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Abstract

The production mechanism of a 750 GeV diphoton resonance, either via gluon or photon
fusion, can be probed by studying kinematic observables in the diphoton events. We perform
a detector study of the two production modes of a hypothetical scalar or tensor diphoton
resonance in order to characterize the features of the two scenarios. The nature of the resonance
production can be determined from the jet multiplicity, the jet and diphoton rapidities, the
rate of central pseudorapidity gaps, or the possible detection of forward protons from elastic
photoproduction for events in the signal region. Kinematic distributions for both signals and
expected irreducible diphoton background events are provided for comparison along with a
study of observables useful for distinguishing the two scenarios at an integrated luminosity
of 20 fb−1. We find that decay photons from a 750 GeV scalar resonance have a preference
for acceptance in the central detector barrel, while background events are more likely to give
accepted photons in the detector end caps. This disfavors the interpretation of the large number
of excess events found by the the Run-2 CMS diphoton search with one photon detected in
the end cap as a wide spin-0 resonance signal. However, one expects more end cap photons in
the case of spin-2 resonance.



Introduction

While most interpretations of the 750 GeV diphoton excess recently reported by ATLAS and CMS

[1, 2] assume gluon production (for a sample of such studies, see for example [3–10]), a more minimal

scenario via photoproduction (as proposed in [11–13]) is also plausible. The photoproduction cross

section for a 750 GeV resonance is able to account for the entire excess provided the resonance

has sizable O(1%) branching ratio to two photons. In this paper, we simulate the two production

scenarios, provide the full cross sections taking into account both elastic and inelastic photoproduc-

tion, and present kinematical distributions useful for discriminating between the two scenarios for

the production of the hypothetical resonance. Complementary to this paper, Ref. [14] has studied

quark-antiquark annihilation production of the resonance.

The production process of a 750 GeV diphoton resonance has observable features in the kine-

matical distribution of events in the signal region. In particular, the color flow of photon fusion

(γγF) or W/Z fusion processes would suppress the production of central hadronic activity resulting

in fewer central jets compared to a gluon fusion (ggF) signal while also enhancing the number of

central pseudorapidity gaps, central regions of the detector absent of hadronic activity. The kine-

matic properties of the events in the region of the diphoton excess are reported to have no significant

difference compared to events above and below the excess diphoton invariant mass region. We find

that this is consistent at 3.2 fb−1 of data with a resonance produced dominantly through either γγF

or ggF, assuming the background makes approximately half of the detected events as suggested by

the number of diphoton events predicted and observed in the excess region by ATLAS [1]. However,

the additional jet multiplicity expected from a ggF signal compared to the expected jet multiplicity

from the dominant irreducible diphoton background events would already suggest an approximately

1.5-σ excess in the total number of jets in the signal region 690 < mγγ < 810 GeV for the 38 events

measured by ATLAS if the resonance were produced though ggF. Furthermore, the measurement

of the central rapidity gap rate, expected from the signal γγF and background events but expo-

nentially suppressed in ggF events, could discriminate between a VBF or ggF signal but requires

special care in order to ensure central tracks originating from pileup do not bury the signature.

Due to differences in the shape of parton distribution functions and the kinematics between γγF

and ggF events, the resonance tends to be produced more forward in γγF production. We note

that this affects the rapidity distribution of the photons, preferring rapidities corresponding to the

detector end caps more often than gluon fusion produced events, although this effect alone is not

sufficiently large to fully account for the large end cap excess in the CMS diphoton search [2]. We

find that photons from a decaying heavy scalar resonance are more often central than photons from
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Figure 1: Elastic-elastic, elastic-inelastic and inelastic-inelastic contributions to the photoproduc-
tion of the resonance R.

background events and tend to be detected in the detector barrel rather than the end caps. If the

hypothetical resonance has a large width and the large excess in the 700 GeV bin of the CMS search

is to be considered a signal, then this result is in tension with the interpretation of the large fraction

of CMS diphoton events with one photon detected in the barrel and one detected in the end cap

(EBEE category) as a scalar resonance signal. The situation for a wide resonance is improved for a

spin-2 resonance for which one expects more events in the EBEE category than for a scalar signal.

