]!!m
0 100 200 300 400 500 600 700 800 9001000

  [
G

eV
]

!! Tp

0

200

400

600

800

1000

1200

1400 Topology (c)

(MA, MB, Mχ)

= (1700.0, 1482.6, 336.75) (GeV)

FIG. 3: Left panels: the allowed mass regions at 1σ, selected
by the best-fit. Right panels: temperature plots showing the
correlation between mγγ and pγγT , using parton-level Monte
Carlo events with a representative mass spectrum consistent
with the best-fit values in Eqs. (10) and (11).

find that MA and MB can be expressed as follows:

MB =
�
e−η/2E +

�
e−ηE2 + 4M2

χ

�
/2 , (12)

MA =
�
2M2

B(cosh η + 1) . (13)

The upper-left panel of Fig. 3 displays the corresponding
1σ mass ranges for the A (blue region and curves) and B
(red region and curves) particles as a function of Mχ.

For the sandwich topology of Fig. 1(b), we can simi-
larly reduce the number of input mass degrees of freedom
by considering the simple case of χ1 = χ2 as a well-
motivated phenomenological scenario. Then, using the
measurements (10), we can predict the masses of two of
the unknown particles, say MB1 and MB2 , as a function
of the other two, MA and Mχ, as shown in the middle
left panel of Fig. 3 (MB1 only for illustration).

Finally, for the two-step cascade topology of Fig. 1(c),
only one parameter, Eq. (11), can be measured from the

!"#$%&' !"#$%&'() !!"#$%&'("'()$&

• Events with extreme values           of have relatively small 
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FIG. 4: Left: pγγT distribution of events (in a single pseudo-
experiment) near the bump, mγγ ∈ (700, 800) GeV, for the
event topology of Fig. 1(a), with the mass spectrum from
Fig. 3. Solid lines show the expected distributions. Right:
Unit-normalized photon energy distributions for the conven-
tional scenario with a heavy resonance of mass 750 GeV and
width 45 GeV (black dotted line), and the three cascade decay
scenarios: the antler topology (red solid), the sandwich topol-
ogy (blue solid), and the two-step cascade (green dotted). The
dashed vertical lines mark the expected energy-peaks.

data. This provides one relation among the three un-
known masses MA, MB and Mχ, which is depicted in
the bottom left panel of Fig. 3.

We have seen that the cascade event topologies from
Fig. 1 can provide a good fit to the diphoton invariant
mass spectrum in Fig. 2. It is therefore natural to ask,
what other kinematic variables of the diphoton system
can be used to test our hypothesis. One such possibility
is the transverse momentum of the diphoton system, pγγT ,
since it is sensitive to other objects recoiling against the
two photons. However, there exists an inverse correlation
between the two diphoton kinematic variables, mγγ and
pγγT , as illustrated in the right panels of Fig. 3: events
with extreme values of mγγ have relatively small pγγT and
vice versa. The anti-correlation trend is especially pro-
nounced for the antler event topology, as demonstrated
in the left panel of Fig. 4, where we show the pγγT distribu-
tion of simulated events near the bump, mγγ ∈ (700, 800)
GeV, for 3.2 fb−1 of data with the ATLAS selection cuts
[1]. For such events, the typical angular separation (in
the laboratory frame) between the two photons is antici-
pated to be large, and if the photons are almost back-to-
back, then so must be the two χ’s, yielding a relatively
small net pγγT . Fig. 4 is consistent with Ref. [3] and shows
that the signal events lead to a rather featureless tail
in the pγγT distribution. With the accumulation of more
data, pγγT will eventually be a good discriminator between
the conventional resonance scenario (with relatively soft
pγγT ) and the cascade decay scenarios considered here.

Another handle to discriminate among the competing
interpretations of Fig. 1 is provided by the photon energy
spectrum. In the conventional case of a single resonance
with a large decay width [4–8], the photon energy spec-
trum has a single peak at half the resonance mass [20, 21],
which may show a sharp kink structure if the heavy res-

onance is singly produced [22]. On the other hand, the
energy distribution for the (symmetric) antler scenario
develops a peak at a different position,

Eγ = (M2
B −M2

χ)/(2MB) . (14)

For the other two cases, the corresponding photon spec-
trum could develop a double-bump structure depending
on the underlying mass spectrum [23]. These expecta-
tions are summarized in the right panel of Fig. 4.

As the excess was observed in the inclusive diphoton
channel [1–3], we have focused our attention primarily on
the kinematics of the diphoton system itself. Of course,
more exclusive studies could target the detector signa-
tures of the additional particles χi. For example, if the
particles χi are stable and weakly interacting, they will
be invisible in the detector and cause missing transverse
energy /ET . The predicted /ET distribution would be sim-
ilar to the pγγT distribution shown in Fig. 4, and at this
point seems to be disfavored by the data [3] (another con-
straint would be provided by the inclusive diphoton plus
/ET search for new physics [24]). Of course, the particles
χi could be visible, or further decay visibly themselves.
The exact nature of their signatures (and kinematic dis-
tributions) is rather model-dependent and beyond the
scope of this letter.

Finally, we note the potential impact of spin correla-
tions on our analysis. It is well-known that the overall
shape of invariant mass distributions can be distorted by
the introduction of non-trivial spin correlations [25, 26].
One could then repopulate most of the signal events in a
(relatively) narrow region around the peak, which would
further improve the fit. Let fS(m) be the relevant mγγ

distribution in the presence of spin correlations. For the
antler and sandwich cases, one can write [14, 16]

fS(m) ∼






m(c1 + c2t+ c3t2) , 0 ≤ m ≤ e−ηE,

m[c4 + c5t+ c6t2

+(c7 + c8t+ c9t2) ln t] , e−ηE ≤ m ≤ E.
(15)

Here t ≡ m2/E2 and ci (i = 1, . . . , 9) represent coeffi-
cients encoding the underlying spin information. For the
decay topology in Fig. 1(c), the relevant expression is
given by the first line of Eq. (15) [14, 25]:

fS(m) ∼ m(d1 + d2t+ d3t
2) for 0 ≤ m ≤ E , (16)

and the presence of the additional terms beyond Eq. (7)
can also favorably sculpt the distribution in the vicinity
of the peak.

In conclusion, we investigated the nature of the anoma-
lous excesses reported by the ATLAS and CMS Col-
laborations in terms of cascade decay topologies from a
heavy, possibly quite narrow, resonance. Our scenarios
can generically accommodate a (relatively) large width of
the peak accompanied with a (relatively) small diphoton
transverse momentum. We also discussed the potential of
distinguishing the competing interpretations with more
data, using the diphoton transverse momentum and pho-
ton energy distributions. We eagerly await the resolution
of this puzzle with new data from the LHC.
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FIG. 2: Upper panel: the ATLAS diphoton data (black
dots) and our fit results with the antler and sandwich event
topologies, Eq. (2). The red solid curve represents the best-fit
signal plus background distribution. The blue dashed (green
dashed) curve represents the best-fit Monte Carlo event distri-
bution in the antler (sandwich) case after incorporating the
ATLAS analysis cuts. Lower panel: the same, but for the
2-step cascade decay of Fig. 1(c).

TeV and the remaining masses are chosen in accordance
with the best-fit E and η from Eq. (10). Since the antler
and the sandwich scenarios have, in principle, differ-
ent cut-sensitivity, we show the corresponding distribu-
tions with the blue (antler) and green (sandwich) dashed
curves in the upper panel of Fig. 2.
For the two-step cascade scenario, the relevant reduced

χ2 distribution shows a mean (median) value of 0.69
(0.67) with the Gaussian width around 0.5, indicating
that this model also reproduces the data well enough.
The best-fit value for E and its 1σ error are reported as

E = 810.2+19.9
−27.5 GeV . (11)

As before, the signal distribution after cuts is shown by
the blue dashed curve in the lower panel of Fig. 2.
Discussions and outlook. Since the number of ex-

perimentally measurable parameters for the antler topol-
ogy is two (namely, η and E) [15], the underlying mass
spectrum is not fully determined. However, a phe-
nomenologically motivated scenario is the case where the
decay is symmetric, i.e., B1 = B2 and χ1 = χ2. We then
have three input mass parameters, two of which can be
given as functions of the third mass, using the measured
values for η and E. Taking Mχ as a free parameter, we
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FIG. 3: Left panels: the allowed mass regions at 1σ, selected
by the best-fit. Right panels: temperature plots showing the
correlation between mγγ and pγγT , using parton-level Monte
Carlo events with a representative mass spectrum consistent
with the best-fit values in Eqs. (10) and (11).

find that MA and MB can be expressed as follows:

MB =
�
e−η/2E +

�
e−ηE2 + 4M2

χ

�
/2 , (12)

MA =
�
2M2

B(cosh η + 1) . (13)

The upper-left panel of Fig. 3 displays the corresponding
1σ mass ranges for the A (blue region and curves) and B
(red region and curves) particles as a function of Mχ.

For the sandwich topology of Fig. 1(b), we can simi-
larly reduce the number of input mass degrees of freedom
by considering the simple case of χ1 = χ2 as a well-
motivated phenomenological scenario. Then, using the
measurements (10), we can predict the masses of two of
the unknown particles, say MB1 and MB2 , as a function
of the other two, MA and Mχ, as shown in the middle
left panel of Fig. 3 (MB1 only for illustration).

Finally, for the two-step cascade topology of Fig. 1(c),
only one parameter, Eq. (11), can be measured from the
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FIG. 4: Left: pγγT distribution of events (in a single pseudo-
experiment) near the bump, mγγ ∈ (700, 800) GeV, for the
event topology of Fig. 1(a), with the mass spectrum from
Fig. 3. Solid lines show the expected distributions. Right:
Unit-normalized photon energy distributions for the conven-
tional scenario with a heavy resonance of mass 750 GeV and
width 45 GeV (black dotted line), and the three cascade decay
scenarios: the antler topology (red solid), the sandwich topol-
ogy (blue solid), and the two-step cascade (green dotted). The
dashed vertical lines mark the expected energy-peaks.

data. This provides one relation among the three un-
known masses MA, MB and Mχ, which is depicted in
the bottom left panel of Fig. 3.

We have seen that the cascade event topologies from
Fig. 1 can provide a good fit to the diphoton invariant
mass spectrum in Fig. 2. It is therefore natural to ask,
what other kinematic variables of the diphoton system
can be used to test our hypothesis. One such possibility
is the transverse momentum of the diphoton system, pγγT ,
since it is sensitive to other objects recoiling against the
two photons. However, there exists an inverse correlation
between the two diphoton kinematic variables, mγγ and
pγγT , as illustrated in the right panels of Fig. 3: events
with extreme values of mγγ have relatively small pγγT and
vice versa. The anti-correlation trend is especially pro-
nounced for the antler event topology, as demonstrated
in the left panel of Fig. 4, where we show the pγγT distribu-
tion of simulated events near the bump, mγγ ∈ (700, 800)
GeV, for 3.2 fb−1 of data with the ATLAS selection cuts
[1]. For such events, the typical angular separation (in
the laboratory frame) between the two photons is antici-
pated to be large, and if the photons are almost back-to-
back, then so must be the two χ’s, yielding a relatively
small net pγγT . Fig. 4 is consistent with Ref. [3] and shows
that the signal events lead to a rather featureless tail
in the pγγT distribution. With the accumulation of more
data, pγγT will eventually be a good discriminator between
the conventional resonance scenario (with relatively soft
pγγT ) and the cascade decay scenarios considered here.

Another handle to discriminate among the competing
interpretations of Fig. 1 is provided by the photon energy
spectrum. In the conventional case of a single resonance
with a large decay width [4–8], the photon energy spec-
trum has a single peak at half the resonance mass [20, 21],
which may show a sharp kink structure if the heavy res-

onance is singly produced [22]. On the other hand, the
energy distribution for the (symmetric) antler scenario
develops a peak at a different position,

Eγ = (M2
B −M2

χ)/(2MB) . (14)

For the other two cases, the corresponding photon spec-
trum could develop a double-bump structure depending
on the underlying mass spectrum [23]. These expecta-
tions are summarized in the right panel of Fig. 4.

