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Abstract We compute the top quark threshold contribu-
tions to the yy production at the LHC. They appear when
the invariant mass of the photon pair, M, just exceeds two
times the mass of the top quark and induce some feature in
the M, distribution. We determine the magnitude of this
threshold effect and characterize this feature with a simple
empirical fitting function to show that it is possible to observe
this effect at the LHC in future. We also explore some pos-
sible improvements that may enhance its significance.

1 Introduction

The yy pair production in proton-proton colliders such as
the LHC plays a very important role in the search for new
physics. Recently this channel had attracted considerable
attention due to a potential hint of new physics. The 2015
LHC data showed an excess over the Standard Model (SM)
expectations around M,, = 750 GeV where M, is the
invariant mass of the photon pair [1-3]. However, the peak
is absent in the latest record with improved statistics [4,5]
indicating that it was actually due to a statistical fluctuation.
Irrespective of the origin of the peak, the SM background
to this channel should be computed as precisely as possible
to capture the essential expected features in the background
simulation.

The background generally shows a smooth behavior with
respect to the invariant mass of the photon pair (M), as
indicated, for example, by the background-only fits obtained
by the ATLAS collaboration [1,4]. However, at the threshold
of production of a particle, this smooth feature would get
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modulated. In this paper, we primarily look at one such effect
originating within the SM, namely, the top quark threshold
effect that appears around M,,, ~ 350 GeV.

The y y pair production (pp — yy) at the LHC gets con-
tribution from the quark-antiquark annihilation (gg — yy)
at the leading order (LO) (with O(aezw) contribution to the
cross-section). At the next-to-leading order (NLO) in QCD
we get the (’)(ozgwozx) contributions to the cross-section from
virtual diagrams of quark-antiquark annihilation and real dia-
grams like quark-antiquark annihilation (g¢ — gyy) and
quark-gluon scattering (gg — gy y) [6]. Atthe next-to-next-
to-leading order (NNLO) in QCD we have the (’)(a?wa?)
contribution to the cross-section from double-virtual, real-
virtual and real-real diagrams [7].

At the same order, i.e. O(a2,a?), another process opens
up, namely, the fermion loop mediated gluon fusion process,
gg — vy [7-11]. It involves loop diagrams such as the box
and the cross-box diagrams like the one shown in Fig. 1 (box
diagram). Though loop mediated, this process has no tree
level part and hence we get a finite contribution from these
loops. (The two-loop matrix elements for the gluon fusion
is given in [8].) It is in this process where the top threshold
effect appears from the destructive interference between the
top loop diagrams containing on-shell top quarks and other
diagrams containing light quark loops.! Once M, exceeds
two times the mass of the top quark, m; ~ 173 GeV, the
gluon fusion process gets contribution from on-shell tops in
the box loop, creating a dip in the invariant mass distribution
[7,10,11].

The precise nature of the threshold effect can be seen
explicitly in Fig. 4 of [10]. It shows the ratio of the cross-
sections of the gluon fusion process computed with m; = 173
GeV to that obtained by setting m; = oo at the 14 TeV LHC.

! To avoid any confusion, throughout this paper we shall refer to all
pp — vy processes except the box- and cross-box-diagram mediated
g8 — vy process (and its higher order corrections) collectively as
gX — yy process computed up to different orders of QCD coupling.
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Fig. 1 A representative top-loop diagram contributing to gg — yy

In other words, it shows the correction due to the top loop to
the gluon fusion process. This ratio is found to be equal to
unity for M,,,, < 200 GeV. As M,,,, increases, the ratio starts
to decrease and shows a sudden dip at about My, = 2m;,.
After the dip, it rises smoothly and eventually saturates to
a value of approximately 1.75 for M,,,, ~ 1600 GeV. Note,
however, there is nothing special about the top quark or about
this process, similar dips are also predicted at the threshold
of each new particle in the light by light scattering [12].

Though this threshold effect exists, a priori it is not clear
whether it can be observed since the gluon-gluon fusion gives
a sub-dominant contribution to the two photon production
[6,13-18]. As mentioned, the leading order contributions
arise from the quark anti-quark annihilation process. For-
tunately, the higher order contributions are relatively large
for the yy pair production [18]. Mainly because of the large
gluon parton density function (PDF), the gluon fusion pro-
cess, although higher order in strong coupling in comparison
to the quark anti-quark annihilation process, is not negligi-
ble and gives a significant contribution to the cross-section
[8,9,18]. This may be further enhanced by imposing some
kinematic cuts. An even higher order contribution to this,
classified as NLO, has also been computed [9]. It is found
to be small but not negligible.