Elastic photoproduction events result in forward and backward protons which can be detected

by forward detectors installed by ATLAS and CMS [15, 16]. Elastic production is suppressed with

respect to inelastic. However, the detection of two intact protons in the final state, with mpp

matched to mγγ, can be used to remove background. It was estimated in [12] that approximately

20 fb−1 is needed for a 5-σ discovery in this channel. In this paper we use this luminosity as a

benchmark to characterize which features of the production mechanism may be apparent in the

kinematic properties of excess events at or before 20 fb−1 of data.

Production via Photon Fusion

Following [11, 12], we will consider a model with an additional scalar particle R with mass m ≈ 750

GeV whose only sizable coupling to SM particles is to photons via the operator

cγγ
v
RF 2 , (1)

with v = 246 GeV introduced to have dimensionless couplings, resulting in a partial width to

photons Γγγ of

Γγγ =
c2γγ
4π

m3

v2
. (2)
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Figure 2: The required relationship between the branching ratio of R → γγ and total width Γ
to match the observed event rate, varied between 3-6 fb, assuming photon fusion dominates. The
central value (red) corresponds to a 4.5 fb production cross section.

In this paper, we include the contributions from inelastic-inelastic, elastic-inelastic, and elastic-

elastic processes (see Fig. 1). In the narrow width approximation, the total photoproduction cross

section at
√
s = 13 TeV is

σ13 TeV = 6.9 pb

(
Γ

45 GeV

)
Br2(R→ γγ), (3)

determined at leading order (LO) from MadGraph 5 [17] with the parton distribution function

set NNPDF2.3LO [18]. For elastic collisions, the equivalent photon approximation is made with

the improved Weizsacker-Williams formula [19] in order to account for the electromagnetic form

factor of the proton. Inelastic collisions dominate the cross section with elastic-elastic collisions

accounting for approximately 6% of the inclusive rate. Here, we see that the rate of σ(pp →
R + Z)BR(R → γγ) ∼ 3-6 fb (corresponding to the excess number of events observed by ATLAS)

can be accommodated by a photoproduced resonance with total width of 45 GeV, motivated by

the best-fit width of the ATLAS excess, with branching ratio to two photons of 2-3%. If we allow

the total width Γ to vary, the relationship between Br2(R → γγ) and Γ is fixed by matching the

observed event rate of the excess and is shown in Fig. 2. We assume Γ = 45 GeV for the remainder

of this paper, although the conclusions still apply for a narrower resonance.
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Figure 3: The required relationship between the branching ratio of R→ γγ and gluon coupling cgg
to match the observed event rate, varied between 3-6 fb, assuming gluon fusion dominates. The
central value (red) corresponds to a 4.5 fb production cross section.

The total production cross section at
√
s = 8 TeV is

σ8 TeV = 3.6 pb

(
Γ

45 GeV

)
Br2(R→ γγ) . (4)

The ratio σ13 TeV/σ8 TeV determined from MadGraph is approximately 1.9 and does not provide an

explanation for the absence of a signal in Run I diphoton searches. However, the ratio for elastic and

partially elastic production depends strongly on the finite size effects of the proton, or equivalently

the maximum fraction of the proton momentum transferred to an emitted photon, and can be larger

than 2 depending on the correct value [11, 12].

Production via Gluon Fusion

For comparison to the gluon fusion scenario, the effective operator responsible for production is

cgg
v
RG2 . (5)

The cross section at
√
s = 13 TeV in the narrow width approximation is given by

σ13 TeV = 2.8 · 104 pb k c2ggBr(R→ γγ) (6)
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where the k−factor can be approximated by matching to known NNLO results for a heavy Higgs-

like scalar [7] and is taken to be k = 3.4. The ratio σ13 TeV/σ8 TeV, determined from MadGraph, for

ggF is 4.5. Matching the diphoton cross section to the observed excess event rate determines the

relationship between Br2(R→ γγ) and cgg as shown in Fig. 3.

