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1 Introduction

The ATLAS and CMS collaborations have recently reported the observation of an intriguing

excess of events in the diphoton mass distribution around 750 GeV [1, 2] in the
√
s = 13 TeV

Run-II data. This has stimulated a great deal of theoretical interest, and the possibility

of interpreting this observation in terms of a new 750 GeV resonance, R, decaying to two

photons has been considered within a wide range of models. One interesting, and in some

sense natural possibility, given that this possible excess is only seen so far in the γγ decay

channel (and not, for example, in the dijet mass spectrum), is that the resonance may couple

dominantly to photons, with the coupling to gluons and other coloured particles being either

suppressed or absent entirely. This has been discussed in [3, 4] (see also [5–15]), where the

γγ induced process in both the usual inclusive and the exclusive modes has been considered.

In the latter case the incoming photons are emitted coherently from the colliding protons,

which then remain intact after the collision; this will naturally occur in a non-negligible

fraction of events.

In light of this, we present in this paper a precise theoretical determination of both the

inclusive and exclusive γγ luminosities which are required to calculate the corresponding

production cross sections. We will assume this excess is due to the decay of a scalar or

pseudoscalar resonance R of mass MR = 750 GeV, although of course it remains possible

that it is due to a simple statistical fluctuation. In general it is not the aim of this paper to
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make further model-dependent assumptions about the nature of the resonance, but rather

to give the most accurate possible calculation of the relevant γγ luminosities for a range

of kinematic conditions, improving upon the more phenomenological approaches taken in

e.g. [3, 4]. While these give a reasonable estimate of the expected rates, at the ∼ 10–50 %

level, a more precise calculation may be needed for future higher statistics studies, provided

the excess survives.

Thus, in this paper we account for the NLO in αs corrections to the photon PDF

evolution, and demonstrate that the inclusive luminosity relevant to the production of

such a high mass object is under good theoretical control, up to a ∼ ±15–20 % uncertainty.

This then allows the branching ratio for R → γγ to be determined quite precisely, if the

γγ-induced production mechanism is indeed dominant, provided the cross section and total

width are measured. Under this assumption, the lack of observed excess at
√
s = 8 TeV

allows a quite precise limit to be placed on the corresponding cross section at
√
s = 13 TeV.

We also consider the possibility that the resonance may be produced in gluon-gluon and

vector boson fusion (VBF), and show quantitatively how relatively simple final-state cuts,

namely vetoing on additional jets close in rapidity to the resonance and selecting events

where the resonance has a reasonably low transverse momentum, respectively, are expected

to suppress these contributions relative to the photon-induced case.

In addition, we consider the possibility for producing this resonance in central exclusive

production (CEP), with two intact protons in the final-state. The experimental situation at

the LHC is very encouraging here, and such processes may be measured with both protons

tagged using the approved and installed AFP [16, 17] and CT-PPS [18] forward proton

spectrometers, associated with the ATLAS and CMS central detectors, respectively, see

also [19]. Moreover, the measurement of new heavy objects with tagged protons can in

general be highly advantageous, see [20–26]. We therefore present a precise evaluation of

the exclusive γγ luminosity, accounting for all physical effects, including the probability of

no additional underlying event activity, or so-called survival factor. For photon-mediated

processes, this turns out to be quite close to unity, but it cannot be ignored; the treatment

of this latter factor is either absent or approximate in other studies such as [3, 4]. The

uncertainty is found to be very small, at the percent level, allowing the corresponding

exclusive cross section to be accurately predicted.

For the exclusive production of such a high mass object there is naturally a strong sup-

pression in the gluon-initiated channel, where the perturbative probability for producing no

extra particles is strongly damped, compared to the γγ one (see [20] for the first discussion

of this), while the heavy bosons exchanged in VBF inevitably lead to proton dissociation.

This exclusive mode therefore naturally leads to a relative enhancement in the γγ-induced

process. In addition, it offers the advantage that the resonance quantum numbers, as well

as potential CP-violating effects [27], may be determined, through measurements of the az-

imuthal correlations between the transverse momenta of detected protons. We discuss these

possibilities in detail here, and show how a scalar or pseudoscalar state leads to dramati-

cally different proton distributions, so that with only a handful of events these possibilities

may be distinguished. We also comment on the potential for producing such a resonance

exclusively in heavy ion collisions, and provide estimates for the inclusive γγ-induced cross
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section for the production of new heavy colourless fermions which could be associated with

the resonance.

The outline of this paper is as follows. In section 2.1 we present the theoretical in-

gredients required to calculate the inclusive γγ luminosity and discuss the implications for

the 750 GeV excess. In section 2.2 we compare our results to the predictions from other

photon PDF sets. In section 2.3 we consider the possibility of gg and WW initiated contri-

butions to the production of the resonance R and calculate the impact of relatively simple

cuts on the final-state, showing how these can suppress these components relative to the

γγ-initiated case. In section 2.4 we comment on the event structure in γγ-initiated pro-

cesses. In section 3 we consider the purely exclusive γγ-initiated production mechanism,

where the protons remains intact after the collision, and show how the corresponding γγ

luminosity may be calculated. In section 3.1 we calculate the distributions with respect to

the transverse momenta of the outgoing protons, and demonstrate how these are strongly

sensitive to the parity of the produced resonance. In section 3.2 we discuss how a measure-

ment of any asymmetry in such a distribution may in addition be sensitive to CP-violating

effects in the production mechanism. In section 3.3 we comment briefly on the possibility

to produce such a resonance exclusively in heavy ion collisions, and show that this is not

likely to be a viable channel. In section 4 we consider the case of inclusive heavy colourless

fermion production. Finally, in section 5 we conclude.

2 Inclusive production

2.1 γγ initiated cross section

To calculate the cross section, σinc(pp → R), for the inclusive production of a scalar (or

pseudoscalar) resonance, we first define the usual inclusive γγ luminosity for the production

of a system X of mass MX and rapidity yX , which is given by

dLinc
γγ

dM2
X dyX

=
1

s
γ(x1, µ) γ(x2, µ) , (2.1)

where x1,2 = MX√
s
e±yX are the proton momentum fractions carried by the photons and

γ(x, µ) is the photon parton distribution function (PDF), i.e. the density of the photons

with momentum fraction x at the scale µ ∼ MX . In terms of this, the inclusive cross

section for γγ → X is

dσinc(pp→ X)

dM2
X dyX

=
dLinc

dM2
X dyX

σ̂(γγ → X) , (2.2)

were σ̂ is the cross section for the γγ → X subprocess. If we consider the production of

a resonance R of mass MR and rapidity yR then in the narrow width approximation1 the

1If the resonance width is large enough, then this approximation is not completely valid. As the γγ

luminosity is steeply falling with MX , the distribution will be fairly slowly convergent for MX < MR, so

that for e.g. Γtot = 45 GeV, the predicted cross section is ∼ 10% larger than in the narrow width case. If such

a large width persists in future higher precision data, than this should be taken into account consistently.
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subprocess cross section is

σ̂(γγ → R) =
8π2Γ(R→ γγ)

MR
δ(M2

R −M2
X) , (2.3)

=
8π2Γtot(R)

MR
Br(R→ γγ) δ(M2

R −M2
X) , (2.4)

and thus
dσinc(pp→ R)

dyR
=

8π2Γ(R→ γγ)

MR

dLinc
γγ

dyR dM2
X

∣∣∣∣
MX=MR

. (2.5)

The photon PDF is given in terms of an input term γ(x,Q2
0) at the starting scale Q0, and

a term due to photon emission from quarks during the DGLAP evolution from Q2
0 to Q2.

