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We consider direct diphoton production in hadron collisions, and we compute the next-to-next-to-
leading order QCD radiative corrections at the fully differential level. Our calculation uses the g
subtraction formalism, and it is implemented in a parton-level Monte Carlo program. The program allows
the user to apply arbitrary kinematical cuts on the final-state photons and the associated jet activity and to
compute the corresponding distributions in the form of bin histograms. We present selected numerical
results related to Higgs boson searches at the LHC and corresponding results at the Tevatron.
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Diphoton production is a relevant process in hadron
collider physics. It is both a classical signal within the
standard model and an important background for Higgs
boson and new-physics searches. The origin of the elec-
troweak symmetry breaking is currently being investigated
at the LHC by searching for the Higgs boson and even-
tually studying its properties. If the mass my of the Higgs
boson is low (my =< 140 GeV), the preferred search mode
at the LHC involves Higgs boson production via gluon
fusion followed by the rare decay into a pair of photons.
Therefore, it is essential to count on an accurate theoretical
description of the various kinematical distributions asso-
ciated to the production of pairs of prompt photons with
large invariant mass. Such a task requires detailed compu-
tations of radiative corrections.

In this Letter, we are interested in the process pp —
vvyX (and the related process pp — yyX), which, at the
lowest order, occurs via the quark annihilation subprocess
qq — yy. The QCD corrections at the next-to-leading
order (NLO) in the strong coupling ag involve the quark
annihilation channel and a new partonic channel, via the
subprocess gg — y7yq. These corrections have been com-
puted and implemented in the fully differential
Monte Carlo codes DIPHOX [1], 2GAMMAMC [2], and
MCFM [3]. A calculation that includes the effects of
transverse-momentum resummation is implemented in
RESBOS [4].

At the next-to-next-to-leading order (NNLO), the gg
channel starts to contribute, and the large gluon-gluon
luminosity makes this channel potentially sizable. Part of
the contribution from this channel, the so-called box con-
tribution, was computed long ago [5], and its size turns out
to be comparable to the lowest-order result; for this reason,
the box contribution is customarily included in all the NLO
computations of diphoton production. The next-order
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gluonic corrections to the box contribution (which are
part of the N>LO QCD corrections to diphoton production)
were computed in Ref. [2] and found to have a moderate
quantitative effect on the result of the “NLO + box”
calculation.

Besides their direct production from the hard subpro-
cess, photons can also arise from fragmentation subpro-
cesses of QCD partons. The computation of fragmentation
subprocesses requires (poorly known) nonperturbative in-
formation, in the form of parton fragmentation functions of
the photon. The complete NLO single- and double-
fragmentation contributions are implemented in DIPHOX
[1]. The effect of the fragmentation contributions is sizably
reduced by the photon isolation criteria that are necessarily
applied in hadron collider experiments to suppress the very
large irreducible background (e.g., photons that are faked
by jets or produced by hadron decays). The standard cone
isolation and the ‘“‘smooth” cone isolation proposed by
Frixione [6] are two of these criteria. The standard cone
isolation is easily implemented in experiments, but it sup-
presses only a fraction of the fragmentation contribution.
The smooth cone isolation (formally) eliminates the entire
fragmentation contribution, but its experimental imple-
mentation is still in progress.

In this Letter, we present the computation of the full
NNLO QCD corrections to direct diphoton production in
hadron collisions. We consider the inclusive hard-
scattering reaction

l’l1+l’l2_”y'y+X, (1)

where the collision of the two hadrons A, and h, produces
the diphoton system F = vy with high invariant mass
M,,,. The evaluation of the NNLO corrections to the
process in Eq. (1) requires the knowledge of the corre-
sponding partonic scattering amplitudes with X =2

© 2012 American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.108.072001

PRL 108, 072001 (2012)

PHYSICAL REVIEW LETTERS

week ending
17 FEBRUARY 2012

partons (at the tree level [7]), X = 1 parton (up to the one-
loop level [8]), and no additional parton (up to the two-loop
level [9]) in the final state. The implementation of the
separate scattering amplitudes in a complete NNLO (nu-
merical) calculation is severely complicated by the pres-
ence of infrared (IR) divergences that occur at intermediate
stages. The g4 subtraction formalism [10] is a method that
handles and cancels these unphysical IR divergences up to
the NNLO. The formalism applies to generic hadron col-
lision processes that involve hard-scattering production of
a colorless high-mass system F. Within that framework
[10], the corresponding cross section is written as

F — F F Fjets _ CcT
dofynio = H i ® doto + [doyls = doid o)
(2)
where da&t{eg represents the cross section for the produc-

tion of the system F plus jets at (N)LO accuracy. The IR

divergences arising from the real and virtual corrections to

the NLO contribution dagzg)e ** are handled and canceled

by using available methods. (In the case of diphoton pro-
duction, the NLO calculation of da;) ;' was performed
in Ref. [11], by using the dipole subtraction formalism
[12].) The only remaining singularities (if g7 # 0, they
are regulated by the finite value of the transverse momen-
tum, gr, of the system F) occurs as gy — 0, and they are
canceled at the integrand level by counterevents, whose
weight is given by dO'(CNT)LO' The explicit expression [13] of
the (g subtraction) counterterm dcr(CNT)LO
the resummation program of the logarithmically enhanced
contributions to gy distributions. The difference in the
square brackets of Eq. (2) is IR finite, and, therefore, it
can be computed numerically.