Observable Effects of the Production Proccess

The production mechanism of a 750 GeV resonance can be probed by measuring the hadronic ob-

servables in the diphoton signal events. The most prominent features in the γγF events compared

to ggF are the suppression of central jets with |ηj| < 4 and the appearance of central pseudorapidity

gaps. These effects are absent for a resonance produced via ggF because the two incoming protons

are color-connected, and the color flux tube breaking fills up the central region with soft hadrons

from the fragmentation. However, for a t-channel exchange of a color-singlet, as in photoproduc-

tion, the remnants from each initial proton remain color singlets and only form color connections

with partons originating within the same proton, typically resulting in very forward jets (or intact

protons) with a pseudorapidity gap in the central region. The two forward jets expected in W/Z

fusion, from the parton recoil after emitting the heavy gauge boson, are typically not detected in

γγF production, although two forward jets would be a signature of a resonance produced via W/Z

fusion.

These observables have been well-studied for VBF Higgs production [20–22]. For the Higgs,

ggF dominates the cross section, making the hadronic observables of the VBF events difficult to

measure. For a 750 GeV photoproduced diphoton resonance, however, the event color flow effects of

the VBF production should be observable since the small background rate in the diphoton channel

does not bury the signal.

One experimental challenge is then to remove pileup which contaminate the events with central

hadronic activity. On average, there are between 10-20 inelastic collisions per bunch crossing at

2015 Run II luminosities. ATLAS and CMS have powerful tracking capabilities making possible

the matching of jets to the hard interaction and identification of pileup jets [23, 24]. To remove

the jets resulting from pileup, only the jets matching the primary vertex of the hard interaction

should be considered. CMS has shown the efficiency to match jets with pT > 20 GeV to the hard

interaction to be & 90% in [23] and to be flat over the range −2.5 < ηj < 2.5, corresponding to the

rapidity acceptance of the tracker. Pileup tracks must also be subtracted from the event in order to

observe central rapidity gaps. Only tracks matched to the diphoton primary vertex, perhaps by a

longitudinal impact parameter cut, should be considered in determining whether an event contains
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a pseudorapidity gap. This pileup subtraction procedure may be non-standard, and the presence

of central pileup tracks not matched to the primary vertex could bury this signal if special care is

not taken.

In this section, we present the results of the event generation and fast detector simulation for

the two production scenarios of a 750 GeV scalar or tensor diphoton resonance and the dominant

irreducible diphoton background at
√
s = 13 TeV. The effective operators in Eq. (1) and Eq. (5)

have been implemented in model UFO files created with FeynRules [25]. We also simulate the

production of a spin-2 resonance Sµν coupled to the stress energy tensor Tµν :

cγγ
Λ
SµνT γγµν +

cgg
Λ
SµνT ggµν , (7)

where T γγµν = FµαFνβg
αβ − 1

4
gµνFαβF

αβ and the same definition for T ggµν but with F replaced by

G. Simulation of the hard process is performed at LO with MadGraph 5 [17], followed by parton

showering with Pythia 8 [26]. We use Delphes 3 [27] for the fast detector simulation with the

default ATLAS detector geometry and efficiencies.

The irreducible, prompt γγ background is simulated at next-to-leading order (NLO) using

MadGraph@NLO followed by Herwig 6 [28]. At tree level, the only contribution is qq̄ annihilation.

Including NLO QCD corrections, this background is the dominant source accounting for more than

90% (80%) of the background near the excess invariant mass region in the EBEB (EBEE) selection

category for the CMS diphoton search [2]. The reducible background consists of γj and jj events

in which jet fragments are misidentified as photons. We expect similar background composition for

the ATLAS diphoton search.

We define an accepted diphoton event for both signal and background as an event containing:

• two reconstructed photons,

• leading photon pT > 35 GeV and subleading pT > 20 GeV,

• 725 GeV < mγγ < 775 GeV, and

• each photon satisfies isolation requirements within a ∆R = 0.5 cone.

