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Photon-jet
- a collection of two or more collinear photons, that form a jet like

deposition in the calorimeters
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750 GeV Excess Introduction/Motivation

Amongst the deluge of papers, there were possible explanations for the
excess that use the idea of Photon-Jets:
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FIG. 2. The Feynman diagram for pp ! X ! Y Y ! (⇡0⇡0)(⇡0⇡0) ! (4�)(4�) (2 �-jets in the

final state)

By imposing this constraint, we have

|µXhh| . 435 GeV . (26)

Because |µXhh| is a free parameter in our model and not relevant to explain the di-

photon resonance, let us assume Br(X ! hh) ⌧ O(1%) and ignore its e↵ect below.

IV. FITTING THE DI-PHOTON RESONANCE

To fit the di-photon resonance, we consider the following process

pp ! X ! Y Y ! (⇡0⇡0)(⇡0⇡0) ! (4�)(4�) . (27)

The Feynman diagram for this process is shown in Fig. 2. Since each ⇡0 almostly 100%

decays to ��, the final state consists of a total 8 photons. Because these photons come from

the decay of a fast moving light particle Y , they form a cluster of collinear photons (which
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750 GeV Excess and Higgs

Since this new resonance and the Higgs might mix, we might expect
Photon-Jets in both samples (with different cross-sections)

ma Rγγ(h(125)) Rγγ(Φ(750))

0.5 GeV 0.016 0.0026
1 GeV 0.032 0.0053
2 GeV 0.064 0.01
4 GeV 0.128 0.02
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Motivation

I Apart from the 750 GeV excess...

I Photon-jets have been suggested as the source of (now gone) h→ γγ
excess by various groups: Dobrescu, Landsberg and Matchev; Draper
and McKeen as well as Toro and Yavin.

I Some photon-jets will always leak into the tagged photon sample.

I On the other hand, our current photon identification may be so tight,
it may be throwing away photon-jets – we could be throwing away a
possible signal of new physics.

I Photon-jets are both photon-like and jet-like, therefore we need a new
category.
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We will try to separate these three categories:

Photon-Jet

Photon QCD-Jet
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Part of the Answer

I If we want to compare QCD-jets, photon-jets and photons, we need a
common basis.

I Right now, we search for photons one way (use seeds, calorimeter
towers, etc.), for QCD-jets another way (jet algorithms) and don’t
look for photon-jets at all.

I Instead, search for jets and then tag each of them as either a
QCD-jet, a photon or a photon-jet, based on their properties.

Jets =





, , , . . .




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This talk

I In our study we focused on four photon Photon-Jets. We did also
study two photon Photon-Jets, but did optimized the search for them.

2

sions that occur in the same time window). Indeed, the
recent results from studies at ATLAS [18] and CMS [19]
indicate this grooming is e↵ective. We expect that this
substructure-based grooming will work as well for all
ECal based objects.

It should be noted that in the context of Higgs physics,
the decay to photon-jets is not the only example where
the collinearity of the decay products adds complexity to
the analysis. Collinearity plays a role for traditional de-
cays of the Higgs boson when it is boosted. In Ref. [10],
the authors exploited the collinearity of the b-quarks in
boosted Higgs decays (both quarks in a single jet) to
greatly enhance the chances of detecting the h ! bb̄
channel, featuring jet substructure as a mainstream tool
(see also Refs. [7–9]). The application of jet substruc-
ture in Higgs physics has now become a very active area
of research, applied both to the SM Higgs [20–22] as
well to beyond the SM Higgs scenarios [23–28]. For
reviews, more detailed descriptions, and references see
Refs. [29, 30].