The input γ(x,Q2
0) may be written in terms of a coherent component, γcoh.(x,Q0), due to

the elastic process, p→ p+ γ, see [28], as well as an incoherent component, γincoh.(x,Q0),

due to emission from the individual quarks within the proton (i.e. the direct analogue of

perturbative emission in the QCD case). In the former case we take the more precise form

given by (3.1) for the coherent photon flux, rather than the approximate expression used

in [28]. The coherent component gives the dominant contribution at the input scale Q0,

with γcoh.(x,Q0)/γincoh.(x,Q0) ≈ 3, with some ∼ 10% variation in this depending on the

precise value of x.

For the DGLAP evolution, since the QED coupling α is very small it is sufficient to

consider just the leading O(α) contribution to the photon PDF, γ(x,Q2), although we

account for the running of α to 1-loop order, as the relevant scale µ ∼ MR is quite large.

The appropriate splitting functions which allow the evolution to be evaluated at NLO in

the strong coupling αS have recently been calculated in [29], and are included here.2 Thus,

we have

γ(x, µ2) = γ(x,Q2
0) +

∫ µ2

Q2
0

α(Q2)

2π

dQ2

Q2

∫ 1

x

dz

z

(
Pγγ(z)γ

(x
z
,Q2

)
+
∑
q

e2
qPγq(z)q(

x

z
,Q2) + Pγg(z)g

(x
z
,Q2

))
, (2.6)

where the input distribution γ(x,Q0) = γcoh(x,Q0) + γincoh(x,Q0) and Pγq(z) and Pγg(z)

are the NLO (in αS) splitting functions. At LO we have

Pγg(z) = 0 , (2.7)

Pγq(z) =

[
1 + (1− z)2

z

]
, (2.8)

Pγγ(z) = −2

3

[
Nc

∑
q

e2
q +

∑
l

e2
l

]
δ(1− z) , (2.9)

2Strictly speaking, to be consistent we should also include the γγ → R matrix element at NLO, however if

the experimental value of the R→ γγ width is taken this implicitly includes higher order-QCD corrections,

while for the simplest case that R does not couple to coloured particles these corrections are zero.
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where the indices q and l denote the light quark and the lepton flavours respectively, see [29]

for the full NLO results. We find that including the NLO form of the DGLAP evolution

reduces the predicted cross section for MR = 750 GeV by about 5% compared to LO, with

the suppression being slightly larger at the highest rapidities.

What are the uncertainties on the above expressions? The main source is in fact due

to varying the factorization scale in the photon PDF, indicating the potential importance

of higher-order contributions. Varying µR (in α and αs) and µF independently between

(MR/2, 2MR) for MR = 750 GeV, we find that there is a ∼ ±10 % variation in the predicted

γγ luminosity, and hence in the predicted inclusive cross section. This is dominantly due

to the factorization scale variation, while if we set µR = µF some compensation in fact

occurs, so that the variation is instead ∼ 5%. There is also some error associated with the

PDF uncertainty of the quark and gluon PDFs which enter the photon DGLAP evolution.

Here, we take MMHTNLO [30] PDFs:3 calculating the PDF uncertainty in the usual way

we find less than a ∼ ±2% variation.

In addition there is some uncertainty due to the quark treatment in the ‘incoherent’

emission term in the input PDF γ(x,Q2
0), and the related question of the choice of starting

scale Q0, which acts as an upper limit on the scale for photon emission in both the coherent

and incoherent input components; here we take Q0 = 1 GeV. We choose to freeze the quark

PDFs below the starting scale Q < Q0 at Q0, corresponding to an upper limit on the

incoherent term (see [28] for more details). The remaining contribution from the coherent

component for Q > Q0 is included by adding a corresponding term to the photon PDF

evolution. However, this is not the only way that the incoherent input component may be

treated, so to give a rough estimate of the uncertainty associated with this we can simply

set γincoh(x,Q0) = 0: in this case the resonance R production cross section decreases

by ∼ 15%. Clearly this represents an extreme and physically unjustified choice, so more

realistically we can expect the uncertainty to be smaller than this. Thus combining this

with the scale variation and other sources, we expect the total uncertainty to be of order

∼ ±15–20%. We note however that further studies to constrain the incoherent component

of the photon PDF, in the context of a global PDF fit, can reduce the uncertainty associated

with this.

The inclusive γγ luminosity as a function of the system invariant mass MX is shown in

figure 1 (left), at both
√
s = 8 and 13 TeV. The luminosity ratio of the higher to the lower

energy increases significantly at higher MX , due to the higher parton x values probed, from

∼ 2–10 over the mass range (200–2000 GeV) considered. At MX = 750 GeV we find

Linc
γγ (
√
s = 13 TeV)

Linc
γγ (
√
s = 8 TeV)

= 2.9 , (2.10)

as can be seen in figure 1 (right), where the luminosities for the production of a MR =

750 GeV resonance as a function of the resonance rapidity yR is also shown. Thus, if for

3Strictly speaking, a set which includes the photon PDF in the fit should be used, however an up-to-

date fit within the framework described in this paper is not currently available, and moreover this will only

influence the PDFs at higher order in α, so will be a small effect.
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Figure 1. Inclusive γγ luminosity at
√
s = 8 and 13 TeV, shown (left) differential in the invariant

mass, MX , of the produced system, integrated over rapidity yX , (right) for the production of a

resonance of mass MR = 750 GeV, differential in the particle rapidity.

illustration we take the
√
s = 13 TeV production cross section of σinc = 4–8 fb, as indicated

in e.g. [31, 32] we have

σinc
8 TeV(pp→ (R→ γγ)) = 1.4–2.8 fb . (2.11)

The lack of excess seen at
√
s = 8 TeV in the γγ mass spectrum roughly implies that

σ < 2–3 fb [33]. Phrased differently, if we take this as our limit, then if the measured

cross section at
√
s = 13 TeV exceeds about 6–9 fb, the hypothesis that the resonance is

dominantly produced in γγ fusion becomes ruled out.