As the excess was observed in the inclusive diphoton
channel [1–3], we have focused our attention primarily on
the kinematics of the diphoton system itself. Of course,
more exclusive studies could target the detector signa-
tures of the additional particles χi. For example, if the
particles χi are stable and weakly interacting, they will
be invisible in the detector and cause missing transverse
energy /ET . The predicted /ET distribution would be sim-
ilar to the pγγT distribution shown in Fig. 4, and at this
point seems to be disfavored by the data [3] (another con-
straint would be provided by the inclusive diphoton plus
/ET search for new physics [24]). Of course, the particles
χi could be visible, or further decay visibly themselves.
The exact nature of their signatures (and kinematic dis-
tributions) is rather model-dependent and beyond the
scope of this letter.

Finally, we note the potential impact of spin correla-
tions on our analysis. It is well-known that the overall
shape of invariant mass distributions can be distorted by
the introduction of non-trivial spin correlations [25, 26].
One could then repopulate most of the signal events in a
(relatively) narrow region around the peak, which would
further improve the fit. Let fS(m) be the relevant mγγ

distribution in the presence of spin correlations. For the
antler and sandwich cases, one can write [14, 16]

fS(m) ∼






m(c1 + c2t+ c3t2) , 0 ≤ m ≤ e−ηE,

m[c4 + c5t+ c6t2

+(c7 + c8t+ c9t2) ln t] , e−ηE ≤ m ≤ E.
(15)

Here t ≡ m2/E2 and ci (i = 1, . . . , 9) represent coeffi-
cients encoding the underlying spin information. For the
decay topology in Fig. 1(c), the relevant expression is
given by the first line of Eq. (15) [14, 25]:

fS(m) ∼ m(d1 + d2t+ d3t
2) for 0 ≤ m ≤ E , (16)

and the presence of the additional terms beyond Eq. (7)
can also favorably sculpt the distribution in the vicinity
of the peak.

In conclusion, we investigated the nature of the anoma-
lous excesses reported by the ATLAS and CMS Col-
laborations in terms of cascade decay topologies from a
heavy, possibly quite narrow, resonance. Our scenarios
can generically accommodate a (relatively) large width of
the peak accompanied with a (relatively) small diphoton
transverse momentum. We also discussed the potential of
distinguishing the competing interpretations with more
data, using the diphoton transverse momentum and pho-
ton energy distributions. We eagerly await the resolution
of this puzzle with new data from the LHC.
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FIG. 2: Upper panel: the ATLAS diphoton data (black
dots) and our fit results with the antler and sandwich event
topologies, Eq. (2). The red solid curve represents the best-fit
signal plus background distribution. The blue dashed (green
dashed) curve represents the best-fit Monte Carlo event distri-
bution in the antler (sandwich) case after incorporating the
ATLAS analysis cuts. Lower panel: the same, but for the
2-step cascade decay of Fig. 1(c).

TeV and the remaining masses are chosen in accordance
with the best-fit E and η from Eq. (10). Since the antler
and the sandwich scenarios have, in principle, differ-
ent cut-sensitivity, we show the corresponding distribu-
tions with the blue (antler) and green (sandwich) dashed
curves in the upper panel of Fig. 2.
For the two-step cascade scenario, the relevant reduced

χ2 distribution shows a mean (median) value of 0.69
(0.67) with the Gaussian width around 0.5, indicating
that this model also reproduces the data well enough.
The best-fit value for E and its 1σ error are reported as

E = 810.2+19.9
−27.5 GeV . (11)

As before, the signal distribution after cuts is shown by
the blue dashed curve in the lower panel of Fig. 2.
Discussions and outlook. Since the number of ex-

perimentally measurable parameters for the antler topol-
ogy is two (namely, η and E) [15], the underlying mass
spectrum is not fully determined. However, a phe-
nomenologically motivated scenario is the case where the
decay is symmetric, i.e., B1 = B2 and χ1 = χ2. We then
have three input mass parameters, two of which can be
given as functions of the third mass, using the measured
values for η and E. Taking Mχ as a free parameter, we
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FIG. 3: Left panels: the allowed mass regions at 1σ, selected
by the best-fit. Right panels: temperature plots showing the
correlation between mγγ and pγγT , using parton-level Monte
Carlo events with a representative mass spectrum consistent
with the best-fit values in Eqs. (10) and (11).

find that MA and MB can be expressed as follows:

MB =
�
e−η/2E +

�
e−ηE2 + 4M2

χ

�
/2 , (12)

MA =
�
2M2

B(cosh η + 1) . (13)

The upper-left panel of Fig. 3 displays the corresponding
1σ mass ranges for the A (blue region and curves) and B
(red region and curves) particles as a function of Mχ.

For the sandwich topology of Fig. 1(b), we can simi-
larly reduce the number of input mass degrees of freedom
by considering the simple case of χ1 = χ2 as a well-
motivated phenomenological scenario. Then, using the
measurements (10), we can predict the masses of two of
the unknown particles, say MB1 and MB2 , as a function
of the other two, MA and Mχ, as shown in the middle
left panel of Fig. 3 (MB1 only for illustration).

Finally, for the two-step cascade topology of Fig. 1(c),
only one parameter, Eq. (11), can be measured from the
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FIG. 4: Left: pγγT distribution of events (in a single pseudo-
experiment) near the bump, mγγ ∈ (700, 800) GeV, for the
event topology of Fig. 1(a), with the mass spectrum from
Fig. 3. Solid lines show the expected distributions. Right:
Unit-normalized photon energy distributions for the conven-
tional scenario with a heavy resonance of mass 750 GeV and
width 45 GeV (black dotted line), and the three cascade decay
scenarios: the antler topology (red solid), the sandwich topol-
ogy (blue solid), and the two-step cascade (green dotted). The
dashed vertical lines mark the expected energy-peaks.

data. This provides one relation among the three un-
known masses MA, MB and Mχ, which is depicted in
the bottom left panel of Fig. 3.

We have seen that the cascade event topologies from
Fig. 1 can provide a good fit to the diphoton invariant
mass spectrum in Fig. 2. It is therefore natural to ask,
what other kinematic variables of the diphoton system
can be used to test our hypothesis. One such possibility
is the transverse momentum of the diphoton system, pγγT ,
since it is sensitive to other objects recoiling against the
two photons. However, there exists an inverse correlation
between the two diphoton kinematic variables, mγγ and
pγγT , as illustrated in the right panels of Fig. 3: events
with extreme values of mγγ have relatively small pγγT and
vice versa. The anti-correlation trend is especially pro-
nounced for the antler event topology, as demonstrated
in the left panel of Fig. 4, where we show the pγγT distribu-
tion of simulated events near the bump, mγγ ∈ (700, 800)
GeV, for 3.2 fb−1 of data with the ATLAS selection cuts
[1]. For such events, the typical angular separation (in
the laboratory frame) between the two photons is antici-
pated to be large, and if the photons are almost back-to-
back, then so must be the two χ’s, yielding a relatively
small net pγγT . Fig. 4 is consistent with Ref. [3] and shows
that the signal events lead to a rather featureless tail
in the pγγT distribution. With the accumulation of more
data, pγγT will eventually be a good discriminator between
the conventional resonance scenario (with relatively soft
pγγT ) and the cascade decay scenarios considered here.

Another handle to discriminate among the competing
interpretations of Fig. 1 is provided by the photon energy
spectrum. In the conventional case of a single resonance
with a large decay width [4–8], the photon energy spec-
trum has a single peak at half the resonance mass [20, 21],
which may show a sharp kink structure if the heavy res-

onance is singly produced [22]. On the other hand, the
energy distribution for the (symmetric) antler scenario
develops a peak at a different position,

Eγ = (M2
B −M2

χ)/(2MB) . (14)

For the other two cases, the corresponding photon spec-
trum could develop a double-bump structure depending
on the underlying mass spectrum [23]. These expecta-
tions are summarized in the right panel of Fig. 4.

As the excess was observed in the inclusive diphoton
channel [1–3], we have focused our attention primarily on
the kinematics of the diphoton system itself. Of course,
more exclusive studies could target the detector signa-
tures of the additional particles χi. For example, if the
particles χi are stable and weakly interacting, they will
be invisible in the detector and cause missing transverse
energy /ET . The predicted /ET distribution would be sim-
ilar to the pγγT distribution shown in Fig. 4, and at this
point seems to be disfavored by the data [3] (another con-
straint would be provided by the inclusive diphoton plus
/ET search for new physics [24]). Of course, the particles
χi could be visible, or further decay visibly themselves.
The exact nature of their signatures (and kinematic dis-
tributions) is rather model-dependent and beyond the
scope of this letter.

Finally, we note the potential impact of spin correla-
tions on our analysis. It is well-known that the overall
shape of invariant mass distributions can be distorted by
the introduction of non-trivial spin correlations [25, 26].
One could then repopulate most of the signal events in a
(relatively) narrow region around the peak, which would
further improve the fit. Let fS(m) be the relevant mγγ

distribution in the presence of spin correlations. For the
antler and sandwich cases, one can write [14, 16]

fS(m) ∼






m(c1 + c2t+ c3t2) , 0 ≤ m ≤ e−ηE,

m[c4 + c5t+ c6t2

+(c7 + c8t+ c9t2) ln t] , e−ηE ≤ m ≤ E.
(15)

Here t ≡ m2/E2 and ci (i = 1, . . . , 9) represent coeffi-
cients encoding the underlying spin information. For the
decay topology in Fig. 1(c), the relevant expression is
given by the first line of Eq. (15) [14, 25]:

fS(m) ∼ m(d1 + d2t+ d3t
2) for 0 ≤ m ≤ E , (16)

and the presence of the additional terms beyond Eq. (7)
can also favorably sculpt the distribution in the vicinity
of the peak.

In conclusion, we investigated the nature of the anoma-
lous excesses reported by the ATLAS and CMS Col-
laborations in terms of cascade decay topologies from a
heavy, possibly quite narrow, resonance. Our scenarios
can generically accommodate a (relatively) large width of
the peak accompanied with a (relatively) small diphoton
transverse momentum. We also discussed the potential of
distinguishing the competing interpretations with more
data, using the diphoton transverse momentum and pho-
ton energy distributions. We eagerly await the resolution
of this puzzle with new data from the LHC.
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FIG. 2: Upper panel: the ATLAS diphoton data (black
dots) and our fit results with the antler and sandwich event
topologies, Eq. (2). The red solid curve represents the best-fit
signal plus background distribution. The blue dashed (green
dashed) curve represents the best-fit Monte Carlo event distri-
bution in the antler (sandwich) case after incorporating the
ATLAS analysis cuts. Lower panel: the same, but for the
2-step cascade decay of Fig. 1(c).

TeV and the remaining masses are chosen in accordance
with the best-fit E and η from Eq. (10). Since the antler
and the sandwich scenarios have, in principle, differ-
ent cut-sensitivity, we show the corresponding distribu-
tions with the blue (antler) and green (sandwich) dashed
curves in the upper panel of Fig. 2.
For the two-step cascade scenario, the relevant reduced

χ2 distribution shows a mean (median) value of 0.69
(0.67) with the Gaussian width around 0.5, indicating
that this model also reproduces the data well enough.
The best-fit value for E and its 1σ error are reported as

E = 810.2+19.9
−27.5 GeV . (11)

As before, the signal distribution after cuts is shown by
the blue dashed curve in the lower panel of Fig. 2.
Discussions and outlook. Since the number of ex-

perimentally measurable parameters for the antler topol-
ogy is two (namely, η and E) [15], the underlying mass
spectrum is not fully determined. However, a phe-
nomenologically motivated scenario is the case where the
decay is symmetric, i.e., B1 = B2 and χ1 = χ2. We then
have three input mass parameters, two of which can be
given as functions of the third mass, using the measured
values for η and E. Taking Mχ as a free parameter, we
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FIG. 3: Left panels: the allowed mass regions at 1σ, selected
by the best-fit. Right panels: temperature plots showing the
correlation between mγγ and pγγT , using parton-level Monte
Carlo events with a representative mass spectrum consistent
with the best-fit values in Eqs. (10) and (11).

find that MA and MB can be expressed as follows:

MB =
�
e−η/2E +

�
e−ηE2 + 4M2

χ

�
/2 , (12)

MA =
�
2M2

B(cosh η + 1) . (13)

The upper-left panel of Fig. 3 displays the corresponding
1σ mass ranges for the A (blue region and curves) and B
(red region and curves) particles as a function of Mχ.