It is intriguing that the 2015 ATLAS data [1] showed a
hint of a dip at M,,, ~ 2m,, exactly where it is expected
from the top threshold effect. The dip is not so obvious in
the latest data set [4], but it is not in contradiction with the
dip. In this paper, we numerically simulate NLO events for
the X — yy and LO events for the loop mediated gg —
yy process to investigate the possibility of observing the
top quark threshold effect at the 13 TeV LHC. Through a
statistical analysis we aim to establish that though difficult,
it is possible to observe this effect at the LHC in future.

Note that while observation of this phenomenon is inter-
esting by itself, it may also be useful to understand the relative
magnitudes of different contributions and the process in gen-
eral. Theoretically, these have significant uncertainties due to
the unknown higher order contributions. If the effect can be
observed with sufficient accuracy, it could provide another
measurement of the top quark mass [19].

Going beyond the top-quark effect, in general, studying
such threshold effects can be useful for new physics also.

@ Springer

They can tell us about heavy particles contributing in loop
processes where the final state particles are observed at the
LHC. For example, since it arises from the interference terms,
any heavy particle (carrying electric and color charges) that
can run in the loop of the gg — yy process would lead
to such a threshold effect. Hence, even in absence of any
direct detection of heavy particles at the LHC, observation
(or non-observation) of any such effect in the yy spectrum
could let us infer about heavy particles carrying non-zero
electromagnetic charge.

2 Computations and results

We generate events for both LO gg — yy and NLO
gX — yy processes at the 13 TeV LHC in the MAD-
GRAPH5_AMC@NLO [20] environment with NN23NLO
parton density functions (PDFs) [21]. We use PYTHIA6 [22]
for parton showers (PS). Finally we pass the events through
DELPHES 3.3.1 [23], a detector simulator, with the default
ATLAS card to generate realistic distributions.

It is possible to estimate the cross-sections of these pro-
cesses more precisely with the parton level Monte Carlo
code MCFM [7,24].2 1t can compute the gX — yy pro-
cess cross-section at O(a2,«?) (NNLO) and the O (a2, o))
(NLO) correction to the gg — yy process. In our estima-
tions, we include the effects of these higher order corrections
to the production processes in the form of overall K -factors.
We scale the NLO ¢ X — yy cross-section (obtained from
MADGRAPH) by

_ 04x—yyobtained atO(ag, o)

KL o= =1.70 1

NNLO ™ &, x—, , obtained atO(a2,a;) M
and the LO gg — yy cross-section by,
o obtained atO (a2, o)

K& o= 282 = Wl = 1.48. 2)
049y yObtainedat O(ag,af)

The numerators in Egs. (1) and (2) are computed with the
NN23 NNLO PDF sets. These K-factors are estimated for
the region of the phase-space where EJT/ > 40 GeV and
M,, > 200 GeV. For our calculations we have considered
photons with E’T/ > 40 GeV and |n”| < 2.5 only. The pho-
tons are isolated using a smooth cone isolation prescription
[25] with ¢, = 1, n = 1, 8o = 0.4 (the choice of the
isolation parameters are motivated by Ref. [25]). We con-
sider dynamic renormalization and factorization scales and
set them as ur = ur = My,.

2 pp — yy at NNLO QCD was first computed with 2gNNLO in
Ref. [18].
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Fig. 2 Correlation among the transverse energy of the two photons
coming from the gluon fusion process. The photon density per 10 x 10
GeV? bin is given by the color bar

2.1 Gluon fusion (gg — yy)

For EY > 40 GeV and M, > 200 GeV, the LO cross-
section for the gluon fusion is about 162 fb which roughly
increases to 240 fb after multiplying with K{f ; [Eq. (2)].
The ATLAS analysis [1] imposes the following additional
cuts on the photons,

EY' >04M,,, EY >03M,,. A3)

Since we look at My, > 200 GeV only, applying the
ATLAS cuts will ensure all events have E%l > 80 GeV and
E%z > 60 GeV. Figure 2 (where we have shown the cor-
relation among the transverse momentum/energy of the two
photons) indicates that it is possible to keep more gluon-
fusion events by relaxing these cuts.> Hence, we choose the
following cuts:

EY' > EY > 0.25M,,. 4)

We find that the ratio of gg to ¢ X events does not change
substantially by this change in cuts. The cross-section in the
gluon fusion channel reduces to about 130 fb once these cuts
are imposed.