Considering the cross section for resonance production, from (2.4) and our results for

the γγ luminosity, we get the simple relation (for MR = 750 GeV)

σinc(pp→ (R→ γγ)) = 91 fb

(
Γtot(R)

1 GeV

)
Br(R→ γγ)2 , (2.12)

or, rearranging

Br(R→ γγ) =
1

9.5

(
σinc[ fb]

Γtot(R)/1 GeV

)1/2

, (2.13)

where in the latter case the inclusive R → γγ cross section is given in fb. Thus, if as

above for illustration we take the production cross section of σinc = 4–8 fb as indicated by

e.g. [32], as well as the width Γtot = 45 GeV, then we find

Br(R→ γγ) = 3.1–4.4 % . (2.14)

Clearly this low branching ratio, if correct, indicates that such a new resonance must have

a sizeable branching into other SM (most notably, W/Z modes, which should be present)

or BSM particles. Of course, the evidence for such a high total width, which is preferred

by the ATLAS but not the CMS data, is at this stage only tentative, and the true width

may be lower. As an extreme, if we assume that the resonance only couples to photons,

i.e. Br(R→ γγ) = 100 %, then we expect

Γtot = 44–88 MeV , (2.15)

for the cross section range σinc = 4–8 fb.
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CT14 (pγ0 = 0–0.14%) MRST2004 NNPDF2.3 This work

Linc
γγ (13 TeV)/Linc

γγ (8 TeV) 3.1–2.8 2.65± 0.15 2.1± 0.4 2.9

Linc
γγ (PDF)/Linc

γγ (Sect. 2.1) 0.4–0.9 1.1± 0.5 2.1± 1.4

Table 1. Ratio of the inclusive γγ luminosities at MX = 750 GeV, defined in (2.1), at
√
s =

13 TeV to 8 TeV, for a range of QED PDF sets, described in the text, compared to the central

prediction (2.10) from this work, and the ratio of the γγ luminosities at
√
s = 13 TeV for these sets

to the prediction of this paper. The MRST2004 range corresponds to the constituent and current

quark mass results, the CT14 range to the results with the photon momentum fraction pγ0 between

0–0.14%, and the NNPDF2.3 uncertainties correspond to a 68% confidence envelope.

2.2 Comparison to other PDF sets

We have so far presented the results for resonance production within the approach set out

in [28] (see also [34]). However, other predictions for the photon PDF are available, in par-

ticular in the context of the major global parton analyses, namely the NNPDF2.3QED [35],

CT14QED [36] and the older MRST2004QED [37] sets. In the NNPDF2.3 QED parton

analysis, the photon PDF is freely parameterised in the same way as for other partons.

This is then fitted to DIS and a small set of LHC data, namely W,Z and high/low-mass

Drell-Yan production (more precisely this is achieved by Bayesian reweighting, see [35] for

full details). Unfortunately such data currently has limited constraining power, and the

resulting PDF uncertainties are very large, in particular at higher x; we will see this below

in table 1. The MRST2004 and CT14 QED sets take a different approach, which is more

similar to that considered here: they both assume a theoretical form due to photon emission

from the individual (valence) quarks within the proton, i.e. equivalent to the incoherent

input component in this work. In the MRST2004 case two sets are available, corresponding

to whether current or constituent quark masses are used in the input. In the CT14 set

an additional free parameter, given in terms of the momentum fraction, pγ0 , carried by the

input photon PDF, is introduced, and by comparing to the ZEUS ep→ eγX data [38], is

found to be 0–0.14% for the starting scale Q0 = 1.295 GeV at 90% confidence.

In table 1 we compare our prediction (2.10) for the ratio of the inclusive γγ luminosities

for a 750 GeV resonance at
√
s = 13 TeV to 8 TeV to the results of these PDF sets, including

their corresponding uncertainties, calculated as described in the table caption. In light of

the lack of an observation of any excess in the diphoton channel at 8 TeV, this is an

important quantity: as discussed in the preceding section, we expect the ratio to be ∼ 3,

which is sufficiently large that the current best fit cross sections corresponding to the excess

at 13 TeV are not in strong tension with this result. We find that generally the predicted

ratios in table 1 are consistent with our results, with the exception of the NNPDF2.3 set,

which predicts a somewhat lower ratio. Thus those sets which include theoretical guidance

for the photon PDF appear to prefer a somewhat higher value of this ratio, compared to

the NNPDF case (this is also clear from figure 11 of [36], where the NNPDF set shows a

flatter behaviour with decreasing x). However, when uncertainties are accounted for the

tension is not too dramatic. In other works (see e.g. [6, 11]) a somewhat lower value of

∼ 2 is quoted, however it is important in this case to account for the uncertainties in such
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a prediction. Moreover, it should be pointed out that such a low central value is only

found in the case of the NNPDF set, and is not preferred by analyses which use theoretical

guidance or, in the case of this work, all available experimental input in the form of the

contribution from coherent photon emission, to constrain the photon PDF.

Also shown in table 1 is the ratio of the γγ luminosity for a 750 resonance at
√
s = 13

predicted by these PDF sets to our central prediction. Here, the results are completely

consistent within uncertainties with ours, with the slight exception of the CT14 set, which

appears to prefers a slightly lower value (recalling that the quoted intervals correspond

to 90% confidence limits). However, in the CT14 set the photon momentum fraction pγ0
is largely insensitive to the precise form of the photon PDF in the x region relevant to

750 GeV resonance production (x ∼ 0.09 (0.06) at
√
s = 8 (13) TeV), where it is small in

size. In [36], the form of the photon PDF in this x region is driven by the assumption of

a purely incoherent input, while the ZEUS data [38] which they fit to does not directly

constrain the photon PDF for x above ∼ 0.02. Thus, while for our set we find pγ0 = 0.2 % at

the CT14 starting scale, any apparent tension here and in the predicted luminosity should

not be taken literally. The very large uncertainty in the NNPDF prediction is also evident.

Although we have for the purposes of presenting a full discussion compared our results

with the best available alternative photon PDF sets, we would argue that these approaches

miss a crucial element of the physics involved with the photon PDF. In particular, we

have seen in section 2.1 that at the starting scale Q0 the dominant contribution to the

photon PDF is generated by coherent emission of a photon due to the electric charge

of the entire proton, a theoretically well understood and experimentally well constrained

process. The reason this applies here, and not in the case of the PDFs of the quarks and

gluons, is that QED corresponds to a long range force that does not suffer from the issue of

non-perturbativity at low scales. Thus a significant part of the experimental input, which

must be provided by a global analysis for the case of the quark/gluon PDFs, is already

present for the photon PDF, through the measurement of the proton form factors (see (3.1)

below) for coherent photon emission; in QCD there is no equivalent to this. Indeed, the

coherent emission process has been observed experimentally at the LHC, e.g. in the ATLAS

measurement [39] of exclusive lepton pair production at
√
s = 7 TeV, with results that are

in good agreement with the expectations for coherent photon-initiated production, once

all relevant effects (i.e. both the survival factor and the Sudakov factor) are accounted for;

such a component must certainly be present in inclusive processes as well. The remaining

fairly small component due to incoherent photon emission from the individual quarks may

be effectively modelled down to very low scales, and a ∼ 10–15% uncertainty may be

assigned due to this, even without further experimental input which can be provided by

including the photon PDF in a global parton analysis. These arguments are particularly

relevant for the production of a 750 GeV resonance, where for the x values relevant to this

process the uncertainties associated with any set which omits this coherent component are

currently large.

2.3 VBF and coloured particle fusion processes

As well as coupling to photons, we will in general expect the resonance R to couple to

W and Z bosons, and so to be produced by vector boson fusion (VBF). In addition, if

– 8 –
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it couples to colour, we may expect the gg → X process to contribute to the production

cross section. Moreover, even if this is not the case, the irreducible background from

continuum diphoton production proceeds primarily through the qq channel; although we do

not consider this explicitly here, the results for the gg channel will be qualitatively similar,

as initial-state gluons act as a significant source of quarks in their DGLAP evolution. In

order to separate these from the γγ induced signal process, additional cuts can be placed.

