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Abstract

We consider the phenomenology of a resonance that couples to photons but not gluons, and
estimate its production rate at the LHC from photon-photon fusion in elastic pp scattering
using the equivalent photon and narrow width approximations. The rate is sensitive only to
the mass, the spin, the total width of the resonance, and its branching fraction to photons.
Production cross sections of 3-6 fb at 13 TeV can be easily accommodated for a 750 GeV
resonance with partial photon width of 15 GeV. This provides the minimal explanation of the
reported diphoton anomaly in the early LHC Run II data.



The ATLAS and CMS experiments have recently reported excesses [1] in the diphoton invariant
mass spectrum of 13 TeV proton-proton collisions at the LHC. A relatively broad peak with a
width of I' ~ 20 — 45 GeV has been observed at the mass m ~ 750 GeV, while the number
of events would correspond to a production rate of o(pp — R + X)Br(R — ~vy) ~ 3 — 6 fh.
If confirmed this phenomenon would provide the first direct collider physics evidence for physics
beyond the standard model. While the current excesses (3.8 o local at ATLAS and 2.6 ¢ local
at CMS) are not sufficient to draw a definite conclusion, this hint is nevertheless very intriguing
and provides motivation to understand all possible explanations that would result in such a signal
without already being excluded from the various searches [2, 3] at Run I of the LHC at 7 and 8 TeV.
Most existing explanations [4-22] focus on a scalar resonance (like a heavy Higgs boson) produced
via gluon fusion, with a subsequent decay to two photons, in complete analogy to one of the two
main original discovery channels of the SM Higgs at 125 GeV. However the fact that this resonance
appears to be much broader than the Higgs boson suggests that its production and decay might
actually be quite different from that of the ordinary Higgs. Since no other decay channel has been
observed, there should be a significant branching fraction into photons, the only channel where an
excess has been seen to date. This implies that the coupling to photons should be quite sizable.

Once the photon branching fraction is O(1), a new possibility of producing such a resonance
arises: photon-photon fusion in elastic pp scattering [23]. The reason for this process being negligible
(o(pp — ppyy — pph) ~ 0.1 fb [24]) for Higgs production is that the Higgs branching fraction to
photons is very small. Once the coupling to photons is sizable, as with this conjectured resonance,
a cross section of order 10 fb can be easily achieved.

The purpose of this paper is to demonstrate that the diphoton excess can be explained by only
coupling the resonance to photons, and considering elastic scattering processes with photon fusion
into the resonance without a disassociation of the protons, which provides a lower bound on the
total cross section. This process can have a sufficiently large production cross section, and would
explain why no other associated objects are observed in the events. It would also give a plausible
explanation for the absence of any signals in other channels, including dijet resonances. Depending
on the exact value of the parameter appearing in the photon parton distribution function (PDF)

the ratio of production rates for Run I and Run II energies varies between 6 and 10.

We will be considering a model with an additional scalar particle R of mass m ~ 750 GeV whose

only sizeable coupling to SM particles is to photons via the operator
c
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Figure 1: Resonance production via photon-photon fusion in elastic p-p scattering

The resulting partial width to photons I',, is
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The production process we will consider is the coherent emission of a photon from each proton
and the subsequent production of the resonance by the two photons, as shown in Fig. 1. In this
process the protons are elastically scattered at very small angles and the photons are almost on
shell.

The cross section for a general A+ B — R — C' + D hard scattering process with no incoming
color multiplicities is given by

2Jp+1 I'aglep 3)
(2Ja4+1)(2Jp + 1) (8§ —m?)2 + m?2[?

where the (2J + 1) factors are spin multiplicities of the initial and intermediate states (these are

o(s) =32m

each 2 for the incoming photons), and § is the invariant mass of the particles A, B (the two fusing
photons in our case). Using the narrow width approximation the phase space for the cross section
is simplified:
ds s
(§ —m?)? + m2I? " mr

Using this approximation and applying it to proton-proton scattering we can simplify the total cross

§(3 —m?) (4)

section involving the convolution of PDFs with the s-dependent cross section.
For our process of interest, we apply the equivalent photon approximation, where the photon
has a distribution function at EZ%,; = s given by f7(z), where Ecy is the center of mass energy of

the proton-proton collision, and x is the fraction of the proton energy carried by the photon:
oo = ppit) = [ dovdoay (@) (e2)ow122) (5)
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Note that the energy of the photon-photon system is given by § = xxss.