The paper is organized as follows: in Sec. II, we start
with a simplified model for photon-jets. We propose a set
of benchmark points, where we take di↵erent combina-
tions of masses and parameters in the simplified model
to produce photon-jets displaying a variety of distinct
kinematics. In Sec. III we define the details of our simu-
lation. We describe, in detail, how we generate samples
of photon-jets, one for each of the benchmark points,
QCD-jets, and single photons. We present our analy-
sis in Sec. IV. We describe all the variables that we use
in this work to discriminate photon-jets from QCD-jets
from single photons. Then we combine these variables
in a multivariate analysis. We train boosted decision
trees (BDTs) using the samples of jets and use these to
optimize the discriminating power of our analyses. We
also show how these BDTs can be used to simultaneously
separate photon-jets, photons, and QCD-jets from each
other. Our conclusions are presented in Sec. V.

II. SIMPLE MODEL FOR PHOTON-JETS

By definition, photons-jets refer to calorimeter objects
consisting of more than one hard photon. However, such
a broad definition presents a challenge since all photon-
jets are not the same. They di↵er in terms of the number
of hard constituent photons as well as in the distribu-
tion of those photons within the photon-jet. To provide
a systematic phenomenological study of photon-jets we
classify these objects in more detail in terms of the pro-
duction mechanism and consider a broad range. We will
refer to the various production scenarios as ‘benchmark’
scenarios. We find that a simple model in the spirit of
Ref. [31] with two new particles is su�cient to charac-
terize these benchmarks. The model includes a small
number of interactions and we can vary the strength of
these interaction and the new particle masses in order
to generate the benchmark scenarios. In particular, we

introduce two scalar fields n1 and n2 of mass m1 and m2

respectively. Without loss of generality, we choose the
naming convention such that m1 > m2. Neither n1 nor
n2 carry any SM charges. We use the following interac-
tions to generate photon-jets

1

2
µhhn2

1+
1

2
µ12n1n

2
2+

✓
⌘1

m1
n1 +

⌘2

m2
n2

◆
Fµ⌫Fµ⌫ , (1)

where µh, µ12 are mass parameters, ⌘1, ⌘2 are dimension-
less coupling constants, and Fµ⌫ is the electromagnetic
field strength operator.

This simple model bears a resemblance to a Higgs por-
tal scenario [32–34] because of the µh coupling. In the
Higgs portal language, n1 and n2 constitute a ‘hidden’
sector while the coupling µh provides a tunnel to the
corresponding ‘hidden valley’. The electromagnetic cou-
plings (proportional to the ⌘ parameters) provide ways
for the new particles to decay back to SM particles, pho-
tons in this case. With respect to Higgs physics, this
simple model provides a realistic example where the SM
Higgs field decays through the new particles to multiple
photons. In the limit m1 ⌧ mh, the resultant photons
(the decay products of n1) are essentially collinear.

In Table I we list the benchmark scenarios (labeled
photon-jet study points or PJSPs) that we investigate
in this work. All are generated by varying the parame-
ters in Eq.(1). The symbol X in Table I denotes that a
non-zero value is selected for that parameter, which then
determines the decay mode. We have chosen the bench-
marks in such a way that the parameters denoted by X
only change the total width of the decaying particles. As
long as the decays are prompt, the exact values of these
parameters are irrelevant to the phenomenological prop-
erties of the photon-jets. In all these study points we

Study Points
m1 m2 µ12 ⌘1 ⌘2(GeV) (GeV) (GeV)

PJSP 1 0.5
0 XPJSP 2 1.0

PJSP 3 10.0
PJSP 4 2.0 0.5

X 0 X
PJSP 5

5.0
0.5

PJSP 6 1.0
PJSP 7

10.0
0.5

PJSP 8 1.0

TABLE I. The study points used in our analysis. For
PJSP 1 � 3, n2 does not participate in the decay chain since
µ12 = 0 and the m2 and ⌘2 columns are empty. By X we de-
note that a non-zero value is chosen for the parameter, which
facilitates prompt decays, but the specific value plays no role.

take the Higgs particle to decay to a pair of n1 parti-
cles. The small n1 mass (m1 ⌧ mh) ensures that the
decay products of the n1 are highly collimated. In the
Higgs particle rest frame, which is close to the labora-
tory frame on average, each n1 has momentum ⇠ mh/2
and the typical angular separation between the n1 decay
products is of the order of 4m1/mh. Note that, given

I We focused on PJSP6.