In particular, to suppress the VBF contribution a fairly low cut can be imposed on the

resonance transverse momentum pR⊥ < pc⊥ �MW , which will reduce the VBF cross section

by a factor ∼ (pc⊥)2/M2
W � 1. To suppress the gg initiated contribution, we can veto on

events with jets of transverse momentum greater than some cut, k⊥ > kc⊥ in a rapidity

interval δη on both sides of the resonance; in this case the gg fusion process will generally

be accompanied by the bremsstrahlung of additional high k⊥ gluons (see e.g. [11] for a MC

study). In both cases, the cuts pc⊥ and kc⊥ should be chosen to be sufficiently large that

the underlying event does not generally produce activity passing these cuts.

To calculate the effect of these cuts (which are analogous to those used to select Higgs

boson production via VBF [40, 41]) on the γγ cross section, we can apply the simple

approach described in [34]. Namely, we should limit the phase space region for the splitting

functions Pγq and Pγg, corresponding to real emission in the DGLAP evolution (2.6) of the

photon PDF, to remove the case that the final-state partons are radiated into the ‘veto’

interval. Due to the strong k⊥ and angular ordering of the DGLAP evolution it is sufficient

to include this constraint in the last step of evolution only; if in this step the vetoes are

satisfied then all partons emitted in previous steps in the DGLAP ladder will automatically

satisfy them. From a simple consideration of the kinematics of the final splitting, we find

that these vetoes are imposed by adjusting the Pγq(z) and Pγg(z) functions so that if

1− z < k⊥
k⊥ +MRe−δη

, k⊥ > kc⊥ , (2.16)

in the gg induced process and

pR⊥ > pc⊥ , (2.17)

in the VBF case, they are set to zero. More precisely, in the case of the NLO splitting

functions we should consider vetoes on the two emitted partons individually, i.e. qg(qq)

for Pγq(Pγg). However since the effect of the NLO correction is rather small (∼ 5%) here

we for simplicity use the same veto as in the LO case. This corresponds to a veto on the

kinematics of the parton pair and so only gives an approximate indication of the effect to

the NLO contribution; for example the transverse momentum cut will be overly restrictive.

This introduces an additional sub-percent level uncertainty in the calculation, which is

however well within other uncertainties due to the scale choice and input photon PDF.

Crucially, the effect of the veto (2.16) on the gg induced process will be much greater

than in the γγ case. To first approximation, the gg cross section will be suppressed by a

double logarithmic S2
g = e−2Tg Sudakov factor with

Tg =

∫ µ2

kc⊥
2

αs(k
2
⊥)

2π

dk2
⊥

k2
⊥

∫ 1−∆

0

[
zPgg(z) +

∑
q

Pqg(z)

]
Θ

[
k⊥

k⊥ +MRe−δη
− z
]
dz , (2.18)
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Figure 2. Ratios of the MR = 750 GeV production cross section at
√
s = 13 TeV subject to

additional veto requirement to the inclusive cross section: (left) no extra emission in the interval

δη on either side of the resonance with transverse momentum k⊥ > kc⊥ = 15 GeV, for the γγ and

gg initiated processes, (right) the produced resonance is required to have transverse momentum

pR⊥ < pc⊥, for the γγ and VBF initiated processes.

where ∆ = k⊥/(µ + k⊥), see [42] for more details, and here we have adjusted the con-

ditions (2.16) so that the virtual corrections corresponding to emission with momentum

fraction z inside the veto region are resummed. In figure 2 (left) we show the ratio of the

cross section with the veto applied and kc⊥ = 15 GeV, µ = MR = 750 GeV, to the inclusive

cross section for a range of δη values and for the γγ and gg-initiated processes. While the

γγ-induced cross section is suppressed by just under a factor of 2, the gg-induced cross sec-

tion is further suppressed by ∼ 4–6 for δη = 3–4. Moreover, for the irreducible background

from continuum diphoton production, which proceeds primarily through the qq channel,

we can expect a similar level of supression. These analytical estimates therefore indicate

that such a cut should give a fairly large suppression in the gg contribution, although to be

more precise a full MC simulation should be performed. We note this level of suppression

is similar in size, although slightly smaller than, the result found in [11], where instead

tracks with transverse momentum above a very low threshold p⊥ > 1 GeV are vetoed on in

a MC sample; such an approach leads to additional uncertainties due to the modelling of

the underlying event and hadronization effects in the MC, and in addition such a stringent

cut is found to reduce the ‘signal’ γγ-induced cross section by over a factor of ∼ 10.

In the case of VBF, considering WW fusion for concreteness, the relevant part of the

luminosity is proportional to

LWW ∝
∫

d2k1⊥

(M2
W + k2

1⊥
)2

∫
d2k2⊥

(M2
W + k2

2⊥
)2
, (2.19)

where ki⊥ are the transverse momenta transferred through the W bosons, so that the

resonance pR⊥ = k1⊥ + k2⊥ . In figure 2 (right) we show the ratio of the cross section,

subject to the requirement pR⊥ < pc⊥, to the inclusive cross section, for a range of cut values.4

4In fact, in the γγ case the transverse momenta cut is applied in the evolution of both PDFs, i.e. to the

partons emitted in the last step of the evolution from both protons. This is not the same as applying the

cut to the resonance transverse momenta, and indeed will overestimate the suppression somewhat, although

for the relatively flat behaviour seen in figure 2 (right) this is not a dramatic effect.
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The suppression in the VBF case is as expected from (2.19) of order ∼ (pc⊥)2/M2
W � 1,

and is very strong, while for the γγ luminosity we only expect a factor of ∼ 2 reduction.

Again, although to be more precise a full MC simulation should be performed, these results

indicate that a very strong reduction in any VBF contribution can be achieved with a simple

cut choice.

2.4 γγ-initiated production: event structure

In the previous section we have shown how the γγ-initiated process is not dramatically

reduced by requiring that no extra jets are present in a certain rapidity region surrounding

the resonance. Here, we will comment a little further on the structure of the event that is

expected for such a process, although for a more precise evaluation a MC study should be

performed.5 To examine this further, we note that if we ignore the small corrections that

the photon PDF will give to the evolution of the quark and gluons, then the equation (2.6)

for the DGLAP evolution of the photon PDF can be solved exactly, giving [34]

γ(x, µ2) = γ(x,Q2
0)Sγ(Q2

0, µ
2) +

∫ µ2

Q2
0

α(Q2)

2π

dQ2

Q2

∫ 1

x

dz

z

( ∑
q

e2
qPγq(z)q

(x
z
,Q2

)
+ Pγg(z)g

(x
z
,Q2

))
Sγ(Q2, µ2) , (2.20)

≡ γin(x, µ2) + γevol(x, µ2) , (2.21)

where the photon Sudakov factor

Sγ(Q2
0, µ

2) = exp

−1

2

∫ µ2

Q2
0

dQ2

Q2

α(Q2)

2π

∫ 1

0
dz
∑
a=q, l

Paγ(z)

 , (2.22)

corresponds to the probability for the photon PDF to evolve from scales Q0 to µ without

further branching; here Pq(l)γ(z) is the γ to quark (lepton) splitting function at NLO in

αs. At LO it is given by

Paγ(z) = Na

[
z + (1− z)2

]
, (2.23)

where Na = Nce
2
q for quarks and Na = e2

l for leptons, while the factor of 1/2 in (2.22)

is present to avoid double counting over the quark/anti-quarks (lepton/anti-leptons). The

Sudakov factor is generated by resumming the term proportional to Pγγ , due to virtual

corrections to the photon propagator, which is a relatively small correction to the pho-

ton evolution. However for the reasonably large evolution length from Q0 ∼ 1 GeV to

µ ∼ 750 GeV, this correction is not negligible, and we have Sγ ∼ 0.93.

