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Any new particle charged under SU(3)¢ and carrying electric charge will leave an imprint in
the di-photon invariant mass spectrum as it can mediate gg — <~ process through loops. The
combination of properties of loop functions, threshold resummation and gluon pdfs can result in a
peak-like feature in the di-photon invariant mass around twice the mass of a given particle even if the
particle is short-lived and thus it doesn’t form a narrow bound state. Using recent ATLAS analysis,
we set upper limits on the combined SU(3)¢ and electric charge of new particles and indicate future
prospects. We also discuss the possibility that the excess of events in the di-photon invariant mass
spectrum around 750 GeV originates from loops of a particle with mass around 375 GeV.

Introduction. As demonstrated by discoveries of the Z
boson and the Higgs boson, a resonance is the cleanest
signal of a new particle as long as its branching ratios to
visible modes are nonzero. However, many popular mod-
els including minimal supersymmetric standard model or
models with various top-partners predict particles that
can be produced in pairs. For the pair production, the
searches highly depend on decay modes of a given particle
and there are known scenarios in well motivated models
which are difficult to see directly even if production cross
sections are sizable. In principle, a model can always be
constructed in which a new particle cascade decays to
complex final states consisting of soft particles and pos-
sibly missing energy, or the particle has a large number
of possible final states with small branching ratios to in-
dividual ones. Signatures that are less model dependent
or do not depend on decay modes at all are therefore an
integral part of searches for new physics.

In this Letter we show that any particle charged under
SU(3)¢ and carrying electric charge will leave an imprint
in the di-photon invariant mass spectrum as it can me-
diate gg — =y depicted in Fig. 1. The minimal effect of
particle X (we use X = F for a fermion and X = S for a
scalar) on di-photon spectrum depends only on its mass,
My, and the combination of its SU(3)¢c Dynkin index,
Tr,, and electric charge, Q) x, given by

C’X = NXTRngﬁ (1)

where N is the number of Dirac fermions and Ng is
the number of complex scalars in case there are more
than one particle with the same quantum numbers and
similar masses present or the particle is a multiplet under
additional symmetry.

If the particle X is sufficiently long lived to form a
narrow bound state then the standard bound state for-
malism is applicable [1-5] and a clear resonance (with
ultimate enhancement factor < 100 for 'y < 1074Mx)
is expected just below 2Mx. However this is not the case
if the particle X is short-lived which is typical for two-
body decays. For example, the lifetime of the top quark

(Tiop = 0.8%muop) is shorter than toponium formation
time. Nevertheless even in this case we show that the
effect of particle X can be seen.

For sufficiently large C'x, the effect appears as a peak-
like shape near 2Mx with fairly large width as a result
of properties of loop functions, threshold resummation
and parton distribution functions (PDFs). For smaller
Cx the interference with standard model (SM) quarks in
the loop of Fig. 1(b) is important which results in a dip
around 2Myx. Therefore, di-photon searches, especially
when the spectrum is measured well with large luminos-
ity, can place strong limits on a variety of new physics,
even on scenarios that could otherwise avoid direct de-
tection. Every particle charged under SU(3)¢ that have
an electric charge leaves its mark in the di-photon spec-
trum and in principle, with infinite precision, we could
see every one within the energy reach of a given collider.

Current limited data [6, 7] only allow us to see new par-
ticles with sufficiently large C'x and thus, in this Letter,
we focus on the region of C'x where interference effects
are small. We will show the range of C'x as a function
of the mass of the particle X already excluded by mea-
surements of the di-photon spectrum without ever per-
forming direct searches for such particles. We also show
future prospects when larger data samples are collected.
Finally, we briefly discuss the Cx needed for a particle
with mass around 375 GeV to explain the excess of events
in the di-photon spectrum around 750 GeV.