We show the invariant mass distribution obtained from the
g8 — vy process in Fig. 3 (top plot). To show the thresh-
old effect prominently in this plot, we have generated a large
number of events (600K) with M,,,, > 200 GeV in the gluon
fusion channel alone and then applied the cuts defined in
Eq. (4) on these events. This is useful in order to precisely

3 Apart from the events in the low E% region, the ATLAS cuts (3)
will also eliminate any event with M,,,, ~ 350 GeV (the region of our
interest), if it has EX' between 105 and 140 GeV and EX* greater than
105 GeV (approximately) — a region which is quite densely populated
in Fig. 2.
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Fig. 3 The invariant mass distribution of the two photons from the
gluon fusion process. These events are obtained after applying the cuts
defined in Eq. (4). The solid line in the top plot shows a smooth fit of
the binned events in the 200 GeV < M, < 1000 GeV range with
the smooth ATLAS fitting function [Eq. (5)]. The middle plot shows
the difference between the simulated events and the smooth fit. A clear
dip is seen at My, ~ 2m;. In the range 250 < M), < 510 GeV the
difference is fitted with the function shown in Eq. (6) that captures the
dip better as shown in the bottom plot

determine the shape of this dip. In full analysis we will use
only a smaller number of events which can be obtained in
a reasonable time scale at the LHC. The red line in the top
panel is a smooth fit to the simulated events in the 200 GeV
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< M,, < 1000 GeV range. The fitting function is taken to
be of the same form as used by ATLAS [1],

fox) = (1 —x'Pybx® x =M,,/s. ®)

The top threshold effect is very clearly visible in the middle
panel of Fig. 3 where we have shown the difference between
the simulated events and the smooth fit. The errorbars shown
represent the the square-root of the number of events in each
bin (+/N). We see a clear dip in the cross-section approxi-
mately at the position of twice the top quark mass.* It origi-
nates from the destructive interference between the top loop
diagrams containing on-shell top quarks and other diagrams
containing light quark loops. We fit the dip with the following
function,

(x — x0)? }

2
20g

(- e

in the range 250 < M), < 510 GeV (see the bottom panel
of Fig. 3). The parameter x is defined in Eq. (5). Roughly, the
Gaussian part accounts for the dip and the other term dictates
the steep behavior at lower M, . The parameter xg indicates
the location of the dip. The fit gives xg = 2.6077 x 1072
which corresponds to M, = 339 GeV which is roughly
twice the top quark mass. The width of the dip is given by
oy = 3.3169 x 10~3 which is equivalent to a width of 43.1
GeV. The parameter o becomes 9.4362 x 1073 The x 2 per
degree of freedom for this fit is about 1.2. The relative factor
R = 6.8338. The overall normalization depends on the num-
ber of events generated and is specified below for the final fit.

2.2 Other processes (g X — yy)

As mentioned before, the total gX — yy cross-section is
much larger than that of the gg — yy process. For good
statistics we have generated 8 million events with E% >
40 GeV in the g X — yy channel. This corresponds to a
luminosity of about 346 fb~!. After applying the cuts defined
in Eq. (4), the total g X — yy cross-section comes down to
1718 fb which is still about thirteen times larger than the
corresponding gg — yy cross-section.

We fit these events with the ATLAS fitting function
[Eq. (5)]. In Fig. 4 we show the difference between the fit
and the events. Notice that, even with such high number
events, the difference plot shows fluctuations indicating small

4 Note that the fit is not very precise at the low values of M, (~ 200
GeV), but this happens because of the limitations of the simple form of
the fitting function in Eq. (5).
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Fig. 4 The difference between the binned events and their smooth fit
by the ATLAS fitting function [Eq. (5)] obtained for the ¢ X — yy
processes

deviations from the fit in the region of our interest namely
250 < M,, <510 GeV.