Thus, as shown in (2.21) the photon PDF at a scale µ may be expressed as a sum of a

term, γin(x, µ2), due to the input PDF, i.e. generated by coherent and incoherent photon

emission up to the scale Q0, multiplied by the probability of no further emission up to the

5We note that the results of [11] are consistent with the conclusions in this section. Moreover, since

writing this paper we have confirmed these results with our own MC study, generating a 750 GeV scalar

resonance + up to two jets with MadGraph 5 [43] and matching this to parton shower generated with Pythia

8.215 [44, 45].
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hard scale µ, and a second term, γevol(x, µ2), due purely to emission from the quark/gluons,

which is independent of the input photon PDF.

These results, and those of the preceding section, allow us to make some relatively

simple conclusions about the structure of a γγ-initiated event. Firstly, upon inspection we

find that the fraction of the photon PDF (2.21) due to the input component is quite large:

even for µ = 750 GeV it corresponds to ∼ 40% of the total. This is generated either by

coherent emission from the proton, or by incoherent emission from the individual quarks

at low scale . Q0, and will hence produce no secondary particles, up to soft underlying

event activity. Thus from this fact alone, we expect that ∼ 16% of events will be generated

by this emission from both protons, and will therefore have no additional jet activity.

Moreover, for the second ‘evolution’ component due to quark/gluon DGLAP emission the

transverse momenta of the emitted partons is often found to be fairly low: we can see from

figure 2 (right) that roughly ∼ 50% of events are expected to have no additional jets with

k⊥ > 20 GeV.

We can also see from figure 2 that about ∼ 65% of γγ-initiated events are expected to

have no additional jets with k⊥ > 15 GeV up to ±3 units in rapidity from the resonance.

For a higher cut, the fraction will of course be higher, although the dependence is not

too strong: for e.g. k⊥ > 50 GeV we expect ∼ 70% of events to have no jets in this

rapidity interval. For a larger value of η = ±5, i.e. extending across essentially the entire

ATLAS/CMS detector coverage, we expect ∼ 50(65)% of events to have no jets with

k⊥ > 15(50) GeV.6 Thus, by measuring the fraction of events with additional jets in these

regions it should be possible to identify whether the resonance production mechanism is

γγ-initiated or not. Further information can also be provided by observing the fraction

of events with jets on one side of the produced resonance: we recall from the discussion

above that a sizeable fraction of the photon PDF from a given proton is generated by the

low-scale input component, which will not produce any jets on the proton side. Finally,

we note that the above conclusions are of a completely general nature, and would apply

equally well to the production of other SM and BSM states via γγ fusion.

3 Central Exclusive Production

In addition to the inclusive channel considered above, for a resonance that is produced

through γγ → R it is natural to consider central exclusive production (CEP), pp→ p+R+p,

where the protons remain intact after the collision. Such a final state is generated naturally

by the colour-singlet γγ initial state; indeed, as discussed in section 2.1 the dominant

contribution to the photon PDF at the starting scale Q0 is precisely from such coherent

emission. We will evaluate below how this changes at the higher scale µ ∼MR relevant to

the resonance production process.

The exclusive channel is particularly relevant in light of the forward proton detec-

tors approved for installation at ATLAS (AFP [16]) and already installed at CMS (CT-

PPS [18]): such exclusive events can be selected by tagging the outgoing intact protons

6This implies that any invisible decay modes could be challenging to see, as any missing transverse

energy will generally be small.
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in association with a measurement of the resonance R in the central detector. The back-

ground from overlapping non-exclusive pile-up interactions may be controlled by ensuring

that the ‘missing mass’ and rapidity information reconstructed from the outgoing pro-

tons is consistent with the measurement in the central detector, as well as through the

use of ‘fast timing’ detectors to check if the photon and proton scattering points are the

same, see [19, 46].

By selecting exclusive events we naturally enhance the relative contribution from the

γγ-initiated subprocess, see [20]. In particular, for the gg-initiated case, which can occur

exclusively through the ‘Durham’ mechanism described in [47], there is a strong Sudakov

suppression (given by (2.18) without the theta-function and with a much lower kc⊥ = Q0 =

O(GeV)) associated with the requirement of no additional parton emission from the hard

process. As a result, the exclusive gg luminosity in the relevant kinematic regions is ∼ 3

orders of magnitude smaller than in the inclusive case. In addition, for the final state to be

exclusive there must be no underlying event activity associated with the hard process. The

probability for this to occur is known as the ‘survival factor’: see appendix A for further

discussion. For gg-induced production this suppresses the cross section by a further ∼ 2

orders of magnitude, so that the exclusive cross section is suppressed in total by a very

large factor of ∼ 105.

In the γγ-initiated process there is also some suppression from the fact that, while

the dominant component of the input PDF, γ(x,Q0), is due to coherent emission from

the proton, any further DGLAP evolution cannot occur, as this will produce secondary

particles and spoil the exclusivity of the final state. More precisely, we calculate the

exclusive γγ luminosity in the usual equivalent photon approximation (EPA) [48]. The

quasi-real photons are emitted by the incoming proton i = 1, 2 with a number density

given by

n(xi) =
1

xi

α

π2

∫
d2qi⊥

q2
i⊥

+ x2
im

2
p

(
q2
i⊥

q2
i⊥

+ x2
im

2
p

(1− xi)FE(Q2
i ) +

x2
i

2
FM (Q2

i )

)
, (3.1)

where xi and qi⊥ are the longitudinal momentum fraction and transverse momentum of

the photon i, respectively, and Q2
i is the modulus of the photon virtuality. The functions

FE and FM are the usual proton electric and magnetic form factors

FM (Q2
i ) = G2

M (Q2
i ) FE(Q2

i ) =
4m2

pG
2
E(Q2

i ) +Q2
iG

2
M (Q2

i )

4m2
p +Q2

i

, (3.2)

with

G2
E(Q2

i ) =
G2
M (Q2

i )

7.78
=

1(
1 +Q2

i /0.71GeV2
)4 , (3.3)

in the dipole approximation, where GE and GM are the ‘Sachs’ form factors. The ‘EPA’

γγ luminosity is given by

dLEPA
γγ

dM2
X dyX

=
1

s
n(x1)n(x2) . (3.4)
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Figure 3. Inclusive and exclusive γγ luminosities for a scalar resonance at
√
s = 13 TeV, shown

(left) differential in the invariant mass, MX , of the produced system, integrated over rapidity yX ,

(right) for the production of a resonance of mass MR = 750 GeV, differential in the particle rapidity.

Comparing with (2.1) we can see that the number density n(xi) corresponds to the coherent

component of the photon PDF. To calculate the contribution from this coherent compo-

nent at the scale µ ∼ 750 GeV we must then multiply this by the Sudakov factor (2.22),

corresponding to the probability that the coherently emitted photon does not split into

quarks or leptons, spoiling the exclusivity of the final state. As discussed in section 2.4,

this leads to a suppression of S2
γ ∼ 0.86: while therefore much less significant than in

the QCD-initiated case, where the probability of additional branching for the initial-state

gluons is much higher, this can nonetheless not be ignored entirely. Comparing to the

inclusive luminosity, we find that requiring exclusivity in the DGLAP evolution reduces

the cross section by roughly an order of magnitude.