For the sandwich topology of Fig. 1(b), we can simi-
larly reduce the number of input mass degrees of freedom
by considering the simple case of χ1 = χ2 as a well-
motivated phenomenological scenario. Then, using the
measurements (10), we can predict the masses of two of
the unknown particles, say MB1 and MB2 , as a function
of the other two, MA and Mχ, as shown in the middle
left panel of Fig. 3 (MB1 only for illustration).

Finally, for the two-step cascade topology of Fig. 1(c),
only one parameter, Eq. (11), can be measured from the
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FIG. 4: Left: pγγT distribution of events (in a single pseudo-
experiment) near the bump, mγγ ∈ (700, 800) GeV, for the
event topology of Fig. 1(a), with the mass spectrum from
Fig. 3. Solid lines show the expected distributions. Right:
Unit-normalized photon energy distributions for the conven-
tional scenario with a heavy resonance of mass 750 GeV and
width 45 GeV (black dotted line), and the three cascade decay
scenarios: the antler topology (red solid), the sandwich topol-
ogy (blue solid), and the two-step cascade (green dotted). The
dashed vertical lines mark the expected energy-peaks.

data. This provides one relation among the three un-
known masses MA, MB and Mχ, which is depicted in
the bottom left panel of Fig. 3.

We have seen that the cascade event topologies from
Fig. 1 can provide a good fit to the diphoton invariant
mass spectrum in Fig. 2. It is therefore natural to ask,
what other kinematic variables of the diphoton system
can be used to test our hypothesis. One such possibility
is the transverse momentum of the diphoton system, pγγT ,
since it is sensitive to other objects recoiling against the
two photons. However, there exists an inverse correlation
between the two diphoton kinematic variables, mγγ and
pγγT , as illustrated in the right panels of Fig. 3: events
with extreme values of mγγ have relatively small pγγT and
vice versa. The anti-correlation trend is especially pro-
nounced for the antler event topology, as demonstrated
in the left panel of Fig. 4, where we show the pγγT distribu-
tion of simulated events near the bump, mγγ ∈ (700, 800)
GeV, for 3.2 fb−1 of data with the ATLAS selection cuts
[1]. For such events, the typical angular separation (in
the laboratory frame) between the two photons is antici-
pated to be large, and if the photons are almost back-to-
back, then so must be the two χ’s, yielding a relatively
small net pγγT . Fig. 4 is consistent with Ref. [3] and shows
that the signal events lead to a rather featureless tail
in the pγγT distribution. With the accumulation of more
data, pγγT will eventually be a good discriminator between
the conventional resonance scenario (with relatively soft
pγγT ) and the cascade decay scenarios considered here.

Another handle to discriminate among the competing
interpretations of Fig. 1 is provided by the photon energy
spectrum. In the conventional case of a single resonance
with a large decay width [4–8], the photon energy spec-
trum has a single peak at half the resonance mass [20, 21],
which may show a sharp kink structure if the heavy res-

onance is singly produced [22]. On the other hand, the
energy distribution for the (symmetric) antler scenario
develops a peak at a different position,

Eγ = (M2
B −M2

χ)/(2MB) . (14)

For the other two cases, the corresponding photon spec-
trum could develop a double-bump structure depending
on the underlying mass spectrum [23]. These expecta-
tions are summarized in the right panel of Fig. 4.

As the excess was observed in the inclusive diphoton
channel [1–3], we have focused our attention primarily on
the kinematics of the diphoton system itself. Of course,
more exclusive studies could target the detector signa-
tures of the additional particles χi. For example, if the
particles χi are stable and weakly interacting, they will
be invisible in the detector and cause missing transverse
energy /ET . The predicted /ET distribution would be sim-
ilar to the pγγT distribution shown in Fig. 4, and at this
point seems to be disfavored by the data [3] (another con-
straint would be provided by the inclusive diphoton plus
/ET search for new physics [24]). Of course, the particles
χi could be visible, or further decay visibly themselves.
The exact nature of their signatures (and kinematic dis-
tributions) is rather model-dependent and beyond the
scope of this letter.

Finally, we note the potential impact of spin correla-
tions on our analysis. It is well-known that the overall
shape of invariant mass distributions can be distorted by
the introduction of non-trivial spin correlations [25, 26].
One could then repopulate most of the signal events in a
(relatively) narrow region around the peak, which would
further improve the fit. Let fS(m) be the relevant mγγ

distribution in the presence of spin correlations. For the
antler and sandwich cases, one can write [14, 16]

fS(m) ∼






m(c1 + c2t+ c3t2) , 0 ≤ m ≤ e−ηE,

m[c4 + c5t+ c6t2

+(c7 + c8t+ c9t2) ln t] , e−ηE ≤ m ≤ E.
(15)

Here t ≡ m2/E2 and ci (i = 1, . . . , 9) represent coeffi-
cients encoding the underlying spin information. For the
decay topology in Fig. 1(c), the relevant expression is
given by the first line of Eq. (15) [14, 25]:

fS(m) ∼ m(d1 + d2t+ d3t
2) for 0 ≤ m ≤ E , (16)

and the presence of the additional terms beyond Eq. (7)
can also favorably sculpt the distribution in the vicinity
of the peak.

In conclusion, we investigated the nature of the anoma-
lous excesses reported by the ATLAS and CMS Col-
laborations in terms of cascade decay topologies from a
heavy, possibly quite narrow, resonance. Our scenarios
can generically accommodate a (relatively) large width of
the peak accompanied with a (relatively) small diphoton
transverse momentum. We also discussed the potential of
distinguishing the competing interpretations with more
data, using the diphoton transverse momentum and pho-
ton energy distributions. We eagerly await the resolution
of this puzzle with new data from the LHC.
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FIG. 2: Upper panel: the ATLAS diphoton data (black
dots) and our fit results with the antler and sandwich event
topologies, Eq. (2). The red solid curve represents the best-fit
signal plus background distribution. The blue dashed (green
dashed) curve represents the best-fit Monte Carlo event distri-
bution in the antler (sandwich) case after incorporating the
ATLAS analysis cuts. Lower panel: the same, but for the
2-step cascade decay of Fig. 1(c).

TeV and the remaining masses are chosen in accordance
with the best-fit E and η from Eq. (10). Since the antler
and the sandwich scenarios have, in principle, differ-
ent cut-sensitivity, we show the corresponding distribu-
tions with the blue (antler) and green (sandwich) dashed
curves in the upper panel of Fig. 2.
For the two-step cascade scenario, the relevant reduced

χ2 distribution shows a mean (median) value of 0.69
(0.67) with the Gaussian width around 0.5, indicating
that this model also reproduces the data well enough.
The best-fit value for E and its 1σ error are reported as

E = 810.2+19.9
−27.5 GeV . (11)

As before, the signal distribution after cuts is shown by
the blue dashed curve in the lower panel of Fig. 2.
Discussions and outlook. Since the number of ex-

perimentally measurable parameters for the antler topol-
ogy is two (namely, η and E) [15], the underlying mass
spectrum is not fully determined. However, a phe-
nomenologically motivated scenario is the case where the
decay is symmetric, i.e., B1 = B2 and χ1 = χ2. We then
have three input mass parameters, two of which can be
given as functions of the third mass, using the measured
values for η and E. Taking Mχ as a free parameter, we
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FIG. 3: Left panels: the allowed mass regions at 1σ, selected
by the best-fit. Right panels: temperature plots showing the
correlation between mγγ and pγγT , using parton-level Monte
Carlo events with a representative mass spectrum consistent
with the best-fit values in Eqs. (10) and (11).

find that MA and MB can be expressed as follows:

MB =
�
e−η/2E +

�
e−ηE2 + 4M2

χ

�
/2 , (12)

MA =
�
2M2

B(cosh η + 1) . (13)

The upper-left panel of Fig. 3 displays the corresponding
1σ mass ranges for the A (blue region and curves) and B
(red region and curves) particles as a function of Mχ.

For the sandwich topology of Fig. 1(b), we can simi-
larly reduce the number of input mass degrees of freedom
by considering the simple case of χ1 = χ2 as a well-
motivated phenomenological scenario. Then, using the
measurements (10), we can predict the masses of two of
the unknown particles, say MB1 and MB2 , as a function
of the other two, MA and Mχ, as shown in the middle
left panel of Fig. 3 (MB1 only for illustration).

Finally, for the two-step cascade topology of Fig. 1(c),
only one parameter, Eq. (11), can be measured from the

• Antler scenario shows a consistent behavior as in the       
spectrum of the signal.
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FIG. 2: Upper panel: the ATLAS diphoton data (black
dots) and our fit results with the antler and sandwich event
topologies, Eq. (2). The red solid curve represents the best-fit
signal plus background distribution. The blue dashed (green
dashed) curve represents the best-fit Monte Carlo event distri-
bution in the antler (sandwich) case after incorporating the
ATLAS analysis cuts. Lower panel: the same, but for the
2-step cascade decay of Fig. 1(c).

TeV and the remaining masses are chosen in accordance
with the best-fit E and η from Eq. (10). Since the antler
and the sandwich scenarios have, in principle, differ-
ent cut-sensitivity, we show the corresponding distribu-
tions with the blue (antler) and green (sandwich) dashed
curves in the upper panel of Fig. 2.
For the two-step cascade scenario, the relevant reduced

χ2 distribution shows a mean (median) value of 0.69
(0.67) with the Gaussian width around 0.5, indicating
that this model also reproduces the data well enough.
The best-fit value for E and its 1σ error are reported as

E = 810.2+19.9
−27.5 GeV . (11)

As before, the signal distribution after cuts is shown by
the blue dashed curve in the lower panel of Fig. 2.
Discussions and outlook. Since the number of ex-

perimentally measurable parameters for the antler topol-
ogy is two (namely, η and E) [15], the underlying mass
spectrum is not fully determined. However, a phe-
nomenologically motivated scenario is the case where the
decay is symmetric, i.e., B1 = B2 and χ1 = χ2. We then
have three input mass parameters, two of which can be
given as functions of the third mass, using the measured
values for η and E. Taking Mχ as a free parameter, we
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FIG. 3: Left panels: the allowed mass regions at 1σ, selected
by the best-fit. Right panels: temperature plots showing the
correlation between mγγ and pγγT , using parton-level Monte
Carlo events with a representative mass spectrum consistent
with the best-fit values in Eqs. (10) and (11).

find that MA and MB can be expressed as follows:

MB =
�
e−η/2E +

�
e−ηE2 + 4M2

χ

�
/2 , (12)

MA =
�
2M2

B(cosh η + 1) . (13)

The upper-left panel of Fig. 3 displays the corresponding
1σ mass ranges for the A (blue region and curves) and B
(red region and curves) particles as a function of Mχ.

For the sandwich topology of Fig. 1(b), we can simi-
larly reduce the number of input mass degrees of freedom
by considering the simple case of χ1 = χ2 as a well-
motivated phenomenological scenario. Then, using the
measurements (10), we can predict the masses of two of
the unknown particles, say MB1 and MB2 , as a function
of the other two, MA and Mχ, as shown in the middle
left panel of Fig. 3 (MB1 only for illustration).