Glue to light. The individual 1-loop diagrams of a
scalar and a fermion mediating gg — 77 are shown in
black in Fig. 1. The gauge invariance guarantees that the
combined amplitude vanishes at y/s = 0, since, as a result
of Ward identity, it is proportional to external momenta.
Corresponding loop integrals include propagators of the
loop particle and they become enhanced in regions of
the phase space that allow the loop particle to be on-
shell. When the scattering energy allows two propagators
in the loop to be simultaneously on-shell the amplitude
gets significantly enhanced compared with the case below
the threshold. This, combined with rapid suppression of
gluon PDFs with increasing +/s, is the origin of the peak-
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FIG. 1: Feynman diagrams for gg — ~7v with scalar (a)
and fermion (b) loop. Twisted topologies are not
shown. Grey gluons indicate ladder diagrams.

like shape near 2Mx. In addition, resummation of ladder
diagrams, shown in grey in Figs. 1, further enhances the
effect near the threshold.

The amplitude for gg — vy mediated by particle X can
be written as A = Cx Ax, where the AS(F) is common
for any scalar(fermion); the cross section scales as C%
for different X. Our numerical calculation is based on
FeynArts, FormCalc and LoopTools [8] and we use cteq6l
data set for the gluon PDF [9]. We do not take into
account the efficiency in di-photon selection (~ 50%) and
K-factor from gluon fusion production (expected to be
~ 1.5), which do not change the shape of the signal.

Near the threshold, where X and X are slowly mov-
ing, the ladder diagrams in Fig. 1 are essential since the
n gluon ladder exchanges between X and X close to on-
shell give a factor of (as/v)™ where @; is the strong cou-
pling at the exchanged gluon momentum scale and v is
the velocity of X and X [10]. The 1-loop amplitude,
first analytically calculated in Ref. [11], can be well sepa-
rated into relativistic and non-relativistic parts near the
threshold [4]. Then the resummed results are obtained by
replacing free Green function of X X system by the one
which satisfies non-relativistic Schrédinger equation of
QCD Coulomb potential [1-3]. When the electric charge
of the particle X is large (2 2), QED Coulomb potential
should also be taken into account. The result of resum-
mation depends on the quadratic Casimir of X and its
decay width I'x. In setting limits, we take a conser-
vative approach and assume X to be the color triplet
which gives the smallest quadratic Casimir and we do
not include photon ladder exchanges. We also choose
I'x = 1%Mx as a reference and comment on I'x depen-
dence of the results.

The differential cross section for gg — ~v at 13
TeV LHC mediated by SM quarks and the new scalar
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FIG. 2: The differential cross section for gg — vy as a
function of di-photon invariant mass m.. for Mx = 365
GeV and I'x = 1% Mx with Cs = 10 for a scalar (top)
and Cp=5 for a fermion (bottom) shown in red: solid
lines are 1-loop approximation away from threshold and
resummed result near the threshold while dashed and
dotted lines are their extensions beyond the valid
region. The light red lines are threshold resummed
results for Mx = 125, 250 and 500 GeV. The thin black
line is the SM 1-loop result for gg — ~. The black line
is the fitting function to pp — v from ATLAS [6].

(fermion) with mass of 365 GeV and Cs = 10 (Cp=5) is
shown with red lines in the top (bottom) plot of Fig. 2
with the threshold region magnified in the upper right
corner. The solid red lines are 1-loop approximation away
from threshold and resummed result near the threshold.
We also show the threshold resummed results for differ-
ent choices of Mx (light red lines) which indicate that
the relative size of the signal of a new particle to the SM
background is larger for smaller Mx. Finally, the thin
black line is the SM 1-loop result for gg — v and the
black line is the fitting function to pp — vy from the
recent ATLAS di-photon analysis [6].

Approaching the threshold, the 1-loop result cannot
be trusted since the next order correction grows as & /v;
we nevertheless show it in Fig. 2 in dashed even when
larger than 25% error is expected. On the other hand, the
resummed result, which is accurate at the threshold, gets
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FIG. 3: The 95% C.L. upper limits (black) and
expected upper limits (solid red) on Cg (left) and Cr
(right) assuming I'y = 1%Mx based on ATLAS
analysis with current integrated luminosity of 3.2 fb~*
at 13 TeV LHC. The green and blue solid lines
correspond to projections for integrated luminosity of 12
fb~! and 3 ab™! assuming I'y = 1%Mx. Corresponding
dashed lines are expected upper limits for I'x = 3% Mx.

correction proportional to v away from the threshold.
When larger than 25 % error is expected it is only shown
as dotted line up to the region where the 1-loop result
can be trusted. The two solid red lines are expected to
be smoothly connected once higher order corrections in
both calculations are available.