The cross section is then given by

87’ Fiv 2
a(pp — ppyy) = W?(QJR +1) /dib’ldxzf;y(xl)f3($2)5($1$25 —m”) (6)
Eliminating the delta function, we have
812l dx m?
o(pp — ppyy) = Br*(R — vy)(2Jr + 1) [ —f1 () f] (—) (7)
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The equivalent photon approximation [25] gives the dominant contribution to the photon dis-

tribution function in two photon production which has the following approximate form for small x
26, 27):

my, T

2 1
F(z)de = d—x—o‘log{q }

8
i (8)
Here ¢, is the inverse of the minimum impact parameter for elastic scattering which is naively set
by the proton radius:

1
S, = 08768 fm = ———— . 9
o P T 170 MeV )

Hereafter, we use the replacement r, = ¢./m,, and r,, = m/y/s

A useful cross check on the value of ¢, is that plugging the Higgs mass and partial width into
our formulae reproduces the the LHC two photon Higgs production cross section (o = 0.1 fb [24])
for 130 MeV < ¢, < 170 MeV. The photon PDF calculation of ref. [27] which gives the momentum
fraction of the proton carried by the photon at Q? = 1 GeV? also implies an upper bound: ¢, < 170
MeV.

Substituting the distribution function into the cross section formula, we get

32a°T fmax
(o0 = 1) = o BE(R ) @In D) [ Cloglr /o) loglar.fr2)  (10)

Zmin

The requirement of elasticity gives &, = 7+, and thus a corresponding x,,;, = rfn /7. Note that
for yr.m, = vq. = m/2 we have Zi, = Tmax and the elastic two photon production cross section is
zero. The physics behind this is very simple: since g, is the maximum photon energy, we cannot
produce the resonance at all if vg, is less than m/2. For larger values of z, the proton begins to
dissociate, and inelastic processes dominate. The integral over the distribution functions is in fact

analytic, and the result is

/xmax C;_J: log(r./z)log(zr./r2,) = glogg(m/rm)- =

min



The final cross section for the process pp — R — 77y is then given by

12801 Ty
o(pp = ppyy = ppR) = ————Br*(R = 77)(2/r + 1) log’ (—) (12)
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We show the resulting cross section in Fig. 2 as a function of beam energy. !
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Figure 2: The the two photon production cross section as a function of beam energy with a partial
width Iy, = 15 GeV, total width I' = 45 GeV, and three values of g, 130 (dotted) 150 MeV (solid)
and 170 MeV (dashed).

For a spin zero resonance with mass 750 GeV, and taking ¢, = 170 MeV, we have the following

results for the total near-resonance cross section at 8 TeV and 13 TeV:

03 Tev = 31 1b ( ) Br*(R — 77) (13)

45 GeV

r
45 GeV
For a value of ¢, = 130 MeV on the lower end of the window suggested by comparison with Higgs

013 Tev = 162 tb ( ) Br’(R — 7). (14)

data, we have

_ 2
08 Tev = 6.5 fb (45 GeV) Br (R — ")/")/) (15)
r
013 Tev = 73 tb (45 GeV) Br*(R — 7). (16)

In Fig. 3 we show the ratio of cross sections at the two energies as a function of ¢,. We see that

smaller values of ¢, correspond to a much larger increase in going from 8 TeV to 13 TeV.

LCalculation of elastic scattering with Madgraph [28] gives cross sections typically a few times larger than shown
here. The difference can be traced back to a choice of a larger ¢, ~ 330 MeV, a number obtained by matching the
ratio of the 13 TeV to 8 TeV results to our analytic formulae.
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Figure 3: The ratio of the two photon production cross section at 13 and 8 TeV as a function of g,.

We have seen that a successful explanation of the diphoton excess requires a relatively large
partial photon width I', ~ 15 GeV, which using (2) implies ¢, ~ 0.16. Loops of weakly interacting
weak scale particles would however result in much smaller photon couplings. An NDA estimate

would be

Cyy ™ %% ; (17)
where M is the mass of the heavy particle running in the loop responsible for the generation of
this coupling. We can see that the right magnitude would be generated if c,, was the result of a
strongly coupled loop with aeg ~ 47 and v/M ~ 0.1 implying strong dynamics around the TeV
scale.

For example such a coupling can be achieved via introducing new states with large electric
charges, however one might worry that they will also result in large corrections to electroweak
precision observables. One way to avoid violating the low-energy bounds is to assume that the
resonance is a bound state of strongly interacting particles carrying dual magnetic charge under
QED, as occurs in theories with magnetic monopoles. A detailed survey of possible models giving

rise to a large ¢, is beyond the scope of this paper.

We have shown that elastic proton scattering with two photon fusion can provide a large enough

cross section to produce the 750 GeV resonance provided that the v+ partial width is around 1/3



to 1/2 of the total width. This eliminates possible deviations in dijet spectra and opens up new
avenues for model building that do not include new colored particles. If two photon production
is the main production process then the events should be mostly central with large rapidity gaps.
Of great interest for future study of heavy di-photon resonances is distinguishing the method of
production (i.e. gluon fusion vs. photoproduction). Distributions of final state photons and jets
may provide useful discriminating variables [29].

Note added: After submitting this paper we became aware of simultaneous work which also
considers two photon production, including an even larger contribution to the total cross section

involving inelastic photoproduction [30].
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