This invariant mass window is conservative, and the signal to background ratio could be improved

with a tighter cut on invariant mass around the resonance. In the accepted diphoton events, tracker

and calorimeter information is used to cluster jets with FastJet [29] according to the anti-kT

algorithm (size parameter ∆R = 0.6, minimum jet pT = 20 GeV, and maximum jet pseudorapidity

ηmaxj = 5).
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The conclusions drawn from hadronic observables concerning the resonance production mecha-

nism for the scalar signal also apply to the tensor case, so we only present hadronic observables of

the scalar signal. In Figs. 4 and 5 (left), we present the jet multiplicity and scalar sum of trans-

verse energy, HT , of accepted diphoton events for ggF and γγF scalar prodution and irreducible

background (γγ). These observables demonstrate the additional hadronic activity, also visible in

the charged particle multiplicity, in ggF events compared to γγF or background events. The ggF
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events prefer 2.0 jets per event, while the γγF and irreducible γγ events have an average of 0.9 and

1.3 jets per event. However, a ggF scenario would not be distinguishable with the existing data due

to background contamination. We expect a 5-σ statistically significant excess in the total number

of jets for the case of a ggF produced resonance at 10 fb−1 of data. The peak in the number of

events for both signals and background at HT ∼ 750 GeV is due to the energy of the diphoton. For
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a ggF produced resonance, the HT distribution of signal events would contain excess events in the

HT > 800 GeV region, which can be attributed to the extra jets in ggF events. Also in Figs. 4 and

5 (right), we present the same distributions for a for a 50%-signal, 50%-γγ sample of events with

statistics corresponding to 20 fb−1. The difference in jet multiplicity for ggF vs. γγF production is

clearly discernible at 20 fb−1.

In additional to the difference in overall amount of hadronic activity in the two production

scenarios, there is also different angular dependence due to the event color flow and kinematics of

the lab frame. In Fig. 6 (left), we show the suppression of central jets for |ηj| . 4 in γγF events.

This effect is somewhat washed out due to the peak in background γγ events at central jet rapidities.

The cut on maximum jet pseudorapidity does not strongly affect this conclusion, however the total

number of jets in the case of the photon fusion signal would be significantly decreased for a stronger

cut, e.g. ηmaxj = 2.5, due to the forward nature of the jets in the γγF events.

The most striking feature comparing γγF to ggF events is the appearance of central pseudora-

pidity gaps for the former. We define a central rapidity gap as the maximum symmetric region of

pseudorapidity around η = 0 for which there are no tracks with pT > pT,min. We choose to only

consider tracks in the determination of this observable in order to guarantee the pileup contamina-

tion can be removed by tracker information. The ATLAS and CMS trackers have acceptance out

to |η| < 2.5, giving a maximum observable (track) gap size of ∆η = 5. The fraction of signal events

containing such a rapidity gap for pT,min = 1 GeV is shown in Fig. 7 (left). The choice of pT,min was

made in order to optimize the difference in number of gaps between ggF and γγF signals and to
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ensure the tracks are high quality in order to be matched to the diphoton vertex, but we note that

pT,min ∈ [0.8, 2] GeV is useful for discriminating between ggF and γγF production. The number of

events in the ∆η = 5 bin is large from overflow of events with larger gap sizes (which cannot be

measured due to the acceptance of the tracker). Large rapidity gaps are exponentially suppressed

for ggF events, so a ggF signal component would decay exponentially with ∆η compared to (ap-

proximately) linearly fall of the background with ∆η. The fraction of accepted diphoton events

containing a ∆η ≥ 3 gap are 1.6%, 11.7%, and 19.1% for ggF, γγF, and γγ background events,

respectively. This suggests an enhancement to the rapidity gap rate for the case of γγF production

and a suppression compared to background for ggF. This difference in the predicted number of

rapidity gaps in the two scenarios is not statistically significant with the existing data. In Fig. 7

(right), we show a sample of central rapidity gaps corresponding to 20 fb−1 of data. One caveat

with measuring rapidity gaps is that it relies on modeling of nonperturbative effects and cannot be

precisely predicted perturbatively.