2.3 Combined processes (gg — Yy +¢gX — yy)

We now combine the events from gg — yy and ¢X —
yy processes after multiplying their cross-sections with the
respective K -factors [Egs. (2) & (1), respectively]. While
combining we keep the luminosity same as the g X processes,
346 fb—!. We then fit the combined events with the ATLAS
fitting function [Eq. (5)]. The dip due to the gluon fusion
is clearly visible in the top panel of Fig. 5 where we show
the difference between the combined events and the ATLAS
fit. As earlier, we focus in 250 < M,,,, < 510 GeV and fit
the difference with a function that is a linear combination of
go(x) [Eq. (6)] and a quadratic polynomial,5

co(x) = g[—exp{ — M} ~|—R{ exp (—g)

2
2<7g

o\4

- (;) }] + (Qo +Qix+ szz). @)

The quadratic polynomial is added to account for the fluctu-
ations of the g X — yy process seen in Fig. 4. Note that in
this step, only Q;’s and G are allowed to vary while other
parameters (i.e. R, o, o and xo) are held fixed to their
respective values obtained earlier. In the bottom panel of
Fig. 5 we show the fit thus obtained. The parameter values
are G = 624.35, Qp = —1.6684 x 10°, Q; = 1.1332 x 10
and @, = —1.8397 x 10°. This four parameter fit has
x?/d.o.f. = 1.09, indicating that it is a good fit. The one
sigma error in G is about 114, which indicates that the dip is
detected at the significance of roughly 5o . This demonstrates

3 Increasing the degree of this polynomial does not lead to any better
fit.
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Fig. 5 The top plot shows the difference between the binned events
and their smooth fit by the ATLAS fitting function [Eq. (5)] obtained
for the combined gg — yy + ¢X — yy processes. The bottom plot
shows the difference modeled with the function defined in Eq. (7) in the
range 250 < M,,,, <510 GeV

that within 346 fb~! of LHC luminosity such a statistical fit-
ting can isolate the gluon fusion threshold contribution with
a high degree of accuracy. A reasonable three to four sigma
detection may be possible even with much lower luminosity.
Hence it would be worthwhile to apply our analysis to data
that would be available in near future.

The above procedure of fitting the difference effectively
amounts to fitting the pp — yy combined events with the
following function

SJo(x) +co(x) if 250 < M, <510 GeV
fo(x) otherwise,

fox) = { ®)

instead of fitting them with only fo(x). Note that this
increases the number of parameters in the fit just by four
(Q;’s and G, all other parameters inside go(x) are already
determined before). In the full range, 200 < M,,,, < 1000
GeV, the ATLAS fit (two parameters) has Xg210ba ; = 64 while
the fit with fj(x) (six parameters) has X(globaz = 38. Hence

Table 1 Comparison of cross-sections in the gg and the gg channels
after application of various selection criteria. Criterion C; denotes the
kinematic selection cuts [Eq. (4)], C> stands for selection of events that
pass through C; and have a gluon jet as the leading (pr) jet

Selection criteria 0gg(fb) oyx(fb) Ogg/0gx
C 130 1718 0.07
C 41 350 0.12

it is clear that our fitting function provides a much improved
fit to the data.

In this paper, we have focused on detecting the signal of the
dip. However, as pointed out in the literature [7,10,11,19],
it may provide a useful measurement of the top quark mass.
From Fig. 5 we see that it may be possible to extract useful
information about the top mass from this analysis. The main
challenge would be to minimize the error induced by the
fluctuations due to the X — yy process. We postpone a
detailed analysis of such an extraction to future research.

3 Possible improvements

So far, apart from applying the global cuts shown in Eq. (4),
we have not used any other technique to improve the og¢ /0, x
ratio. It is actually quite difficult to isolate the gg channel
from the g X significantly using simple kinematic cuts — most
of the gg distributions (of standard variables p, n of photons
etc.) are very similar to those of ¢ X. The small cross-section
of the gg channel complicates the situation further. In such
a situation, sophisticated numerical techniques (like multi-
variate analysis with machine learning) could possibly help,
but are beyond the scope of this paper. Here we sketch some
such possible directions with some basic estimation.

In the literature there are several studies showing that it is
possible to statistically discriminate between a gluon-jet and
a quark jet [26-31]. Now, since, a good fraction of total g X
events will have a leading quark jet (because of the presence
of gg — yyq), if we demand the leading pr jet not to be
a quark jet, it should improve the o4, /0, x ratio. The sec-
ond row of Table 1 shows that such a condition does indeed
improve the ratio, even though the cross-sections reduce sig-
nificantly. Atbest, we only find a marginal improvement with
this condition. In Fig. 6, we show the difference obtained
from the same combined events but with this new condition
of jet flavor on the leading jet.