However, the formulae presented above are in fact only approximately correct for

the case of exclusive production; we must in addition consider the effect of the survival

factor, as above. In such a situation we cannot näıvely apply (3.1), but rather we must

correctly account for the polarization structure of the γγ → R process at the amplitude

level, as described in detail in appendix A. The coherently emitted photons have relatively

low transverse momentum, q⊥, corresponding to larger impact parameters between the

colliding protons, where the probability of additional particle production is small. Thus,

the suppression is in fact not too great, with the precise value depending on the parity of

the produced resonance: we get S2 = 0.72(0.77) for a 750 GeV scalar(pseudoscalar) state.

In figure 3 we show the exclusive and inclusive γγ ratios for scalar resonance production

as function of the invariant mass MX of the produced state, and for the production of a

resonance of mass MR = 750 GeV, as a function of rapidity. In the latter case, we see that

a factor of ∼ 16 reduction is induced in the luminosity by requiring exclusivity, with more

precisely

σexc(pp→ (R→ γγ)) = 0.063 · σinc(pp→ (R→ γγ)) = 0.25–0.50 fb , (3.5)

for inclusive cross sections in the range 4–8 fb.

What is the uncertainty on this? As discussed in section 2.1, we expect a ∼ 15–20%

uncertainty in the inclusive γγ luminosity, due principally to the factorization scale varia-
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tion. However, in the purely exclusive case the prediction is under even better theoretical

control. The initial-state is no longer given in terms of inclusive photon PDFs with cor-

responding factorization scale uncertainty, associated with higher order QCD corrections;

rather we must only consider the probability for the entire proton to coherently produce

a photon. This is very well understood, with the coupling of the coherent photon to the

proton parameterised by the experimentally well-constrained form factors (3.2) and (3.3).

There is some uncertainty due to the choice of scale in the Sudakov factor (2.22), but this

is small: varying µ between MR/2 and MR we get a ∼ ±2% variation in S2
γ . Another

question relates to the survival factor. However, as discussed above, for photon-induced

processes, the average impact parameter between the colliding protons is generally large.

This is in a regime where the proton optical density Ω(bt), which is required to calculate

the survival factor (see appendix A), is well constrained to be small in size. This means

that any allowed variation in its value results in a very small change in the probability of

no inelastic production exp(−Ω(bt)); in [49] various models for Ω(bt) are taken for a range

of photon-induced processes, and the variation in the resulting cross sections is found to

be at the ∼ % level. Thus in this exclusive case the expected theoretical uncertainty is

extremely small, of order a few percent.

Finally, it is worth pointing out that the resolution of the missing mass measured

by tagging the outgoing protons is expected in this region to be rather good, with ∆M ∼
10 GeV [19]). Thus, if the relatively high width suggested by the ATLAS data is in fact due

to a superposition of more than one resonances of similar masses (see for example [32]),

the exclusive mode could allow these to be separated. A further possibility is that if

the resonance has a sizeable decay to invisible particles (e.g. dark matter [13]), then in

general this may be observed in the ‘missing mass’ spectrum reconstructed from the tagged

outgoing protons. However, in light of backgrounds from e.g. pile-up interactions and low

mass diffractive dissociation or elastic scatters combined with photon emission from protons

(see [50] for more details) this appears to be an extremely challenging measurement at the

required luminosities.

3.1 Spin-parity analysis

As well as being sensitive to the γγ-induced production mechanism, the exclusive mode

offers the additional advantage that by tagging the outgoing protons, further information

may be provided about the quantum numbers of the produced state. This was discussed

in [51] for the gg-mediated process, but a similar situation applies here.

We will consider as an example the possibility to distinguish between a scalar and

a pseudoscalar resonance. Differentiating between these two possibilities from measure-

ments of the γγ final-state in the central detector is not possible, as the photon angular

distributions are identical in the scalar and pseudoscalar cases. However, in the exclusive

mode the situation is much more encouraging: by measuring the outgoing proton trans-

verse momenta we are in fact directly sensitive to the polarisation structure of the γγ → R

process, and hence to the quantum numbers of the resonance. In particular, in exclusive
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interactions the γγ → R subprocess amplitude can be written as

A ∼ qµ1⊥q
ν
2⊥
Vµν , (3.6)

where Vµν is the usual γγ → R vertex, see [49] for further discussion, and qi⊥ are the photon

transverse momenta. Comparing to the coupling of R to external photons, we can see that

the qi⊥ play the role of the photon polarisation vectors, which are therefore directed along

their transverse momenta.

Crucially, in this exclusive case any transverse momentum transferred through the

incoming photons must be compensated by a corresponding transverse momentum, p⊥,

of the outgoing protons. Indeed, to good approximation (this ignores the influence of the

survival factor, which we will discus below) the photon transverse momentum is simply anti-

aligned with the recoil photon, i.e. we have pi⊥ = −qi⊥ , where i = 1, 2. The polarisation

structure of the amplitudes in the scalar and pseudoscalar cases have quite distinct forms

and, writing in terms of the outgoing proton transverse momenta we have

|A+|2 ∼ |p1⊥ · p2⊥ |
2 ∼ cos2 φ , (3.7)

|A−|2 ∼ |εαβµν pα1 p
β
2p

µ
1⊥
pν2⊥ |

2 ∼ sin2 φ , (3.8)

where the +(−) indicate the scalar(pseudoscalar) cases, pi is the 4-momentum of proton

i, and φ is the azimuthal angle between the outgoing proton p⊥ vectors. Thus, we expect

quite distinct azimuthal correlations between the outgoing protons for the two cases, which

can readily be measured by tagging detectors.

More precisely, these simple cos2(φ) or sin2(φ) distributions are in fact somewhat dis-

torted by the influence of ‘absorptive’ corrections which generate the survival factor, S2, i.e.

the probability that additional particles are not produced as a result of soft proton-proton

interactions. As discussed in more detail in appendix A, to account for survival effects we

must include an additional elastic interaction between the protons, with momentum trans-

fer k⊥. This will then be transferred through the photon propagators as well, so that we no

longer have the exact relation pi⊥ = −qi⊥ between the photon and outgoing proton trans-

verse momenta. Nonetheless, the average momentum transfer is small, with k2
⊥ ∼ 2/Bel,

where the t-slope for elastic pp scattering Bel ∼ 20 GeV−2 at the LHC [52, 53], and so

k2
⊥ ∼ 0.1 GeV. Thus, after integrating over k⊥, the exact cos2(φ) or sin2(φ) distributions

are washed out somewhat, but the dominant behaviour remains.