Finally, for the two-step cascade topology of Fig. 1(c),
only one parameter, Eq. (11), can be measured from the
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FIG. 4: Left: pγγT distribution of events (in a single pseudo-
experiment) near the bump, mγγ ∈ (700, 800) GeV, for the
event topology of Fig. 1(a), with the mass spectrum from
Fig. 3. Solid lines show the expected distributions. Right:
Unit-normalized photon energy distributions for the conven-
tional scenario with a heavy resonance of mass 750 GeV and
width 45 GeV (black dotted line), and the three cascade decay
scenarios: the antler topology (red solid), the sandwich topol-
ogy (blue solid), and the two-step cascade (green dotted). The
dashed vertical lines mark the expected energy-peaks.

data. This provides one relation among the three un-
known masses MA, MB and Mχ, which is depicted in
the bottom left panel of Fig. 3.

We have seen that the cascade event topologies from
Fig. 1 can provide a good fit to the diphoton invariant
mass spectrum in Fig. 2. It is therefore natural to ask,
what other kinematic variables of the diphoton system
can be used to test our hypothesis. One such possibility
is the transverse momentum of the diphoton system, pγγT ,
since it is sensitive to other objects recoiling against the
two photons. However, there exists an inverse correlation
between the two diphoton kinematic variables, mγγ and
pγγT , as illustrated in the right panels of Fig. 3: events
with extreme values of mγγ have relatively small pγγT and
vice versa. The anti-correlation trend is especially pro-
nounced for the antler event topology, as demonstrated
in the left panel of Fig. 4, where we show the pγγT distribu-
tion of simulated events near the bump, mγγ ∈ (700, 800)
GeV, for 3.2 fb−1 of data with the ATLAS selection cuts
[1]. For such events, the typical angular separation (in
the laboratory frame) between the two photons is antici-
pated to be large, and if the photons are almost back-to-
back, then so must be the two χ’s, yielding a relatively
small net pγγT . Fig. 4 is consistent with Ref. [3] and shows
that the signal events lead to a rather featureless tail
in the pγγT distribution. With the accumulation of more
data, pγγT will eventually be a good discriminator between
the conventional resonance scenario (with relatively soft
pγγT ) and the cascade decay scenarios considered here.

Another handle to discriminate among the competing
interpretations of Fig. 1 is provided by the photon energy
spectrum. In the conventional case of a single resonance
with a large decay width [4–8], the photon energy spec-
trum has a single peak at half the resonance mass [20, 21],
which may show a sharp kink structure if the heavy res-

onance is singly produced [22]. On the other hand, the
energy distribution for the (symmetric) antler scenario
develops a peak at a different position,

Eγ = (M2
B −M2

χ)/(2MB) . (14)

For the other two cases, the corresponding photon spec-
trum could develop a double-bump structure depending
on the underlying mass spectrum [23]. These expecta-
tions are summarized in the right panel of Fig. 4.

As the excess was observed in the inclusive diphoton
channel [1–3], we have focused our attention primarily on
the kinematics of the diphoton system itself. Of course,
more exclusive studies could target the detector signa-
tures of the additional particles χi. For example, if the
particles χi are stable and weakly interacting, they will
be invisible in the detector and cause missing transverse
energy /ET . The predicted /ET distribution would be sim-
ilar to the pγγT distribution shown in Fig. 4, and at this
point seems to be disfavored by the data [3] (another con-
straint would be provided by the inclusive diphoton plus
/ET search for new physics [24]). Of course, the particles
χi could be visible, or further decay visibly themselves.
The exact nature of their signatures (and kinematic dis-
tributions) is rather model-dependent and beyond the
scope of this letter.

Finally, we note the potential impact of spin correla-
tions on our analysis. It is well-known that the overall
shape of invariant mass distributions can be distorted by
the introduction of non-trivial spin correlations [25, 26].
One could then repopulate most of the signal events in a
(relatively) narrow region around the peak, which would
further improve the fit. Let fS(m) be the relevant mγγ

distribution in the presence of spin correlations. For the
antler and sandwich cases, one can write [14, 16]

fS(m) ∼






m(c1 + c2t+ c3t2) , 0 ≤ m ≤ e−ηE,

m[c4 + c5t+ c6t2

+(c7 + c8t+ c9t2) ln t] , e−ηE ≤ m ≤ E.
(15)

Here t ≡ m2/E2 and ci (i = 1, . . . , 9) represent coeffi-
cients encoding the underlying spin information. For the
decay topology in Fig. 1(c), the relevant expression is
given by the first line of Eq. (15) [14, 25]:

fS(m) ∼ m(d1 + d2t+ d3t
2) for 0 ≤ m ≤ E , (16)

and the presence of the additional terms beyond Eq. (7)
can also favorably sculpt the distribution in the vicinity
of the peak.

In conclusion, we investigated the nature of the anoma-
lous excesses reported by the ATLAS and CMS Col-
laborations in terms of cascade decay topologies from a
heavy, possibly quite narrow, resonance. Our scenarios
can generically accommodate a (relatively) large width of
the peak accompanied with a (relatively) small diphoton
transverse momentum. We also discussed the potential of
distinguishing the competing interpretations with more
data, using the diphoton transverse momentum and pho-
ton energy distributions. We eagerly await the resolution
of this puzzle with new data from the LHC.



Spin/Coupling Effect
• Non-trivial spin/coupling correlation could distort the shape.  

• Certain choices would develop more favorable shape by 
repopulating events in the a narrow region around the peak.
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FIG. 4: Left: pγγT distribution of events (in a single pseudo-
experiment) near the bump, mγγ ∈ (700, 800) GeV, for the
event topology of Fig. 1(a), with the mass spectrum from
Fig. 3. Solid lines show the expected distributions. Right:
Unit-normalized photon energy distributions for the conven-
tional scenario with a heavy resonance of mass 750 GeV and
width 45 GeV (black dotted line), and the three cascade decay
scenarios: the antler topology (red solid), the sandwich topol-
ogy (blue solid), and the two-step cascade (green dotted). The
dashed vertical lines mark the expected energy-peaks.

data. This provides one relation among the three un-
known masses MA, MB and Mχ, which is depicted in
the bottom left panel of Fig. 3.

We have seen that the cascade event topologies from
Fig. 1 can provide a good fit to the diphoton invariant
mass spectrum in Fig. 2. It is therefore natural to ask,
what other kinematic variables of the diphoton system
can be used to test our hypothesis. One such possibility
is the transverse momentum of the diphoton system, pγγT ,
since it is sensitive to other objects recoiling against the
two photons. However, there exists an inverse correlation
between the two diphoton kinematic variables, mγγ and
pγγT , as illustrated in the right panels of Fig. 3: events
with extreme values of mγγ have relatively small pγγT and
vice versa. The anti-correlation trend is especially pro-
nounced for the antler event topology, as demonstrated
in the left panel of Fig. 4, where we show the pγγT distribu-
tion of simulated events near the bump, mγγ ∈ (700, 800)
GeV, for 3.2 fb−1 of data with the ATLAS selection cuts
[1]. For such events, the typical angular separation (in
the laboratory frame) between the two photons is antici-
pated to be large, and if the photons are almost back-to-
back, then so must be the two χ’s, yielding a relatively
small net pγγT . Fig. 4 is consistent with Ref. [3] and shows
that the signal events lead to a rather featureless tail
in the pγγT distribution. With the accumulation of more
data, pγγT will eventually be a good discriminator between
the conventional resonance scenario (with relatively soft
pγγT ) and the cascade decay scenarios considered here.

Another handle to discriminate among the competing
interpretations of Fig. 1 is provided by the photon energy
spectrum. In the conventional case of a single resonance
with a large decay width [4–8], the photon energy spec-
trum has a single peak at half the resonance mass [20, 21],
which may show a sharp kink structure if the heavy res-

onance is singly produced [22]. On the other hand, the
energy distribution for the (symmetric) antler scenario
develops a peak at a different position,

Eγ = (M2
B −M2

χ)/(2MB) . (14)

For the other two cases, the corresponding photon spec-
trum could develop a double-bump structure depending
on the underlying mass spectrum [23]. These expecta-
tions are summarized in the right panel of Fig. 4.

As the excess was observed in the inclusive diphoton
channel [1–3], we have focused our attention primarily on
the kinematics of the diphoton system itself. Of course,
more exclusive studies could target the detector signa-
tures of the additional particles χi. For example, if the
particles χi are stable and weakly interacting, they will
be invisible in the detector and cause missing transverse
energy /ET . The predicted /ET distribution would be sim-
ilar to the pγγT distribution shown in Fig. 4, and at this
point seems to be disfavored by the data [3] (another con-
straint would be provided by the inclusive diphoton plus
/ET search for new physics [24]). Of course, the particles
χi could be visible, or further decay visibly themselves.
The exact nature of their signatures (and kinematic dis-
tributions) is rather model-dependent and beyond the
scope of this letter.

Finally, we note the potential impact of spin correla-
tions on our analysis. It is well-known that the overall
shape of invariant mass distributions can be distorted by
the introduction of non-trivial spin correlations [25, 26].
One could then repopulate most of the signal events in a
(relatively) narrow region around the peak, which would
further improve the fit. Let fS(m) be the relevant mγγ

distribution in the presence of spin correlations. For the
antler and sandwich cases, one can write [14, 16]

fS(m) ∼






m(c1 + c2t+ c3t2) , 0 ≤ m ≤ e−ηE,

m[c4 + c5t+ c6t2

+(c7 + c8t+ c9t2) ln t] , e−ηE ≤ m ≤ E.
(15)

Here t ≡ m2/E2 and ci (i = 1, . . . , 9) represent coeffi-
cients encoding the underlying spin information. For the
decay topology in Fig. 1(c), the relevant expression is
given by the first line of Eq. (15) [14, 25]:

fS(m) ∼ m(d1 + d2t+ d3t
2) for 0 ≤ m ≤ E , (16)

and the presence of the additional terms beyond Eq. (7)
can also favorably sculpt the distribution in the vicinity
of the peak.

In conclusion, we investigated the nature of the anoma-
lous excesses reported by the ATLAS and CMS Col-
laborations in terms of cascade decay topologies from a
heavy, possibly quite narrow, resonance. Our scenarios
can generically accommodate a (relatively) large width of
the peak accompanied with a (relatively) small diphoton
transverse momentum. We also discussed the potential of
distinguishing the competing interpretations with more
data, using the diphoton transverse momentum and pho-
ton energy distributions. We eagerly await the resolution
of this puzzle with new data from the LHC.
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FIG. 4: Left: pγγT distribution of events (in a single pseudo-
experiment) near the bump, mγγ ∈ (700, 800) GeV, for the
event topology of Fig. 1(a), with the mass spectrum from
Fig. 3. Solid lines show the expected distributions. Right:
Unit-normalized photon energy distributions for the conven-
tional scenario with a heavy resonance of mass 750 GeV and
width 45 GeV (black dotted line), and the three cascade decay
scenarios: the antler topology (red solid), the sandwich topol-
ogy (blue solid), and the two-step cascade (green dotted). The
dashed vertical lines mark the expected energy-peaks.

data. This provides one relation among the three un-
known masses MA, MB and Mχ, which is depicted in
the bottom left panel of Fig. 3.

We have seen that the cascade event topologies from
Fig. 1 can provide a good fit to the diphoton invariant
mass spectrum in Fig. 2. It is therefore natural to ask,
what other kinematic variables of the diphoton system
can be used to test our hypothesis. One such possibility
is the transverse momentum of the diphoton system, pγγT ,
since it is sensitive to other objects recoiling against the
two photons. However, there exists an inverse correlation
between the two diphoton kinematic variables, mγγ and
pγγT , as illustrated in the right panels of Fig. 3: events
with extreme values of mγγ have relatively small pγγT and
vice versa. The anti-correlation trend is especially pro-
nounced for the antler event topology, as demonstrated
in the left panel of Fig. 4, where we show the pγγT distribu-
tion of simulated events near the bump, mγγ ∈ (700, 800)
GeV, for 3.2 fb−1 of data with the ATLAS selection cuts
[1]. For such events, the typical angular separation (in
the laboratory frame) between the two photons is antici-
pated to be large, and if the photons are almost back-to-
back, then so must be the two χ’s, yielding a relatively
small net pγγT . Fig. 4 is consistent with Ref. [3] and shows
that the signal events lead to a rather featureless tail
in the pγγT distribution. With the accumulation of more
data, pγγT will eventually be a good discriminator between
the conventional resonance scenario (with relatively soft
pγγT ) and the cascade decay scenarios considered here.