While obtaining the above estimate we have ignored the
efficiency of gluon-jet tagging. In other words, we have been
optimistic and have taken the gluon-jet-tagging efficiency,
€ = 1. In practice, not all quark/gluon-jets can be identi-
fied and also a fraction of quark jets will be misidentified as
gluon jets, making € < 1. This will increase the luminosity

@ Springer
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Fig. 6 The difference between the binned events with selection criteria
C; and their smooth fit by the ATLAS fitting function [Eq. (5)] for the
combined gg — yy + gX — yy process

requirement. For simplicity, if we assume € is same for the
gX and gg channels and set a modest value, i.e., ¢ = 0.4
(current CMS estimations put the gluon tagging efficiency
close to 40% while quark identification efficiency to about
70% [26,27]), the luminosity required to observe the dip with
the same significance will be quite high, 346/¢ = 865 fb~!.
However, one has to keep in mind that the obtained lumi-
nosity requirement is an estimate; advanced analysis tech-
nique like multivariate analysis can reduce the luminosity
requirement significantly. Also, the recent advancements in
jet-substructure techniques indicate to the possibility of sig-
nificant improvement of quark/gluon tagging efficiency.

Before we proceed further, we would like to mention that
we have also explored the possibility of varying the M,
dependent cut in Eq. (4) to improve the significance. We
have tried loosening the cuts on the transverse energies of
the photons even further, such as,

EY' > ET* > 40 GeV, )
EY' > 40 GeV, EY >25GeV (10)
and

EY' >25GeV, ET >22GeV, (11)

with M, > 200 GeV. Out of these, the one in Eq. (11) gives
the best results. For this cut we again generate 8000 K and
600 K events for the ¢ X and gg channels respectively with
E¥ > 20 GeV and || < 2.5. However, with such loose cut
on E)T/, the g X cross-section becomes huge and, as a result,
even with such large number of events we can only probe a
lower luminosity, about 50 fb~!. On these events we apply the
cut defined in Eq. (11) and follow the same steps described
in Sects. 2.1, 2.2 and 2.3. We get the cross-sections of gg —
yy and ¢X — yy as 201 and 2690 fb respectively after
multiplying with the respective K -factors (which are updated

@ Springer

accordingly). For 50 fb~! of integrated luminosity, we obtain
G = 117 £ 62, i.e., the dip is detected at a significance of
roughly 2o . Our estimation indicates that to get the threshold
effect at a significance of 40 we need roughly the four times
the number of events generated. However, performing such
computation within a reasonable time limit is beyond our
existing capabilities. Hence we refrain from analyzing this
direction further.

4 Other sources of threshold effect

Finally, before we conclude, we note that there are other
sources of top threshold effect in the photon pair production
channel. Just like the pp — ggyy process (that appears
as a NNLO correction to the pp — yy process), one can
consider pp — ttyy. This opens up when the center-of-
mass energy in the parton frame crosses two times the mass
of the top quark. However, the cross-section of this process
is tiny compared to the processes considered here (about 5
b which further reduces to about 0.7 fb once we set My, >
200 GeV) and it induces no noticeable feature in the M,
distribution. Then, just as the gluon splitting creates c¢ and bb
pairs that contribute in the sea quark density of a proton, once
the top threshold is crossed, one could also imagine ¢ pairs
appearing in the sea (i.e. a ‘t-PDF’) (see, e.g., [32]). Hence,
additional threshold effects would arise due to the processes
tt — yy and tg — ryy. If, naively, one assumes that the
‘t-PDF’ at a scale Q is roughly given by the b-PDF at the
scale Qmy/m;, the contributions of these processes turn out
to be much smaller than the effect considered here. It is not
easy to quantify this argument, as the behavior of this density
function near the top threshold won’t be captured properly
due to sizable top mass effects. However, since the top quark
is much heavier than the b-quark, it is reasonable to assume
that these processes are unlikely to produce any observable
features with the present luminosity. Qualitatively, for the
tg — tyy process, this is supported by the small cross-
section of the pp — t7yy process mentioned before.