This is seen in figure 4, where we plot the predicted φ distribution for scalar (left)

and pseudoscalar (right) particles. These are calculated using a modified version of the

SuperChic 2 MC [49], with model 4 of [54] taken for the survival factor (the resulting

distributions are not sensitive to this precise choice). The difference between the scalar and

pseudoscalar cases is clear, with the distinct azimuthal distributions resulting from (3.7)

and (3.8) remaining even after survival effects are included. With only a few observed

signal events, it could be possible to distinguish between these two scenarios, due to the

dramatically different behaviour predicted at φ = 0 and π.
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Figure 4. Distribution, in arbitrary units, with respect to the azimuthal angle φ between the

transverse momenta of the outgoing protons for the exclusive production of a scalar (left) and

pseudoscalar (right) resonance of mass MR = 750 GeV at
√
s = 13 TeV.

3.2 CP-violating effects

As well as being sensitive to the parity of the produced object, any CP -violation in the

production mechanism of the resonance R will in fact induce an asymmetry in the proton φ

distribution. This was shown in [27] in the context of light CP -violating Higgs production,

for which the gg-induced production amplitude is given by

ACPV ∼ gs p1⊥ · p2⊥ −
gP

p1 · p2
εαβµν p

α
1 p

β
2p

µ
1⊥
pν2⊥ , (3.9)

where gS and gP are the corresponding couplings. In the case of exclusive γγ-initiated

production we expect the same form of amplitude. As the first term has a ∼ cosφ be-

haviour, while the second instead is ∼ sinφ, it can readily be shown that upon squaring

the amplitude, the interference between these two terms leads to an asymmetry in the

predicted proton φ distribution. Thus, a measure of the asymmetry

A =
σ(φ < π)− σ(φ > π)

σ(φ < π) + σ(φ > π)
(3.10)

will be sensitive to CP -violating effects– see [27] for a detailed discussion.

3.3 CEP in heavy ion collisions

At first sight, an attractive possibility is to study the photon-induced CEP of a resonance

at 750 GeV in heavy ion collisions, where the coherent photon flux is generally enhanced

by the squared charge of the beam, Z2, from both sides, see e.g. [55]. However, in the

kinematic regime corresponding to the production of such an object, where the photon

x is quite high, the situation is not encouraging. In particular, the minimum squared

photon virtuality tmin ' −(xmp)
2/(1 − x) ∼ (140 MeV)2 for a typical

√
sNN = 5.5 TeV

for Pb-Pb collisions, corresponding to a photon ‘transverse size’ of ∼ 1.4 fm. As this

number is significantly smaller than the radius of the ion, e.g. we have RA ∼ 7 fm for

lead, the possibility for coherent emission from the entire heavy ion nucleus is greatly

reduced. Indeed, taking the standard form for the γ flux from a lead ion, as in e.g. [56], the
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expected cross section in Pb-Pb is similar in size, ∼ fb, to the proton-proton case; the Z2

enhancement is essentially lost. Thus, for the much lower luminosities that can be expected

in heavy ion runs at the LHC, such a measurement appears to be unrealistic.

4 Production of colourless fermion pairs

In many models the decay of the diphoton resonance is mediated via an intermediate loop

formed of sleptons [57, 58], vector quark or leptons [59] or fermions [3]. For illustration

we will consider the fermion case in what follows, although similar results may be found

for other particle types. In principle, if such fermions do not couple to colour they may be

within the mass reach of the LHC, but have not yet been observed; indeed, as discussed

in e.g. [32], the existence of such states is still relatively unconstrained for masses above

∼ 200 GeV.

Ignoring QED threshold effects, the γγ → FF̄ subprocess cross section is given by

(see e.g. [60])

dσ̂

d cos θ∗
(γγ → FF ) = e4

F

2πα2β

M2
X

1 + 2β2(1− β2)(1− cos2 θ∗)− β4 cos4 θ∗

(1− β2 cos2 θ∗)2
, (4.1)

where β = (1 − 4m2
F /M

2
X)1/2, eF is fermion electric charge, mF is the fermion mass, and

MX is the FF invariant mass. Combining this with the inclusive γγ luminosity given

in the preceding sections, and for illustration taking mF = 360 GeV and eF = 1, we

get σFF = 0.12 fb at
√
s = 13 TeV. While this is quite small, in particular relative to the

suggested resonance R production cross section, this will be strongly enhanced in a scenario

where the new fermion carry higher electric charge eF > 1. Note that the resonant R→ FF

cross section may give a comparable contribution to the overall FF signal, provided the

corresponding branching ratio is not too small.

5 Conclusion

The observation by the ATLAS and CMS collaborations of an excess of events around

750 GeV in the diphoton mass spectrum has recently provoked a great deal of theoretical

interest. As the only hint of any discrepancy from the SM in this mass region is so far in the

γγ channel (and not e.g. in the dijet mass spectrum), an essentially minimal interpretation

of the signature is that it is due to the decay of a resonance R which couples only, or at

least dominantly, to photons. In such a scenario the main production mechanism, as well

as the decay channel, will be γγ-mediated.

In this paper, we have considered the case of a scalar or pseudoscalar resonance R

of mass 750 GeV, which is produced through γγ collisions. This may occur inclusively

or exclusively, with in the latter case the outgoing protons remaining intact after the

interaction. Our aim has not been to present results within the context of a particular

model, but rather to provide the most precise possible predictions for the γγ luminosity,

needed to calculate the corresponding resonance production cross sections, in both the

inclusive and exclusive cases.
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The precise numbers we have presented (which depend on the resonance mass, width

and branching ratios) are for illustration only, as the available experimental information is

currently quite limited. Nonetheless, these predictions, and the discussion we present here,

indicate how any future analysis can be performed, if after gathering more data the excess

remains, and the properties of the underlying resonance become clearer. Moreover, the

calculations presented in this paper are not only applicable to the case of such a resonance:

the γγ-initiated channel, both exclusive and inclusive, is potentially sensitive to a range of

BSM physics, see e.g. [19, 23, 26].

The main results of this paper are as follows:

• The inclusive γγ luminosity has been calculated with NLO accuracy, with an uncer-

tainty of ∼ 15–20 %, principally associated with the choice of factorization scale and

input photon PDF.

• The ratio of inclusive cross sections for a 750 GeV resonance at 13 to 8 TeV is found

to be ∼ 2.9. This result is consistent with the CT14 [36] and MRST2004 [37] QED

PDF sets, which include some theoretical guidance for the form of the photon PDF.

Although the NNPDF2.3QED [35] set, which takes a completely free parameterisation

of the photon PDF, prefers a lower central value ∼ 2.1, this is in a region where the

corresponding photon PDF in this approach is relatively unconstrained, and the

uncertainty on the ratio is quite large.

• Simple cuts on the final state can efficiently reduce the relative contribution from

the gg and VBF production channels, if such modes are present, relative to the

γγ-initiated case.

• A precise calculation of the exclusive γγ luminosity, relevant to the case where both

protons remain intact after the interaction, has been presented, with an associated

uncertainty that is very small, and does not exceed a few percent.

• The exclusive channel leads naturally to a strong suppression of the gg and VBF ini-

tiated modes. The ratio of inclusive to exclusive γγ luminosities is found to be ∼ 16,

with corresponding exclusive cross section ∼ 0.3–0.5 fb via the γγ decay channel, for

the current best estimate of the inclusive cross section corresponding to the appar-

ent diphoton excess. Assuming favourable experimental efficiencies and resolution

this could therefore be accessible with the hundreds of fb−1 of integrated luminosity

which can be taken with the AFP [16, 17] and CT-PPS [18] forward proton taggers,

associated with the ATLAS and CMS central detectors, respectively. It is in partic-

ular worth pointing out that the mass of the potential resonance is precisely in the

region of maximum acceptance for these detectors [19].