For completeness, the inset in the left bottom cor-
ner of Fig. 2 shows the magnified region near the top
threshold, which also illustrates the effect of a particle
with small Cx (note, Ciop = 2/9). The 1-loop result in
the SM, shown in black dashed line, features a kink at
the top threshold as a result of the interference with five
light quarks [12].1 The threshold resummed result (solid
lines), which has not been calculated previously, gives ad-
ditional structure.? The resulting dip at 2myep is about
3 % of the total background. The enhancement from
the resummation together with the characteristic shape
makes the observation of the top quark in di-photon spec-
trum more likely in future with high statistics.
Results. From current data, we can set the upper limit
on Cx by comparing the expected signal for given Mx
with the background. In Fig. 3, the black line (solid
red line) indicates the 95% C.L. upper limit (expected
upper limits) on Cx as a function of Mx assuming I'y =
1%Mx from current ATLAS data corresponding to the
integrated luminosity of 3.2 fb~* at 13 TeV LHC. For the
expected upper limits, the statistical significance, S/ VB,

1 Similar features can also be seen in other processes, for example
in Z* mediated triangle loops of heavy quarks [13].

2 It is noticeable that presence of a new fermion (red line) causes
larger deviation from the SM prediction (black line) compared
to a new scalar. This is consistent with the fact that effective 4
operators mediated by a new scalar are one order of magnitude
smaller than those mediated by a new fermion [14].

is calculated with background given by the data-driven
fitted function of the ATLAS analysis [6]. The signal
is selected only from the region in which the threshold
resummation is trustable, as is shown with solid lines
near the threshold in Fig. 2, which roughly correspond to
+3% around 2Mx. We also take a simple approach based
on the number of expected events and the information
about the shape of the signal is not used. Thus, the
resulting exclusion limits are conservative.

The obtained limits are valid for any I'y < 1%Mx.
Actually, as the width decreases, the exclusion limits are
stronger due to the enhancement factor corresponding to
the formation of the bound state mentioned in the intro-
duction. For larger width, 'y = 3% Mx, the expected
upper limits (dashed red line) are slightly weaker. Note,
most of models with perturbative couplings have particles
with widths smaller than 3% of their masses. Detailed
discussion of the width dependence of the results will be
presented in Ref. [15].

The green and blue solid (dashed) lines in Fig. 3 corre-
spond to projections for integrated luminosity of 12 fb*
(expected for Run 2) and 3 ab™' (for HL-LHC) with
I'x = 1%Mx (3%Mx). The shaded ranges in Fig. 3
indicate values of C'x for which the SM amplitude is of
the same size or larger than the amplitude with X in the
loop. For smaller C'x the peak-like shape is gradually
replaced by a dip around 2Mx, similar to what we saw
for the top quark in Fig. 2. The overall signal strength
remains significant even for smaller C'x. Compared to
the top threshold which interferes with 5 light quarks,
X interferes with 6 quarks, further amplifying the effect.
However, in this case a more sophisticated analysis based
on the shape of the signal is required which is beyond the
scope of this Letter.

As we can see from Fig. 3, di-photon searches already
place limits on possible new particles irrespectively of
their decay modes. For example, a 200 GeV scalar parti-
cle with Cs 2 3 or a fermion with Cr 2 1.5 are already
excluded for I'y < 1%Mx. The latter corresponds to,
for example, a triplet under SU(3)c with NQ? > 3 (for
example, one vector-like quark with electric charge 5/3
gives NQ? = 2.8) or an octet with NQ? > 0.5.

Let us discuss the possibility that the excess of events
in the di-photon invariant mass spectrum around 750
GeV originates from gg — v mediated by loops of a
particle with mass around 375 GeV.