5 Summary and conclusions

In this paper we have investigated the top quark threshold
effect in the two photon channel at the LHC. This effect
arises in the loop mediated gg — yy subprocess due to the
destructive interference between top loop diagrams contain-
ing on-shell top quarks and other light quark loop diagrams.
It appears as a dip in the invariant mass distribution of the
photon pair near two times the mass of the top quark.
Within the SM, the gluon fusion process is overshadowed
by the gX — yy process that has a larger cross-section.
However, here, we have argued that a statistical fit can isolate



Eur. Phys. J. C (2018) 78:715

Page 70f 7 715

the dip in the gluon channel reasonably well. Though it is
beyond the scope of this paper, it might be possible to make
the threshold effect even more prominent with sophisticated
techniques like multivariate analysis etc.

It will be very interesting to observe this SM effect more
accurately at the LHC. However, there are other motiva-
tions to look into this in detail. It can provide us yet another
way to probe the top-mass experimentally. Not only this,
threshold effects can also tell us about some beyond the SM
fermions indirectly. Since this effect arises from the interfer-
ence effects, any heavy fermion that can run in the loop of
the gg — yy process would lead to such a threshold effect.
Hence, observation (or non-observation) of any such effect
in the gamma gamma spectrum could let us infer about new
heavy colored fermions carrying non-zero electromagnetic
charge in a model independent manner.

Acknowledgements PS and RKV thank the Ministry of Human
Resource Development (MHRD), Government of India for their Ph.D.
fellowships. We thank an anonymous referee for useful comments which
have helped to improve the paper.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

Funded by SCOAP?.

References

1. ATLAS collaboration, Search for resonances decaying to photon
pairs in 3.2 fb ~! of pp collisions at /s = 13 TeV with the ATLAS
detector. ATLAS-CONF-2015-081 (2015)

2. ATLAS collaboration, Search for resonances in diphoton events
with the ATLAS detector at /s = 13 TeV. ATLAS-CONF-2016-
018 (2016)

3. CMS collaboration, Search for new physics in high mass diphoton
events in proton-proton collisions at 13 TeV. CMS-PAS-EXO-15-
004 (2015)

4. ATLAS collaboration, Search for scalar diphoton resonances with
15.4 fb ~! of data collected at \/s =13 TeV in 2015 and 2016 with
the ATLAS detector. ATLAS-CONF-2016-059 (2016)

5. CMS collaboration, Search for resonant production of high mass
photon pairs using 12.9 fb~! of proton-proton collisions at /s =
13 TeV and combined interpretation of searches at 8 and 13 TeV.
CMS-PAS-EX0-16-027 (2016)

6. T. Binoth, J.P. Guillet, E. Pilon, M. Werlen, A full next-to-leading
order study of direct photon pair production in hadronic collisions.
Eur. Phys. J. C 16, 311-330 (2000). arXiv:hep-ph/9911340

7. J.M. Campbell, R.K. Ellis, Y. Li and C. Williams, Predictions for
diphoton production at the LHC through NNLO in QCD. JHEP 07,
148 (2016). arxiv:1603.02663

8. Z. Bern, A. De Freitas, L.J. Dixon, Two loop amplitudes
for gluon fusion into two photons. JHEP 09, 037 (2001).
arxiv:hep-ph/0109078

9. Z. Bern, L.J. Dixon, C. Schmidt, Isolating a light Higgs boson
from the diphoton background at the CERN LHC. Phys. Rev. D
66, 074018 (2002). arxiv:hep-ph/0206194

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Q. Li, G. Xiangdong, Photon-pair jet production via gluon fusion
at the LHC. J. Phys. G 39, 085005 (2012). arxiv:1111.0895

D. Chway, R. Dermek, T.H. Jung and H.D. Kim, Gluons to dipho-
tons via new particles with half the signals invariant mass. Phys.
Rev. Lett. 117 061801 (2016). arxiv:1512.08221

M. Bohm, R. Schuster, Scattering of light by light in the elec-
troweak standard model. Z. Phys. C 63, 219-225 (1994)

P. Aurenche, A. Douiri, R. Baier, M. Fontannaz, D. Schiff, Large pr
double photon production in hadronic collisions: beyond leading
logarithm QCD calculation. Z. Phys. C 29, 459475 (1985)

B. Bailey, J.F. Owens, J. Ohnemus, An order alpha-s Monte Carlo
calculation of hadronic double photon production. Phys. Rev. D
46, 2018-2027 (1992)

B. Bailey, J.F. Owens, Order-«; two-photon background study for
the intermediate mass Higgs boson. Phys. Rev. D 47, 2735-2738
(1993)

B. Bailey, D. Graudenz, Impact of QCD corrections on the search
for the intermediate mass Higgs boson. Phys. Rev. D 49, 1486—
1489 (1994)