• The exclusive channel allows the outgoing intact protons to be measured by tagging

detectors. We have demonstrated that the predicted distribution with respect to the

azimuthal angle between the proton p⊥ vectors is highly sensitive to the parity of the

produced object, and that with just a handful of events the scalar and pseudoscalar

cases may be distinguished.
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• The SuperChic 2 MC [49], gives a state of the art and precise treatment of a range

of exclusive γγ-initiated processes, including soft survival effects.

• Although näıvely one might assume that heavy ion collisions are a natural place to

look for the production of a 750 GeV resonance which couples dominantly to photons,

we have shown that the Z2 enhancement is essentially lost in the kinematic regime

relevant to such a heavy object, due to the relatively high average photon virtuality.

Consequently, the predicted rates are too low for such an observation to be realistic.

It remains entirely possible that the excess of events observed by ATLAS and CMS is

a purely statistical fluctuation. However, if after collecting more data the signal remains,

it is the task of theorists to provide the most precise and up-to-date possible predictions

for the expected experimental signatures. It has been our aim in this paper to achieve this

for the case that the resonance persists and couples dominantly to photons; if this is the

case, then a variety of interesting studies, in both the exclusive and inclusive channels, are

possible, and we hope to lay the groundwork for these here.
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A Soft survival factor

The survival factor, denoted S2, corresponds to the probability of no additional underlying

event activity, i.e. additional soft particle production.7 It is crucial to include this when

calculating any exclusive cross section, where we require that the protons remain intact and

there is no hadronic production in addition to the considered final-state (in this paper the

decay products of the resonance R); the underlying event will clearly spoil this exclusivity

requirement. As the survival factor is a soft physics, and hence non-perturbative, object

it cannot be calculated from first principles, and a phenomenological model must be used.

Typically a ‘global’ approach is taken, and soft QCD models which predict a range of

hadronic observables, such as the the total, elastic and diffractive cross sections, as well

as the survival factor, are in fact quite well developed (see e.g. [54, 62, 63] for recent

studies). These can therefore be tuned to such data, allowing the size of S2 to be fairly

well constrained.

7In this paper we only consider the so-called ‘eikonal’ survival factor, due to additional proton-proton

interactions. In general, we should also consider the so-called ‘enhanced’ survival factor, see e.g. [61],

generated by additional interactions with the intermediate partons produced during the evolution. However

for exclusive γγ-initiated processes this is absent.
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q1⊥

q2⊥

Tel(k2⊥)
k⊥

q1⊥ + k⊥

q2⊥ − k⊥

Figure 5. Feynman diagrams for (left) bare and (right) screened amplitudes for exclusive γγ-

initiated resonance production.

One point to emphasise is that the survival factor is not a simple multiplicative con-

stant [64], but rather depends in general on the final-state configuration, and in particular

on the outgoing proton transverse momenta. Physically, this is to be expected, as the sur-

vival factor will depend on the impact parameter of the colliding protons; loosely speaking,

as the protons become more separated in impact parameter, we should expect there to be

less additional particle production, and so for the survival factor to be closer to unity. As

the transverse momenta pi⊥ of the scattered protons are nothing other than the Fourier

conjugates of the proton impact parameters, bit, we therefore expect the survival factor to

depend on these. It is precisely this effect which leads the survival factor for the relatively

peripheral γγ-initiated processes to be close to unity, as discussed in section 3.

The above considerations therefore imply that the survival factor should be treated

differentially: this was achieved within the SuperChic 2 MC framework in [49], and we

give a brief summary of how this is done for γγ-initiated processes below. The diagram in

figure 5 (left) corresponds to the usual so-called ‘bare’ amplitude, prior to including any

survival effects. Taking a scalar resonance R for illustration, and recalling (3.7) and (3.1)

we can write this as

T (q1⊥ , q2⊥) ∼ FE(Q2
1)1/2

q2
1⊥

+ ξ2
1m

2
p

FE(Q2
2)1/2

q2
2⊥

+ ξ2
2m

2
p

(q1⊥ · q2⊥) , (A.1)

where we do not show the contribution from the magnetic form factor for simplicity (see [49]

for a discussion of how this can be included), and overall factors due to the γγ → R

vertex and xi dependence (and other factors) from the photon flux (3.1) are omitted for

clarity. In this case the transverse momenta qi⊥ transferred through the photons must

be exactly balanced by the outgoing proton momenta, and so we have qi⊥ = −pi⊥ and

T (q1⊥ , q2⊥) = T (p1⊥ , p2⊥).

It can be shown [65] that to calculate the survival probability we must simply consider

the additional diagram show in figure 5 (right), where the grey oval represents an additional

proton-proton elastic scatter, where a transverse momentum k⊥ is exchanged, and with

corresponding amplitude T el(k2
⊥). For this ‘screened’ amplitude we must integrate over the
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momentum k⊥ transferred through the loop, and so we have

T scr.(p1⊥ , p2⊥) =
i

s

∫
d2k⊥
8π2

T el(k2
⊥)T (q′1⊥ , q

′
2⊥

) , (A.2)

where, as the k⊥ exchanged by the elastic scatter is transferred through the photon prop-

agators, we have q′1⊥ = −p1⊥ + k⊥ and q′2⊥ = −p2⊥ − k⊥. We must then add this to the

bare amplitude to give the final result for the differential cross section

dσ

dp1⊥dp2⊥

∼ |T (p1⊥ , p2⊥) + T scr.(p1⊥ , p2⊥)|2 . (A.3)

As the elastic amplitude, T scr. is dominantly imaginary, from (A.2) we can see that this

interferes destructively with the bare amplitude, reducing the cross section. The average

survival factor is simply

S2 =

∫
d2p1⊥d2p2⊥ |T (p1⊥ , p2⊥) + T scr.(p1⊥ , p2⊥)|2∫

d2p1⊥d2p2⊥ |T (p1⊥ , p2⊥)|2
, (A.4)

which is by construction always less than one. In particular, it can shown that in impact

parameter space this is equivalent to

S2 =

∫
d2b1t d2b2t |T (s,b1t,b2t)|2 exp(−Ω(s, bt))∫

d2 b1td2b2t |T (s,b1t,b2t)|2
, (A.5)

where bit is the impact parameter vector of proton i, so that bt = b1t + b2t corresponds

to the transverse separation between the colliding protons, with bt = |bt|. T (s,b1t,b2t)

is the amplitude (A.1) in impact parameter space, and Ω(s, bt) > 0 is the proton opacity;

physically exp(−Ω(s, bt)) < 1 represents the probability that no inelastic scattering occurs

at impact parameter bt.

The formulae presented above in fact correspond to an over-simplified ‘one-channel’

model, which ignores any internal structure of the proton. This can be readily generalised

to a more realistic approach [54] which accounts for the possibility of proton exitation in

the intermediate state, p → N∗ → p. Although we use this latter model for the numerics

in this paper, it is in fact the case that, as the photon radiation vertex p→ γ+N∗ vanishes

at q⊥ → 0, while the quasi-on-shell photon transverse momenta q⊥ in exclusive production

is very small, the difference between the simplified and more general approach is extremely

small for such processes.
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