Another handle to discriminate among the competing
interpretations of Fig. 1 is provided by the photon energy
spectrum. In the conventional case of a single resonance
with a large decay width [4–8], the photon energy spec-
trum has a single peak at half the resonance mass [20, 21],
which may show a sharp kink structure if the heavy res-

onance is singly produced [22]. On the other hand, the
energy distribution for the (symmetric) antler scenario
develops a peak at a different position,

Eγ = (M2
B −M2

χ)/(2MB) . (14)

For the other two cases, the corresponding photon spec-
trum could develop a double-bump structure depending
on the underlying mass spectrum [23]. These expecta-
tions are summarized in the right panel of Fig. 4.

As the excess was observed in the inclusive diphoton
channel [1–3], we have focused our attention primarily on
the kinematics of the diphoton system itself. Of course,
more exclusive studies could target the detector signa-
tures of the additional particles χi. For example, if the
particles χi are stable and weakly interacting, they will
be invisible in the detector and cause missing transverse
energy /ET . The predicted /ET distribution would be sim-
ilar to the pγγT distribution shown in Fig. 4, and at this
point seems to be disfavored by the data [3] (another con-
straint would be provided by the inclusive diphoton plus
/ET search for new physics [24]). Of course, the particles
χi could be visible, or further decay visibly themselves.
The exact nature of their signatures (and kinematic dis-
tributions) is rather model-dependent and beyond the
scope of this letter.

Finally, we note the potential impact of spin correla-
tions on our analysis. It is well-known that the overall
shape of invariant mass distributions can be distorted by
the introduction of non-trivial spin correlations [25, 26].
One could then repopulate most of the signal events in a
(relatively) narrow region around the peak, which would
further improve the fit. Let fS(m) be the relevant mγγ

distribution in the presence of spin correlations. For the
antler and sandwich cases, one can write [14, 16]

fS(m) ∼






m(c1 + c2t+ c3t2) , 0 ≤ m ≤ e−ηE,

m[c4 + c5t+ c6t2

+(c7 + c8t+ c9t2) ln t] , e−ηE ≤ m ≤ E.
(15)

Here t ≡ m2/E2 and ci (i = 1, . . . , 9) represent coeffi-
cients encoding the underlying spin information. For the
decay topology in Fig. 1(c), the relevant expression is
given by the first line of Eq. (15) [14, 25]:

fS(m) ∼ m(d1 + d2t+ d3t
2) for 0 ≤ m ≤ E , (16)

and the presence of the additional terms beyond Eq. (7)
can also favorably sculpt the distribution in the vicinity
of the peak.

In conclusion, we investigated the nature of the anoma-
lous excesses reported by the ATLAS and CMS Col-
laborations in terms of cascade decay topologies from a
heavy, possibly quite narrow, resonance. Our scenarios
can generically accommodate a (relatively) large width of
the peak accompanied with a (relatively) small diphoton
transverse momentum. We also discussed the potential of
distinguishing the competing interpretations with more
data, using the diphoton transverse momentum and pho-
ton energy distributions. We eagerly await the resolution
of this puzzle with new data from the LHC.
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FIG. 4: Left: pγγT distribution of events (in a single pseudo-
experiment) near the bump, mγγ ∈ (700, 800) GeV, for the
event topology of Fig. 1(a), with the mass spectrum from
Fig. 3. Solid lines show the expected distributions. Right:
Unit-normalized photon energy distributions for the conven-
tional scenario with a heavy resonance of mass 750 GeV and
width 45 GeV (black dotted line), and the three cascade decay
scenarios: the antler topology (red solid), the sandwich topol-
ogy (blue solid), and the two-step cascade (green dotted). The
dashed vertical lines mark the expected energy-peaks.

data. This provides one relation among the three un-
known masses MA, MB and Mχ, which is depicted in
the bottom left panel of Fig. 3.

We have seen that the cascade event topologies from
Fig. 1 can provide a good fit to the diphoton invariant
mass spectrum in Fig. 2. It is therefore natural to ask,
what other kinematic variables of the diphoton system
can be used to test our hypothesis. One such possibility
is the transverse momentum of the diphoton system, pγγT ,
since it is sensitive to other objects recoiling against the
two photons. However, there exists an inverse correlation
between the two diphoton kinematic variables, mγγ and
pγγT , as illustrated in the right panels of Fig. 3: events
with extreme values of mγγ have relatively small pγγT and
vice versa. The anti-correlation trend is especially pro-
nounced for the antler event topology, as demonstrated
in the left panel of Fig. 4, where we show the pγγT distribu-
tion of simulated events near the bump, mγγ ∈ (700, 800)
GeV, for 3.2 fb−1 of data with the ATLAS selection cuts
[1]. For such events, the typical angular separation (in
the laboratory frame) between the two photons is antici-
pated to be large, and if the photons are almost back-to-
back, then so must be the two χ’s, yielding a relatively
small net pγγT . Fig. 4 is consistent with Ref. [3] and shows
that the signal events lead to a rather featureless tail
in the pγγT distribution. With the accumulation of more
data, pγγT will eventually be a good discriminator between
the conventional resonance scenario (with relatively soft
pγγT ) and the cascade decay scenarios considered here.

Another handle to discriminate among the competing
interpretations of Fig. 1 is provided by the photon energy
spectrum. In the conventional case of a single resonance
with a large decay width [4–8], the photon energy spec-
trum has a single peak at half the resonance mass [20, 21],
which may show a sharp kink structure if the heavy res-

onance is singly produced [22]. On the other hand, the
energy distribution for the (symmetric) antler scenario
develops a peak at a different position,

Eγ = (M2
B −M2

χ)/(2MB) . (14)

For the other two cases, the corresponding photon spec-
trum could develop a double-bump structure depending
on the underlying mass spectrum [23]. These expecta-
tions are summarized in the right panel of Fig. 4.

As the excess was observed in the inclusive diphoton
channel [1–3], we have focused our attention primarily on
the kinematics of the diphoton system itself. Of course,
more exclusive studies could target the detector signa-
tures of the additional particles χi. For example, if the
particles χi are stable and weakly interacting, they will
be invisible in the detector and cause missing transverse
energy /ET . The predicted /ET distribution would be sim-
ilar to the pγγT distribution shown in Fig. 4, and at this
point seems to be disfavored by the data [3] (another con-
straint would be provided by the inclusive diphoton plus
/ET search for new physics [24]). Of course, the particles
χi could be visible, or further decay visibly themselves.
The exact nature of their signatures (and kinematic dis-
tributions) is rather model-dependent and beyond the
scope of this letter.

Finally, we note the potential impact of spin correla-
tions on our analysis. It is well-known that the overall
shape of invariant mass distributions can be distorted by
the introduction of non-trivial spin correlations [25, 26].
One could then repopulate most of the signal events in a
(relatively) narrow region around the peak, which would
further improve the fit. Let fS(m) be the relevant mγγ

distribution in the presence of spin correlations. For the
antler and sandwich cases, one can write [14, 16]

fS(m) ∼






m(c1 + c2t+ c3t2) , 0 ≤ m ≤ e−ηE,

m[c4 + c5t+ c6t2

+(c7 + c8t+ c9t2) ln t] , e−ηE ≤ m ≤ E.
(15)

Here t ≡ m2/E2 and ci (i = 1, . . . , 9) represent coeffi-
cients encoding the underlying spin information. For the
decay topology in Fig. 1(c), the relevant expression is
given by the first line of Eq. (15) [14, 25]:

fS(m) ∼ m(d1 + d2t+ d3t
2) for 0 ≤ m ≤ E , (16)

and the presence of the additional terms beyond Eq. (7)
can also favorably sculpt the distribution in the vicinity
of the peak.

In conclusion, we investigated the nature of the anoma-
lous excesses reported by the ATLAS and CMS Col-
laborations in terms of cascade decay topologies from a
heavy, possibly quite narrow, resonance. Our scenarios
can generically accommodate a (relatively) large width of
the peak accompanied with a (relatively) small diphoton
transverse momentum. We also discussed the potential of
distinguishing the competing interpretations with more
data, using the diphoton transverse momentum and pho-
ton energy distributions. We eagerly await the resolution
of this puzzle with new data from the LHC.
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• Certain choices would develop more favorable shape by 
repopulating events in the a narrow region around the peak.
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FIG. 4: Left: pγγT distribution of events (in a single pseudo-
experiment) near the bump, mγγ ∈ (700, 800) GeV, for the
event topology of Fig. 1(a), with the mass spectrum from
Fig. 3. Solid lines show the expected distributions. Right:
Unit-normalized photon energy distributions for the conven-
tional scenario with a heavy resonance of mass 750 GeV and
width 45 GeV (black dotted line), and the three cascade decay
scenarios: the antler topology (red solid), the sandwich topol-
ogy (blue solid), and the two-step cascade (green dotted). The
dashed vertical lines mark the expected energy-peaks.

data. This provides one relation among the three un-
known masses MA, MB and Mχ, which is depicted in
the bottom left panel of Fig. 3.

We have seen that the cascade event topologies from
Fig. 1 can provide a good fit to the diphoton invariant
mass spectrum in Fig. 2. It is therefore natural to ask,
what other kinematic variables of the diphoton system
can be used to test our hypothesis. One such possibility
is the transverse momentum of the diphoton system, pγγT ,
since it is sensitive to other objects recoiling against the
two photons. However, there exists an inverse correlation
between the two diphoton kinematic variables, mγγ and
pγγT , as illustrated in the right panels of Fig. 3: events
with extreme values of mγγ have relatively small pγγT and
vice versa. The anti-correlation trend is especially pro-
nounced for the antler event topology, as demonstrated
in the left panel of Fig. 4, where we show the pγγT distribu-
tion of simulated events near the bump, mγγ ∈ (700, 800)
GeV, for 3.2 fb−1 of data with the ATLAS selection cuts
[1]. For such events, the typical angular separation (in
the laboratory frame) between the two photons is antici-
pated to be large, and if the photons are almost back-to-
back, then so must be the two χ’s, yielding a relatively
small net pγγT . Fig. 4 is consistent with Ref. [3] and shows
that the signal events lead to a rather featureless tail
in the pγγT distribution. With the accumulation of more
data, pγγT will eventually be a good discriminator between
the conventional resonance scenario (with relatively soft
pγγT ) and the cascade decay scenarios considered here.

Another handle to discriminate among the competing
interpretations of Fig. 1 is provided by the photon energy
spectrum. In the conventional case of a single resonance
with a large decay width [4–8], the photon energy spec-
trum has a single peak at half the resonance mass [20, 21],
which may show a sharp kink structure if the heavy res-

onance is singly produced [22]. On the other hand, the
energy distribution for the (symmetric) antler scenario
develops a peak at a different position,

Eγ = (M2
B −M2

χ)/(2MB) . (14)

For the other two cases, the corresponding photon spec-
trum could develop a double-bump structure depending
on the underlying mass spectrum [23]. These expecta-
tions are summarized in the right panel of Fig. 4.

As the excess was observed in the inclusive diphoton
channel [1–3], we have focused our attention primarily on
the kinematics of the diphoton system itself. Of course,
more exclusive studies could target the detector signa-
tures of the additional particles χi. For example, if the
particles χi are stable and weakly interacting, they will
be invisible in the detector and cause missing transverse
energy /ET . The predicted /ET distribution would be sim-
ilar to the pγγT distribution shown in Fig. 4, and at this
point seems to be disfavored by the data [3] (another con-
straint would be provided by the inclusive diphoton plus
/ET search for new physics [24]). Of course, the particles
χi could be visible, or further decay visibly themselves.
The exact nature of their signatures (and kinematic dis-
tributions) is rather model-dependent and beyond the
scope of this letter.