I In our analysis all decays are prompt.
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EFT Model

Lint = 1
2m

2
1n

2
1 + 1

2m
2
2n

2
2 + 1

2µn1n
2
2 + 1

4Λn2F
2 +χH2n2

1
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Our Calorimeters

σ/E = 10%/
√
E + 1% σ/E = 50%/

√
E + 3%
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Pushing Particles through the Calorimeter

1. Use Pythia 8 to generate both signal and
background events (Turn on ISR, FSR and
MI).

2. Deposit particle energy according to their
type and momenta. (We simulate
transverse showers for photons - the pattern
on the right corresponds to Molière radius
in Pb)

3. Recover massless four-vectors from
(η, φ,E ) of each cell in both calorimeters.

4. Find jets in the union of all four vectors
with Anti-kT , ∆R = 0.4, pT > 50 GeV.

Energy deposition pattern for
photons in the EM calorimeter.
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Discriminants

These discriminants will be used in a multivariate analysis (TMVA) to
separate all three populations:

I Conventional
I Fraction of Hadronic Energy in the Jet
I Number of Charged Tracks

I N-subjettiness
I More Substructure

I Energy-Energy Correlation
I Subjet Spread
I Leading subjet pT
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Fraction of Hadronic Energy in the Jet

Measures the fraction of hadronic energy in a jet, θ = Ehad/Etotal
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Number of Charged Tracks

I Counts the number of charged tracks with pT > 2 GeV associated
with the jet.

I We determine if a track is associated with a jet by including its
softened four-vector with all the calorimeter four-vectors.
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N-subjettiness

I Take a jet. Find N subjets. This defines N axes.

I Form a sum:

τN =
1

d0

∑

k

pT ,k min {∆R1,k , . . . ,∆RN,k}

where k runs over all the constituents of a jet and ∆Ri,k is the angular
distance between k-th constituent and the i-th subjet.
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More Substructure – Grooming

I Take all the constituents of a jet.

I Find N subjets with a particular jet algorithm (kT , C/A).

I If you are performing a sum, sum only over some number n ≤ N of
the highest pT subjets (effectively filtering)

I (N, n) = (5, 3) works well for our photon-jets.

I Each variable therefore has the form var(N, n, algorithm).
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Leading Subjet Transverse Momentum

LpT =
pT of the hardest subjet

pT of the entire jet

Since QCD is characterized by soft radiation we expect the leading subjet
will contain most of the pT of the jet.
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Energy-Energy Correlation

∑
E 2 =

∑

i<j

EiEj/E
2
total

Relates to the variance of energy distribution amongst the subjets.
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Subjet Spread

∑
Rij =

∑

i<j

√
∆φ2

i ,j + ∆η2
i ,j

Measures the spread of subjets within the jet.
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ATLAS photon variables

e/γ performance group: ATL-COM-PHYS-2013-600
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• For explicit definitions see Appendix A of Phys. Rev. D83, 052005 (2011). The strip layer variables are 
computed from an array of cells that spans one or two rows in ϕ depending on the position in ϕ of the cluster 
barycenter.
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Separating Photon-Jets and QCD-Jets

We train a BDT to separate photon-jets from QCD-jets
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Separating Photon-Jets and Photons

We train another BDT to separate Photon-Jets from Photons
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Separating Photons, Photon-Jets and QCD

I We use two BDTs to
extract as much
information as possible.

I Split QCD-jets away
with only Conventional
variables.

I Split Photons from
photon-jets with just
Substructure.
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Conclusion

I Detecting Photon-Jets is not just about resolution – it is about
looking for them as well.

I We could mis-indentifying photon-jet as jets or photons.

I We could be missing photon-jets by throwing them away.

I Now, we have the tools to separate all three populations – a
significant amount of separation comes from substructure of these
jets.

I This analysis is possible because we treat all objects on equal footing.
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BACKUP SLIDES



More study points

Photon-jet vs QCD, (Our example is PJSP6)
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Conversions
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