In Fig. 4, we show the contribution of a 365 GeV
scalar particle (top) and a fermion (bottom) to the di-
photon spectrum for Cg = 18 (Cr = 8) in the data mi-
nus the fitted function plot from the ATLAS analysis [6].
The meaning of solid lines is the same as in Fig. 2 and
the shaded area extends from the 1-loop result to the
resummed result in the region where higher order cor-
rections are needed to connect solid lines (indicated by
dashed and dotted lines in Fig. 2). In order to illuminate
our previous discussion we also show the effect of the top
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FIG. 4: Contribution of a scalar (top) and a fermion
(bottom) with Mx = 365 GeV and I'x = 1%Mx to the
di-photon spectrum for Cs = 18 (Cr = 8) in the data
minus the fitted function plot from ATLAS [6]. The
meaning of solid lines is the same as in Fig. 2 and the
shaded area extends from the 1-loop result to the
resummed result in the region where higher order
corrections are needed to connect solid lines. The dip
from the top quark is also visible at 2mqp.

quark - the dip at 2myo,. The parameter choices of Fig.
4 are also marked in Fig. 3. The scalar case is more con-
sistent with data points and if the preferred large width
(45 GeV) of the excess persists with more data, this ex-
planation would be especially well motivated.?

A particle with such a large Cx may seem highly un-
usual but its existence is not necessarily ruled out by
direct searches. Consider for example a vector-like quark
that couples to a light SM quark and a SM singlet scalar
S (large Cx can be achieved by large N in Eq. (1)). Al-
though X can be pair-produced at high rates, it decays
into S+jet. The S can further cascade decay through
other SM singlets and finally the lightest one can de-
cay back to SM light quarks through a coupling originat-
ing from small mixing with the SM Higgs boson, as in
models with singlet extensions of the Higgs sector [17].
The signature of the pair produced X X is thus a (possi-
bly large) number of jets.* Currently any scenario with
pair-produced particles each decaying to more than 4 jets
is essentially unconstrained. In addition, masses of SM
singlets could be such that some of the final state jets

3 For another possible explanation of the excess mimicking a par-
ticle with a large width see Ref. [16].

4 Alternatively, instead of large N one might consider an X with
large hypercharge. In this case S has to carry hypercharge as
well, but the rest of the discussion above holds with small mod-
ifications and the same conclusions.

are typically significantly softer than others, making the
mass reconstruction of X challenging or impossible even
with large data sets in future.®

There are endless variations of these scenarios. Design-
ing direct searches for all these and other, perhaps better
motivated, hard-to-see scenarios might be difficult or not
possible. However, precise di-photon spectrum measure-
ments can lead to discoveries or strong constraints irre-
spectively of prospects for direct detection of new parti-
cles.

The QCD and QED charges of a new particle, NTg,
and NQ?, are also independently constrained by the run-
ning of QCD and EW coupling constants in Ref [18] and
Refs. [19, 20]. The EW constraints are currently very
weak, starting with NQ? < 70 at 300 GeV and getting
weaker for higher masses. However, we obtain signifi-
cantly stronger constraints on the electric charge for col-
ored particles of the same mass, NQ? < 8 for color triplet
fermions. On the other hand, for our example with a
fermion with C'x = 8, we get a constraint on the electric
charges, @ 2 2 if the QCD constraint, NTg, < 4 [18] is
taken together.

Finally we note that there are related processes with

the same topologies as in Fig. 1 but different final states:
ZZ, Zy, WW, gg (dijet) and g7y for which our analysis
could be repeated. Current limits in these final states are
significantly weaker than in v+ [21], but if the 750 GeV
excess persists the corresponding signals in other chan-
nels are expected (depending of SU(2) charge of X some
of them can be absent). In a similar way to the running
of QCD coupling constant, dijet searches place a lower
limit on the QED charge, which is however significantly
weaker. For our example of a fermion with Cx = 8, it
only implies @ 2 0.5.
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5 For a scalar X, the S has to be a SM singlet fermion, it can decay
into other SM singlet scalars and fermions, eventually decaying
into jets and one stable SM singlet fermion leading to, depending
on the masses, small amount of missing energy in final states,
again resulting in the same conclusions.
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