Finally, we note the potential impact of spin correla-
tions on our analysis. It is well-known that the overall
shape of invariant mass distributions can be distorted by
the introduction of non-trivial spin correlations [25, 26].
One could then repopulate most of the signal events in a
(relatively) narrow region around the peak, which would
further improve the fit. Let fS(m) be the relevant mγγ

distribution in the presence of spin correlations. For the
antler and sandwich cases, one can write [14, 16]

fS(m) ∼






m(c1 + c2t+ c3t2) , 0 ≤ m ≤ e−ηE,

m[c4 + c5t+ c6t2

+(c7 + c8t+ c9t2) ln t] , e−ηE ≤ m ≤ E.
(15)

Here t ≡ m2/E2 and ci (i = 1, . . . , 9) represent coeffi-
cients encoding the underlying spin information. For the
decay topology in Fig. 1(c), the relevant expression is
given by the first line of Eq. (15) [14, 25]:

fS(m) ∼ m(d1 + d2t+ d3t
2) for 0 ≤ m ≤ E , (16)

and the presence of the additional terms beyond Eq. (7)
can also favorably sculpt the distribution in the vicinity
of the peak.

In conclusion, we investigated the nature of the anoma-
lous excesses reported by the ATLAS and CMS Col-
laborations in terms of cascade decay topologies from a
heavy, possibly quite narrow, resonance. Our scenarios
can generically accommodate a (relatively) large width of
the peak accompanied with a (relatively) small diphoton
transverse momentum. We also discussed the potential of
distinguishing the competing interpretations with more
data, using the diphoton transverse momentum and pho-
ton energy distributions. We eagerly await the resolution
of this puzzle with new data from the LHC.
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FIG. 4: Left: pγγT distribution of events (in a single pseudo-
experiment) near the bump, mγγ ∈ (700, 800) GeV, for the
event topology of Fig. 1(a), with the mass spectrum from
Fig. 3. Solid lines show the expected distributions. Right:
Unit-normalized photon energy distributions for the conven-
tional scenario with a heavy resonance of mass 750 GeV and
width 45 GeV (black dotted line), and the three cascade decay
scenarios: the antler topology (red solid), the sandwich topol-
ogy (blue solid), and the two-step cascade (green dotted). The
dashed vertical lines mark the expected energy-peaks.

data. This provides one relation among the three un-
known masses MA, MB and Mχ, which is depicted in
the bottom left panel of Fig. 3.

We have seen that the cascade event topologies from
Fig. 1 can provide a good fit to the diphoton invariant
mass spectrum in Fig. 2. It is therefore natural to ask,
what other kinematic variables of the diphoton system
can be used to test our hypothesis. One such possibility
is the transverse momentum of the diphoton system, pγγT ,
since it is sensitive to other objects recoiling against the
two photons. However, there exists an inverse correlation
between the two diphoton kinematic variables, mγγ and
pγγT , as illustrated in the right panels of Fig. 3: events
with extreme values of mγγ have relatively small pγγT and
vice versa. The anti-correlation trend is especially pro-
nounced for the antler event topology, as demonstrated
in the left panel of Fig. 4, where we show the pγγT distribu-
tion of simulated events near the bump, mγγ ∈ (700, 800)
GeV, for 3.2 fb−1 of data with the ATLAS selection cuts
[1]. For such events, the typical angular separation (in
the laboratory frame) between the two photons is antici-
pated to be large, and if the photons are almost back-to-
back, then so must be the two χ’s, yielding a relatively
small net pγγT . Fig. 4 is consistent with Ref. [3] and shows
that the signal events lead to a rather featureless tail
in the pγγT distribution. With the accumulation of more
data, pγγT will eventually be a good discriminator between
the conventional resonance scenario (with relatively soft
pγγT ) and the cascade decay scenarios considered here.

Another handle to discriminate among the competing
interpretations of Fig. 1 is provided by the photon energy
spectrum. In the conventional case of a single resonance
with a large decay width [4–8], the photon energy spec-
trum has a single peak at half the resonance mass [20, 21],
which may show a sharp kink structure if the heavy res-

onance is singly produced [22]. On the other hand, the
energy distribution for the (symmetric) antler scenario
develops a peak at a different position,

Eγ = (M2
B −M2

χ)/(2MB) . (14)

For the other two cases, the corresponding photon spec-
trum could develop a double-bump structure depending
on the underlying mass spectrum [23]. These expecta-
tions are summarized in the right panel of Fig. 4.

As the excess was observed in the inclusive diphoton
channel [1–3], we have focused our attention primarily on
the kinematics of the diphoton system itself. Of course,
more exclusive studies could target the detector signa-
tures of the additional particles χi. For example, if the
particles χi are stable and weakly interacting, they will
be invisible in the detector and cause missing transverse
energy /ET . The predicted /ET distribution would be sim-
ilar to the pγγT distribution shown in Fig. 4, and at this
point seems to be disfavored by the data [3] (another con-
straint would be provided by the inclusive diphoton plus
/ET search for new physics [24]). Of course, the particles
χi could be visible, or further decay visibly themselves.
The exact nature of their signatures (and kinematic dis-
tributions) is rather model-dependent and beyond the
scope of this letter.

Finally, we note the potential impact of spin correla-
tions on our analysis. It is well-known that the overall
shape of invariant mass distributions can be distorted by
the introduction of non-trivial spin correlations [25, 26].
One could then repopulate most of the signal events in a
(relatively) narrow region around the peak, which would
further improve the fit. Let fS(m) be the relevant mγγ

distribution in the presence of spin correlations. For the
antler and sandwich cases, one can write [14, 16]

fS(m) ∼






m(c1 + c2t+ c3t2) , 0 ≤ m ≤ e−ηE,

m[c4 + c5t+ c6t2

+(c7 + c8t+ c9t2) ln t] , e−ηE ≤ m ≤ E.
(15)

Here t ≡ m2/E2 and ci (i = 1, . . . , 9) represent coeffi-
cients encoding the underlying spin information. For the
decay topology in Fig. 1(c), the relevant expression is
given by the first line of Eq. (15) [14, 25]:

fS(m) ∼ m(d1 + d2t+ d3t
2) for 0 ≤ m ≤ E , (16)

and the presence of the additional terms beyond Eq. (7)
can also favorably sculpt the distribution in the vicinity
of the peak.

In conclusion, we investigated the nature of the anoma-
lous excesses reported by the ATLAS and CMS Col-
laborations in terms of cascade decay topologies from a
heavy, possibly quite narrow, resonance. Our scenarios
can generically accommodate a (relatively) large width of
the peak accompanied with a (relatively) small diphoton
transverse momentum. We also discussed the potential of
distinguishing the competing interpretations with more
data, using the diphoton transverse momentum and pho-
ton energy distributions. We eagerly await the resolution
of this puzzle with new data from the LHC.
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FIG. 4: Left: pγγT distribution of events (in a single pseudo-
experiment) near the bump, mγγ ∈ (700, 800) GeV, for the
event topology of Fig. 1(a), with the mass spectrum from
Fig. 3. Solid lines show the expected distributions. Right:
Unit-normalized photon energy distributions for the conven-
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data. This provides one relation among the three un-
known masses MA, MB and Mχ, which is depicted in
the bottom left panel of Fig. 3.

We have seen that the cascade event topologies from
Fig. 1 can provide a good fit to the diphoton invariant
mass spectrum in Fig. 2. It is therefore natural to ask,
what other kinematic variables of the diphoton system
can be used to test our hypothesis. One such possibility
is the transverse momentum of the diphoton system, pγγT ,
since it is sensitive to other objects recoiling against the
two photons. However, there exists an inverse correlation
between the two diphoton kinematic variables, mγγ and
pγγT , as illustrated in the right panels of Fig. 3: events
with extreme values of mγγ have relatively small pγγT and
vice versa. The anti-correlation trend is especially pro-
nounced for the antler event topology, as demonstrated
in the left panel of Fig. 4, where we show the pγγT distribu-
tion of simulated events near the bump, mγγ ∈ (700, 800)
GeV, for 3.2 fb−1 of data with the ATLAS selection cuts
[1]. For such events, the typical angular separation (in
the laboratory frame) between the two photons is antici-
pated to be large, and if the photons are almost back-to-
back, then so must be the two χ’s, yielding a relatively
small net pγγT . Fig. 4 is consistent with Ref. [3] and shows
that the signal events lead to a rather featureless tail
in the pγγT distribution. With the accumulation of more
data, pγγT will eventually be a good discriminator between
the conventional resonance scenario (with relatively soft
pγγT ) and the cascade decay scenarios considered here.

Another handle to discriminate among the competing
interpretations of Fig. 1 is provided by the photon energy
spectrum. In the conventional case of a single resonance
with a large decay width [4–8], the photon energy spec-
trum has a single peak at half the resonance mass [20, 21],
which may show a sharp kink structure if the heavy res-

onance is singly produced [22]. On the other hand, the
energy distribution for the (symmetric) antler scenario
develops a peak at a different position,

Eγ = (M2
B −M2

χ)/(2MB) . (14)

For the other two cases, the corresponding photon spec-
trum could develop a double-bump structure depending
on the underlying mass spectrum [23]. These expecta-
tions are summarized in the right panel of Fig. 4.

As the excess was observed in the inclusive diphoton
channel [1–3], we have focused our attention primarily on
the kinematics of the diphoton system itself. Of course,
more exclusive studies could target the detector signa-
tures of the additional particles χi. For example, if the
particles χi are stable and weakly interacting, they will
be invisible in the detector and cause missing transverse
energy /ET . The predicted /ET distribution would be sim-
ilar to the pγγT distribution shown in Fig. 4, and at this
point seems to be disfavored by the data [3] (another con-
straint would be provided by the inclusive diphoton plus
/ET search for new physics [24]). Of course, the particles
χi could be visible, or further decay visibly themselves.
The exact nature of their signatures (and kinematic dis-
tributions) is rather model-dependent and beyond the
scope of this letter.

Finally, we note the potential impact of spin correla-
tions on our analysis. It is well-known that the overall
shape of invariant mass distributions can be distorted by
the introduction of non-trivial spin correlations [25, 26].
One could then repopulate most of the signal events in a
(relatively) narrow region around the peak, which would
further improve the fit. Let fS(m) be the relevant mγγ

distribution in the presence of spin correlations. For the
antler and sandwich cases, one can write [14, 16]

fS(m) ∼






m(c1 + c2t+ c3t2) , 0 ≤ m ≤ e−ηE,

m[c4 + c5t+ c6t2

+(c7 + c8t+ c9t2) ln t] , e−ηE ≤ m ≤ E.
(15)

Here t ≡ m2/E2 and ci (i = 1, . . . , 9) represent coeffi-
cients encoding the underlying spin information. For the
decay topology in Fig. 1(c), the relevant expression is
given by the first line of Eq. (15) [14, 25]:

fS(m) ∼ m(d1 + d2t+ d3t
2) for 0 ≤ m ≤ E , (16)

and the presence of the additional terms beyond Eq. (7)
can also favorably sculpt the distribution in the vicinity
of the peak.

In conclusion, we investigated the nature of the anoma-
lous excesses reported by the ATLAS and CMS Col-
laborations in terms of cascade decay topologies from a
heavy, possibly quite narrow, resonance. Our scenarios
can generically accommodate a (relatively) large width of
the peak accompanied with a (relatively) small diphoton
transverse momentum. We also discussed the potential of
distinguishing the competing interpretations with more
data, using the diphoton transverse momentum and pho-
ton energy distributions. We eagerly await the resolution
of this puzzle with new data from the LHC.
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Summary
• Bump hunting: relatively easy to find but not easy in practice. 

• Often strong / model-dependent assumptions are made. 

• Non-standard production (eg. pair production) 

• High mass: low statistics and background modeling. 

• Boosted techniques might help. 

• Low mass: issues with background and trigger. 

• ISR (photon, W, Z) helps. 

• Broad resonance could be faked by non-resonance scenario 

• Important to look at other distributions (eg. energy distribution) 

• Current data push us into a corner of possible theory space….
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Figure 9: Diagrams that contribute to the loop induced process G3 → tt̄ plus
no extra parton. The quark initiated subprocess vanishes due to color [ alge-

bra/constraints/considerations ].

larger by a few to ∼ 10 compared to Higgs production cross section over the wide range of
MG.