The two production modes considered also have different parton distribution functions and

kinematics affecting the hard process in the events. We show these effects in the diphoton and

photon pseudorapidity distributions in Fig. 8. The diphoton (resonance) tends to be more forward

produced in γγF events, peaking at |ηγγ| ' 3.5. In ggF signal events, ηγγ peaks at |ηγγ| ' 2.5,

while the dip in diphoton production at ηγγ = 0 for ggF events is not as pronounced. The rapidity

distribution of the individual photons in Fig. 8 (right) is flat for the background but peaked at the
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CMS Diphoton Selection
ggF γγF

γγ
JP = 0+ JP = 2+ JP = 0+ JP = 2+

EBEB 72.8% 58.2% 70.0% 55.2% 60.0%
EBEE 27.2% 41.8% 30.0% 44.8% 40.0%

Table 1: Expected fraction of diphoton events accepted by the CMS diphoton search [2] with both
photons detected in the barrel (EBEB category) or with one photon in the barrel and the other in
the end cap (EBEE category) for ggF and γγF production of either a spin-0 or spin-2 resonance
along with irreducible γγ background events.

center of the detector for both signals suggesting that a scalar diphoton resonance prefers to decay

to photons in the detector barrel. This can be understood as follows. In events where a heavy scalar

resonance is produced, the decay photons are isotropic in the parton center of mass frame. In the

lab frame, the boost factor of the resonance is typically small resulting in an almost isotropic cos θγ

distribution (with small peaks towards cos θγ = ±1 from the small boost factor of the resonance

along the beam axis) for the decay photons. The shape of the ηγ distribution is dominated by the

Jacobian factor from changing variables from cos θγ to ηγ, which has the same qualitative shape as

the photon pseudorapidity distributions for the resonance signals. The γγ background events, on

the other hand, are highly boosted with a cos θγ distribution that is strongly peaked at cos θγ = ±1.

When combined with the Jacobian factor and detector acceptance, the ηγ distribution of the γγ

events turns out to be flat. This is not the case for a spin-2 resonance produced via ggF or γγF,

which does not decay isotropically to photons in the parton center of mass frame [30–32] resulting

in more forward photons than a scalar signal. In Fig. 9, we present the ηγ distributions for ggF and

γγF production of a spin-0 and spin-2 resonance, confirming that a tensor resonance gives more

forward photons than the scalar signal.

CMS reported an unexpectedly large number of the excess events in the EBEE selection category,

in which one of photons from the diphoton is detected in the end cap (|ηγ| > 1.57) and one in the

barrel (|ηγ| < 1.44), rather than both photons detected in the barrel (EBEB category) [2]. Whether

these events should be considered as signal events depends on the width and mass of the resonance.

We apply the cuts from the CMS diphoton analysis event selection to obtain the expected number

of events in the EBEE and EBEB categories for the signal and background in Table 1. The signal

diphoton events (for both a ggF or γγF produced scalar resonance) are most likely to be accepted in

the EBEB selection category with & 70% of accepted signal events expected in this category. This

is a direct consequence of the ηγ distributions in Fig. 8 (right) for the ggF and γγF signals. For

the spin-2 signal, however, more events are accepted in the EBEE category compared to the scalar
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signal for both ggF and γγF production. The irreducible background diphotons are more likely to

show up in the EBEE category than the photons from a 750 GeV scalar resonance. We note that

the expected number of background events reported by CMS in the EBEE category is larger than

the number expected in the EBEB category, which is not the case for the irreducible γγ background

alone. We understand this effect to be due to be the additional presence of jj background events,

which we do not simulate, that account for ∼ 20% of the EBEE category expected background but

a significantly smaller fraction for the EBEB category.

Conclusions

We have simulated the two production mechanism of a hypothetical 750 GeV diphoton resonance at

LO and the largest source of irreducible diphoton background at NLO. The main differences between

the two production modes are the jet multiplicities and jet rapidities of the accepted diphoton events

in addition to the intact protons from elastic photoproduction, all which may be observed with high

statistical significance around or before 20 fb−1 of data. More subtle features of the signal events

include an excess number of events with HT > 800 GeV for ggF production and an enhancement

to the central pseudorapidity gap rate for γγF production. Moreover, we find that scalar resonance

signals strongly prefer to decay to photons in the barrel rather than the endcap, hinting that, for a

wide resonance interpretation, the large fraction of excess events accepted in the EBEE diphoton

selection category by the Run-2 CMS diphoton search may not be explained by a spin-0 resonance.

If the excess persists with the same features after the collection of more data, a spin-2 resonance

may better describe the number of photons detected in the detector end cap.
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