C. Anastasiou, E:-W.N. Glover, M.E. Tejeda- Yeomans, Two loop
QED and QCD corrections to massless fermion boson scattering.
Nucl. Phys. B 629, 255-289 (2002). arxiv:hep-ph/0201274

S. Catani, L. Cieri, D. de Florian, G. Ferrera and M. Grazzini,
Diphoton production at hadron colliders: a fully differential qcd
calculation at next-to-next-to-leading order. Phys. Rev. Lett. 108
072001 (2012). arxiv:1110.2375 [hep-ph]

S. Kawabata and H. Yokoya, Top-quark mass from the diphoton
mass spectrum. Eur. Phys. J. C 77 323 (2017). arxiv:1607.00990
J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mat-
telaer et al., The automated computation of tree-level and next-
to-leading order differential cross sections, and their matching to
parton shower simulations. JHEP 07, 079 (2014). arxiv:1405.0301
R.D. Ball et al., Parton distributions with LHC data. Nucl. Phys. B
867, 244-289 (2013). arxiv:1207.1303

T. Sjostrand, S. Mrenna and P.Z. Skands, PYTHIA 6.4 physics and
manual. JHEP 05 026 (2006). arxiv:hep-ph/0603175

DELPHES 3 collaboration, J. de Favereau, C. Delaere, P. Demin,
A. Giammanco, V. Lematre, A. Mertens et al., DELPHES 3, a mod-
ular framework for fast simulation of a generic collider experiment.
JHEP 02 057 (2014). arxiv:1307.6346

R. Boughezal, J.M. Campbell, R.K. Ellis, C. Focke, W. Giele,
X. Liu et al., Color singlet production at NNLO in MCFM. Eur.
Phys. J. C77 7 (2017). arxiv:1605.08011

S. Frixione, Isolated photons in perturbative QCD. Phys. Lett. B
429, 369-374 (1998). arxiv:hep-ph/9801442

CMS collaboration, Performance of quark/gluon discrimination in
13 TeV data. CMS-DP-2016-070 (2016)

CMS collaboration, Performance of quark/gluon discrimination in
8 TeV ppdata. CMS-PAS-JME-13-002 (2013)

J. Gallicchio, M.D. Schwartz, Quark and gluon tagging at the LHC.
Phys. Rev. Lett. 107, 172001 (2011). arxiv:1106.3076

J. Gallicchio, M.D. Schwartz, Quark and gluon jet substructure.
JHEP 04, 090 (2013). arxiv:1211.7038

A. Altheimer et al., Jet substructure at the tevatron and LHC: new
results, new tools, new benchmarks. J. Phys. G 39, 063001 (2012).
arxiv:1201.0008

T. Cheng, Recursive neural networks in quark/gluon tagging. Com-
put. Softw. Big Sci. 2 3 (2018). arxiv:1711.02633

T. Han, J. Sayre, S. Westhoff, Top-quark initiated processes at high-
energy hadron colliders. JHEP 04, 145 (2015). arxiv:1411.2588

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/hep-ph/9911340
http://arxiv.org/abs/1603.02663
http://arxiv.org/abs/hep-ph/0109078
http://arxiv.org/abs/hep-ph/0206194
http://arxiv.org/abs/1111.0895
http://arxiv.org/abs/1512.08221
http://arxiv.org/abs/hep-ph/0201274
http://arxiv.org/abs/1110.2375
http://arxiv.org/abs/1607.00990
http://arxiv.org/abs/1405.0301
http://arxiv.org/abs/1207.1303
http://arxiv.org/abs/hep-ph/0603175
http://arxiv.org/abs/1307.6346
http://arxiv.org/abs/1605.08011
http://arxiv.org/abs/hep-ph/9801442
http://arxiv.org/abs/1106.3076
http://arxiv.org/abs/1211.7038
http://arxiv.org/abs/1201.0008
http://arxiv.org/abs/1711.02633
http://arxiv.org/abs/1411.2588

	The top threshold effect in the γγ production at the LHC
	Abstract 
	1 Introduction
	2 Computations and results
	2.1 Gluon fusion (ggtoγγ)
	2.2 Other processes (qXtoγγ)
	2.3 Combined processes (ggtoγγ+ qXtoγγ)

	3 Possible improvements
	4 Other sources of threshold effect
	5 Summary and conclusions
	Acknowledgements
	References