2.4.2 Off shell production of the G3 resonance: pp → G3 → tt̄

For the tt̄ + 0 jet channel there exist only a gluon initiated process with two diagrams
which are depicted in Fig. 9.

In the case of the G3 being on-shell, the contributions vanishes due to the Landau–Yang
theorem. However there is a non-negligible contribution from the G3 being off-shell which
gives a non-zero result. We verified numerically that the contribution is zero in the on-shell
case, which is another important check of our calculation.

Figure 10a can be directly compared to Fig. 8 as it uses the same layout to show
the cross section dependence on the mass of the G3 particle for our choice of ct = 1 and
several different values of the [ chirality ] angle θ. As can be seen from these figures, one
important consequence of the model – which at first seems unusual – is the sizeable increase
of the cross section for associated jet production with respect to that of the basic G3 → tt̄

process. Their relative importance strongly depends on the mass of G3, and varies from
being roughly of same size for MG = 400 GeV up to about two orders of magnitude once
MG = 1 TeV. This is nicely demonstrated in Fig. 10b for the choice of θ = 3

4 π maximizing
the cross section in both cases.

One reason for this behavior is the appearance of box diagrams in the tt̄ + j process
that are not governed by Furry’s theorem owing to the even number of spin-1 particles
attached to the loop.

Therefore it is expected that tt+j contributes substantially to the tt+0j measurement
in the case where the jet is not resolved. Furthermore its contribution cannot be neglected
in the inclusive cross section determination based on tt̄ final states. For the determination
of bounds stemming from the tt+0j measurement we will have to combine the two parton
level predictions to an ’approximate NLO’ calculation. We return to this discussion in more
detail in next section.
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Collider Category: I0 I1 E0 E1

Tevatron 1.96 TeV 0.41 0.54 0.81

LHC 7 TeV 10 26 8, . . . , 9 12

LHC 8 TeV 13

Table 1: Overview of the ∆σtt̄ quantities, in pb, for the different cross-section limit categories
concerning current inclusive (IX) and exclusive (EX) cross section measurements for tt̄ production
in association with X = 0, 1 jets.

3.2.3 Constraints on the loop level resonance production

Given the four types of limits discussed above, we worked out how to apply them to our
specific calculations. We now need to quantify the exact size of the inclusive and exclusive
cross section uncertainties ∆σ(≥X)

tt̄ and ∆σ(X)
tt̄ , respectively, using current experimental

results. Table 1 lists the values, which we determined in order to make the relations (3.5),
(3.6), (3.7) and (3.8) explicit. As explained before, we argued for f = 2 as a safe choice
in fixing the f -factor. Our results however will be reported for the more restrictive case of
using f = 1.

The Tevatron limits in Table 1 have been obtained, for (I0), from the combination of
measurements with the goal to determine the top quark pair production cross section at
1.96 TeV and, for (I1) and (E0), from a CDF measurement of the tt̄ + jet cross section
with 4.1 fb−1 of Tevatron data. The results and their related uncertainties have been
reported in Refs. [46] and [47], respectively. We have checked that these limits are of
no consequence for the hadronic production of the G3 as the gluon initiated subprocesses
cannot be tightly constrained at the Tevatron. As a matter of fact, to cross (or reach)
the production threshold of tt̄ pairs, the Tevatron was forced into the operational mode of
a qq̄ collider, leaving obviously little room to test the highly important gluon production
channels of the G3 model. In contrast to the Tevatron, the LHC predominantly operates as
a gg collider. It is the more natural place to look for G3 resonances and therefore enables
us to set stronger limits on (G3 induced) deviations from SM tt̄ production. Thus, all
other cross section limits shown in Table 1 have been extracted from a variety of LHC
measurements.

Considering the most inclusive, the (I0) case first, we have several comparable cross
section measurements from the ATLAS and CMS collaborations for both Run 1 energies,
in the single lepton plus jets (�+ jets) channel as well as the dilepton (��) channel [48–55].
For the 7 TeV LHC, we find the CMS dilepton measurement [49] based on L = 2.3 fb−1 to
be very accurate, but as a result of the large spread among the different central values of all
measurements, we have decided for a reasonably safe compromise, which is to use the 10 pb
uncertainty of the LHC combined result published in September 2012 [56]. For the 8 TeV
LHC (and an mt reference value of 172.5 GeV), the top quark pair production cross section
has been determined very recently as σtt̄ = (241.5± 8.5) pb, with an additional uncertainty
of 4.2 pb owing to LHC beam effects [57]. This is the result of a first combination of ATLAS
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2. at the one-loop level: pp → G3 + j → tt̄+ j

Production via one loop (in the last process) leads to a large cross section compared to
tree-level productions. All these productions are model-independent in a sense that they
do not rely on how the resonance couples to other particles in the model. Even if a diquark
coupling is zero, these productions always exist as long as one is interested in a tt̄ resonance.
A more exotic resonance, chromophilic Z �, is investigated in Ref. [4] and searched for by
CDF collaboration [5]. In their study, a heavy resonance (Z �) interacts with SM gluon only,
leading to a dominant decay mode of Z � → qq̄g. In our study, we allow interaction of G3

to the third generation only but assume no coupling to SM gluon. Therefore G3 will decay
to a top pair immediate once produced.

We set up a very simple model with a top-philic resonance and compute production
cross sections in Section 2 with an emphasis on the production via one loop. In Section
3, we consider current bounds on parameter space and discuss prospects at the LHC run
II. In Section 4, we study reconstruction of the mass peak in tt̄+ j mode and Section 5 is
reserved for summary.

2 Model-Independent Search for a tt̄ Resonance (G�)

2.1 Model

We consider a model with a color-singlet vector particle (G3) of mass MG, which couples
to the top quark (t and t̄) only. We assume a very weak or no interaction with all the other
quarks and the gluon. The only relevant interaction is given as follows:
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Since Γ
MG

≈ c2t
8π � 1 the width of the resonance is very narrow for ct ∼ 1, and therefore

determined by the detector resolution. Throughout this paper, we will only consider the
two body decay mode G3 → tt̄, where MG > 2Mt. Note that in principle the G3 can decay
into a t-W -b system or into a W+-W−-b-b̄ system if Mt + MW + Mb < MG < 2Mt or
2MW + 2Mb < MG < Mt +MW +Mb, respectively. This is shown in Fig. 1.

In our setup, there are only three parameters, the mass of tt̄ resonance (MG) and the
interaction strengths ((cL, cR) or (ct, θ)). We will take a model-independent approach
using the effective Lagrangian above without considering any underlying theory. Therefore
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Figure 1: Decay width of G3. Perhaps we do not need this plot.

we will not assume any theoretical constraints in our parameters and will only consider
experimental bounds. However, each underlying model may provide different constraints
and parameter space. For instance, KK gluon in RS model tends to be very heavy and its
couplings are determined by wave function overlap in extra dimensions.

2.2 Production modes

[ Copied the following piece from Introduction to here ]
We find that such a top-philic resonance can be produced in two different ways:

1. at the tree level:

(a) four top-quark channel: pp → G3 + tt̄ → tt̄+ tt̄

(b) single top mode : pp → G3 + t(t̄) + j → tt̄+ t(t̄) + j

(c) single top mode : pp → G3 + t(t̄) +W± → tt̄+ t(t̄) +W±

2. at the one-loop level:

(a) loop induced tt̄j: pp → G3 + j → tt̄+ j

(b) loop induced tt̄: pp → G3 → tt̄ (off-shell)

Production via one loop (in the last two processes) leads to a large cross section compared
to tree-level productions. All these productions are model-independent in a sense that they
do not rely on how the resonance couples to other particles in the model. Even if a diquark
coupling is zero, these productions always exist as long as one is interested in a tt̄ resonance.

2.3 Production at Tree-Level

In this section, we consider tree-level production of G3 resonance, which always involves
at least one top quark in the final state. Basic structure of this production lies with the
top quark production in the SM, where the top quark may be produced singly (tj/t̄j and
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Figure 11: Production cross section for (11a) the loop induced process pp → G3 → tt̄ (the Born
process) using ct = 1 and various values of θ. In the right panel (11b), the maximal cross sections,
obtained by choosing θ = 3

4 π, are compared to those for the loop induced process with an additional
parton in the final state. While the “experimental cuts” are given in Eq. (2.4), the “loose cuts” are
defined by pT,j > 20 GeV and a fairly wide jet rapidity window of |ηj | < 6.0.

2.3.2 Off-shell production of the G3 resonance: pp → G3 → tt̄

In the case of loop induced, exclusive G3 production, all contributions vanish as long as
the G3 is produced on-shell. This is a consequence of the Landau–Yang theorem. However,
there is a non-negligible contribution from the G3 being off-shell which gives a non-zero
result. Including the G3 decay into tt̄, we only find two diagrams, which are depicted in
Figure 10. They each contribute to the gluon initiated subprocess of the tt̄+0 jet channel.
No other partonic subprocess exists, and we verified numerically that even the gg initial
state contribution turns zero in the on-shell case. The latter moreover means that we passed
another important check of our calculation.

Figure 11a can be directly compared to Figure 9 as it uses the same layout to show the
cross section dependence on the mass of the G3 particle for our choice of ct = 1 and several
different values of the chirality angle θ. As can be seen from these figures, one important
consequence of the model – which at first seems unusual – is the sizeable increase of the cross
section for associated jet production with respect to that of the pure G3 → tt̄ process. Their
relative importance strongly depends on the mass of the G3, and varies from being roughly
of the same size for MG = 400 GeV up to about two orders of magnitude for MG = 1 TeV.
This is nicely demonstrated in Figure 11b for the choice of θ = 3π/4, which maximizes the
cross section in both cases.

One reason for the enhancement of the tt̄+jet channel is the appearance of box diagrams
in the tt̄ + 1 parton processes. These box diagrams are not governed by Furry’s theorem
owing to the even number of spin-1 particles attached to the loop. Another reason is that
initial state radiation can shift the gluon attached to a triangle off-shell, thus enabling the
G3 to go on-shell. It is therefore expected that the G3 j associated production will contribute
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(b) loop induced tt̄: pp → G3 → tt̄ (off-shell)

Production via one loop (in the last two processes) leads to a large cross section compared
to tree-level productions. All these productions are model-independent in a sense that they
do not rely on how the resonance couples to other particles in the model. Even if a diquark
coupling is zero, these productions always exist as long as one is interested in a tt̄ resonance.

2.3 Production at Tree-Level

In this section, we consider tree-level production of G3 resonance, which always involves
at least one top quark in the final state. Basic structure of this production lies with the
top quark production in the SM, where the top quark may be produced singly (tj/t̄j and
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• Strong dependence on the chiral structure of this top-philc resonance. 
theta=3/4*pi corresponds to axial coupling. (Longitudinal polarization is 
proportional to E/M.)

(a) (b)

Figure 13: Lines of constant production cross section in the MG-θ parameter plane using ct = 1
for the loop induced processes pp → G3 + j → tt̄+ j at proton–proton colliders of 7 TeV (13a) and
14 TeV (13b) center-of-mass energy. Results have been obtained employing the experimental jet
cuts as summarized in Eq. (2.4). The excluded parameter space, at the one-sigma level, is indicated
by the shaded areas (using the labels of Table 1), with more explanations given in the text.

of the �+ jets channel where the decay jets are included to the jet counting. The tt̄+ 1 jet
contribution however spreads rather equally over the 4-jet and 5-jet bin. It is not clear a
priori whether the G3 signal including its top quark decays will leave an imprint similar to
that given by ordinary tt̄ production. This emphasizes the importance of the CMS tt̄+ jets
data (given in Table 4 and Figure 6) of Ref. [61]. For the exclusive jet fractions, rX , we find
r0 = 0.332 and r1 = 0.436 quoted with an uncertainty of 9.0% and 9.8%, respectively. Based
on Eq. (3.10), we then obtain the upper limits on the signal exclusive-jet cross sections:
∆σ(0)

tt̄ = 8.5 pb and ∆σ(1)
tt̄ = 11.8 pb where we used σ(≥0)

tt̄ = (173 ± 10) pb in accordance
with our choice for the (I0) case.5 There is one caveat though; the results stated by CMS are
strictly valid only for a visible phase-space definition (as clearly described in the beginning
of Section 6 of Ref. [61]). This visible phase-space definition includes certain kinematical
requirements on the top quark decay products that we cannot implement here. In a first
approximation, it is however not unrealistic to assume that the CMS results carry over to
the full phase space without taking any corrections into account.

For the 8 TeV LHC, we did find some useful information in Ref. [64], which however is
not quite sufficient to evaluate reasonable constraints that apply to the more exclusive jet
bin selections (I1), (E0) and (E1). We would need to make a number of assumptions, in
particular regarding acceptance corrections and the kinematic effect of top quark decays,
which eventually turns the whole procedure of determining limits into a more or less specu-
lative exercise. To our knowledge, direct results of the type “top quarks plus jets” at 8 TeV
are in the pipeline; however they have not been published yet. It furthermore remains an

5The more aggressive, i.e. quadrature summed version of Eq. (3.10) would yield slightly smaller exclusive
jet cross section limits: ∆σ(0)

tt̄ = 6.1 pb and ∆σ(1)
tt̄ = 8.6 pb.
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Prospects for Top-Philic Resonances

Semi-leptonic Signal [fb] W + jets [fb] tt̄tt̄ [fb] tt̄(semi-leptonic) + jets [fb] S/
√
B

Preselection 0.45 1.5× 104 4.2 1.5× 104 0.14

Basic Cuts 0.12 890 0.15 340 0.19

Ditop Selection 0.013 0.10 0.012 1.3 0.61

N iso
jets ≥ 3 0.011 0.067 8.8× 10−3 0.13 1.3

MJ > 650 GeV 0.011 0.033 8.3× 10−3 0.13 1.4

3b-tag 3.3× 10−3 1.1× 10−7 2.5× 10−3 3.7× 10−5 3.6

SSDL Signal [fb] tt̄W± + jets [fb] tt̄Z + jets tt̄W±W± [fb] tt̄h [fb] tt̄tt̄ [fb] S/
√
B

Preselection 0.15 12 8.1 0.32 0.84 0.77 1.8

Basic Cuts 0.051 0.96 0.35 0.027 0.039 0.047 2.3

Ditop Selection 0.028 0.25 0.078 7.4× 10−3 0.020 0.019 2.5

N iso
jets ≥ 3 0.023 0.065 0.024 2.5× 10−3 5.5× 10−3 0.014 3.9

MJ > 350 GeV 0.023 0.063 0.023 2.5× 10−3 5.3× 10−3 0.014 3.9

MV1 > 1100 GeV 0.022 0.055 0.018 2.1× 10−3 3.9× 10−3 0.011 4.0

3b-tag 0.012 3.458423× 10−3 1.1× 10−3 2.13534× 10−4 3.4× 10−4 6.0× 10−3 6.3

Fully-hadronic Signal [fb] tt̄tt̄ [fb] tt̄ + jets [fb] tb̄ + jets [fb] QCD [fb] Zbb̄ + jets [fb] S/
√
B

Preselection 0.67 3.1 2.6× 104 2.8× 103 4.2× 106 3.4× 103 0.018

Basic Cuts 0.29 0.26 2.3× 103 420 6.5× 105 680 0.020

Ditop Selection 0.17 0.16 790 150 6.0× 103 14 0.11

N iso
jets ≥ 4 0.13 0.095 60 0.59 200 0.60 0.43

MJ > 900 GeV 0.11 0.073 32 0.23 89 0.28 0.53

4b-tag 0.010 6.0× 10−3 0.016 3.0× 10−6 3.7× 10−5 1.2× 10−5 3.7

L = 3000 fb−1

10 ∼ 20%

top-taggers

comparable



2. at the one-loop level: pp → G3 + j → tt̄+ j

Production via one loop (in the last process) leads to a large cross section compared to
tree-level productions. All these productions are model-independent in a sense that they
do not rely on how the resonance couples to other particles in the model. Even if a diquark
coupling is zero, these productions always exist as long as one is interested in a tt̄ resonance.
A more exotic resonance, chromophilic Z �, is investigated in Ref. [4] and searched for by
CDF collaboration [5]. In their study, a heavy resonance (Z �) interacts with SM gluon only,
leading to a dominant decay mode of Z � → qq̄g. In our study, we allow interaction of G3

to the third generation only but assume no coupling to SM gluon. Therefore G3 will decay
to a top pair immediate once produced.

We set up a very simple model with a top-philic resonance and compute production
cross sections in Section 2 with an emphasis on the production via one loop. In Section
3, we consider current bounds on parameter space and discuss prospects at the LHC run
II. In Section 4, we study reconstruction of the mass peak in tt̄+ j mode and Section 5 is
reserved for summary.

2 Model-Independent Search for a tt̄ Resonance (G�)

2.1 Model

We consider a model with a color-singlet vector particle (G3) of mass MG, which couples
to the top quark (t and t̄) only. We assume a very weak or no interaction with all the other
quarks and the gluon. The only relevant interaction is given as follows:

L = t̄ γµ
�
cLPL + cRPR

�
tGµ

3 ,

= ctt̄ γµ
�
cos θPL + sin θPR

�
tGµ

3 (2.1)

where PL/R = 1∓γ5
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. The decay width at leading
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≈ c2tMG

8π
for Mt � MG . (2.3)

Since Γ
MG

≈ c2t
8π � 1 the width of the resonance is very narrow for ct ∼ 1, and therefore

determined by the detector resolution. Throughout this paper, we will only consider the
two body decay mode G3 → tt̄, where MG > 2Mt. Note that in principle the G3 can decay
into a t-W -b system or into a W+-W−-b-b̄ system if Mt + MW + Mb < MG < 2Mt or
2MW + 2Mb < MG < Mt +MW +Mb, respectively. This is shown in Fig. 1.

In our setup, there are only three parameters, the mass of tt̄ resonance (MG) and the
interaction strengths ((cL, cR) or (ct, θ)). We will take a model-independent approach
using the effective Lagrangian above without considering any underlying theory. Therefore

– 3 –

Figure 1: Decay width of G3. Perhaps we do not need this plot.

we will not assume any theoretical constraints in our parameters and will only consider
experimental bounds. However, each underlying model may provide different constraints
and parameter space. For instance, KK gluon in RS model tends to be very heavy and its
couplings are determined by wave function overlap in extra dimensions.

2.2 Production modes

[ Copied the following piece from Introduction to here ]
We find that such a top-philic resonance can be produced in two different ways:

1. at the tree level:

(a) four top-quark channel: pp → G3 + tt̄ → tt̄+ tt̄

(b) single top mode : pp → G3 + t(t̄) + j → tt̄+ t(t̄) + j

(c) single top mode : pp → G3 + t(t̄) +W± → tt̄+ t(t̄) +W±

2. at the one-loop level:

(a) loop induced tt̄j: pp → G3 + j → tt̄+ j

(b) loop induced tt̄: pp → G3 → tt̄ (off-shell)

Production via one loop (in the last two processes) leads to a large cross section compared
to tree-level productions. All these productions are model-independent in a sense that they
do not rely on how the resonance couples to other particles in the model. Even if a diquark
coupling is zero, these productions always exist as long as one is interested in a tt̄ resonance.

2.3 Production at Tree-Level

In this section, we consider tree-level production of G3 resonance, which always involves
at least one top quark in the final state. Basic structure of this production lies with the
top quark production in the SM, where the top quark may be produced singly (tj/t̄j and
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2 Bottom-up Approach for a Top-Philic Resonance (G�)

2.1 The setup

We consider a model with a color-singlet vector particle (G3) of mass MG, which couples to
the top quark ( t and t̄ ) only. We assume a very weak or no interaction with all the other
quarks and the gluon. The only relevant interaction is given as follows:

L = t̄ γµ
�
cLPL + cRPR

�
tGµ

3 ,

= ct t̄ γµ
�
cos θ PL + sin θ PR

�
tGµ

3 , (2.1)

where PL/R = (1∓γ5)/2, ct =
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(cL)2 + (cR)2 and tan θ = cR
cL

. The decay width at leading
order is given by
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≈
c2t MG

8π
for mt � MG . (2.3)

Since Γ
MG

≈
c2t
8π � 1, the width of the resonance is very narrow for ct ∼ 1, and therefore

determined by the detector resolution. Throughout this paper, we will only consider the
two-body decay mode G3 → tt̄ where MG > 2mt. Note that in principle the G3 can
decay into a tW b̄ system or into a W+bW−b̄ system if mt +MW +mb < MG < 2mt or
2MW + 2mb < MG < mt +MW +mb, respectively. This is shown in Figure 1. The solid
curve (in blue) has been computed considering the four-body final state G3 → W+W−bb̄,
while the tt̄ final state with on-shell top quarks is shown as (red) circles. Beyond the tt̄

threshold, both calculations agree.
In our setup, there are only three parameters, the mass of the tt̄ resonance (MG) and

the interaction strengths, i.e. (cL, cR) or (ct, θ). We will take a bottom-up approach using
the above Lagrangian without considering any underlying theory. Therefore we will not
assume any theoretical constraints in our parameters and will only consider experimental
bounds. However, each underlying model may provide different constraints and certain
parameter regions may be prohibited. For instance, a KK gluon in the RS model tends
to be very heavy and its couplings are determined by the wave function overlap in extra
dimensions.

For our model-independent approach, we find that a top-philic resonance as advocated
here can be produced in two different ways:

1. at the tree level where we have three main production channels for a G3 resonance:

(a) the G3 tt̄ channel yielding a four top-quark final state,
pp → G3 + tt̄ → tt̄+ tt̄ ,

(b) the G3 tj channel yielding a three top-quark final state,
pp → G3 + t/t̄+ j → tt̄+ t/t̄+ j ,
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2. at the one-loop level: pp → G3 + j → tt̄+ j

Production via one loop (in the last process) leads to a large cross section compared to
tree-level productions. All these productions are model-independent in a sense that they
do not rely on how the resonance couples to other particles in the model. Even if a diquark
coupling is zero, these productions always exist as long as one is interested in a tt̄ resonance.
A more exotic resonance, chromophilic Z �, is investigated in Ref. [4] and searched for by
CDF collaboration [5]. In their study, a heavy resonance (Z �) interacts with SM gluon only,
leading to a dominant decay mode of Z � → qq̄g. In our study, we allow interaction of G3

to the third generation only but assume no coupling to SM gluon. Therefore G3 will decay
to a top pair immediate once produced.

We set up a very simple model with a top-philic resonance and compute production
cross sections in Section 2 with an emphasis on the production via one loop. In Section
3, we consider current bounds on parameter space and discuss prospects at the LHC run
II. In Section 4, we study reconstruction of the mass peak in tt̄+ j mode and Section 5 is
reserved for summary.

2 Model-Independent Search for a tt̄ Resonance (G�)
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Since Γ
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8π � 1 the width of the resonance is very narrow for ct ∼ 1, and therefore

determined by the detector resolution. Throughout this paper, we will only consider the
two body decay mode G3 → tt̄, where MG > 2Mt. Note that in principle the G3 can decay
into a t-W -b system or into a W+-W−-b-b̄ system if Mt + MW + Mb < MG < 2Mt or
2MW + 2Mb < MG < Mt +MW +Mb, respectively. This is shown in Fig. 1.

In our setup, there are only three parameters, the mass of tt̄ resonance (MG) and the
interaction strengths ((cL, cR) or (ct, θ)). We will take a model-independent approach
using the effective Lagrangian above without considering any underlying theory. Therefore
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• Assume all other diquark coupling is 
very small and negligible.

• Consider color-singlet vector resonance.

• It is possible to singly produce a scalar or a color-octet vector resonance via 
gluion fusion with top quarks in the loop.
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