The “coefficient” FH &)NLO corresponds to the (N)NLO

truncation of the process-dependent perturbative function

is obtained from

2
5_[F=1+%5_[F(1)+<%) HFD + ... (3)

The NLO calculation of do’ requires the knowledge of
JHFD, and the NNLO calculation also requires FH ¥,
The IR finite coefficient JH ™M (FHF®@) is obtained by
combining the one-loop (two-loop) virtual correction to the
LO subprocess and the gy integration of the subtraction

term do({) - The general structure of HFW is explicitly

known [14]: H W is directly obtained from the process-
dependent scattering amplitudes by using a process-
independent relation. Exploiting the explicit results of
HED for Higgs [10,15] and vector boson [16] production,
we have generalized the process-independent relation of
Ref. [14] to the calculation of the NNLO coefficient { ¥
(this general result is presented in a forthcoming paper).
Using this relation and the relevant scattering amplitudes
[7-9], we have explicitly determined JH *® for diphoton
production.

We have performed our fully differential NNLO calcu-
lation of diphoton production according to Eq. (2). The
NNLO computation is encoded in a parton-level
Monte Carlo program, in which we can implement arbi-
trary IR safe cuts on the final-state photons and the asso-
ciated jet activity. The present formulation of the gy
subtraction formalism [10] is restricted to the production
of colorless systems F, and, hence, it does not treat parton
fragmentation subprocesses (here F' includes one or two
colored partons that fragment). Therefore, we concentrate
on the direct production of diphotons, and we rely on the
smooth cone isolation criterion [6]. Considering a cone of

radius r = v/(An)? + (A¢)? around each photon, we re-

quire that the total amount of hadronic (partonic) trans-
verse energy E; inside the cone is smaller than E; ., (7):

1 — cosr\n
Ermax(r) = Gyl#(m) , 4)

where p7. is the photon transverse momentum; the isolation
criterion Ep < E7,,(r) has to be fulfilled for all cones
with r = R. The isolation parameters are set to the values
€, =0.5,n=1, and R = 0.4 in all the numerical results
presented in this Letter. We use the Martin-Stirling-
Thorne-Watt (MSTW) 2008 [17] sets of parton distribu-
tions, with densities and ag evaluated at each correspond-
ing order [i.e., we use (n + 1)-loop ag at N"LO, with
n =0, 1,2], and we consider N = 5 massless quarks or
antiquarks and gluons in the initial state. The default
renormalization (uy) and factorization (up) scales are
set to the value of the invariant mass of the diphoton
system, ug = up = M. The QED coupling constant «
is fixed to & = 1/137.

We apply typical kinematical cuts [18] that are used by
the ATLAS and CMS Collaborations in their Higgs boson
search studies. We require the harder photon to have a
transverse momentum ph¥der = 40 GeV, while for the
softer photon we demand p$*®" = 25 GeV. The rapidity
of both photons is restricted to | yyl = 2.5, and the invariant
mass of the diphoton system is constrained to lie in the
range 20 GeV = M,,, = 250 GeV.

We start the presentation of our results by considering
diphoton production at the LHC (/s = 14 TeV). In
Table I, we report the results of the accepted cross section
at LO, NLO, and NNLO. We have fixed ur = uz = u,
and we have considered three values of u/M.,,, (u/M.,., =
1/2,1,2). The numerical errors estimate the statistical

TABLE 1.  Cross sections for pp — yy + X at the LHC (/s =
14 TeV). The applied cuts are described in the text.

o (fb) LO NLO NNLO
Mp=pup=M,,/2 5045+ 1 26581 +23 45588+ 97
Mp = g =M, 5712 +2 26402 £25 43315*+54
Mp = pg =2M,, 6319 £2 2604524 41794 =77

072001-2



PRL 108, 072001 (2012)

PHYSICAL REVIEW LETTERS

week ending
17 FEBRUARY 2012

uncertainty of the Monte Carlo integration. We note that
the value of the cross section remarkably increases in going
from the LO to the NLO (as already noticed in Ref. [3]) and
to the NNLO calculations. This increase is mostly due to
the use of very asymmetric (unbalanced) cuts on the photon
transverse momenta. At the LO, kinematics implies that
the two photons are produced with equal transverse mo-
mentum, and, thus, both photons should have p% =
40 GeV. At higher orders, the final-state radiation of addi-
tional partons opens a new region of the phase space, where
40 GeV = pifer = 25 GeV. Since photons can copiously
be produced with small transverse momentum (see also
Fig. 2 and the related discussion), the cross section receives
a sizable contribution from the enlarged phase space re-
gion. This effect is further enhanced by the opening of a
new large-luminosity partonic channel at each subsequent
perturbative order. For example, at NLO the gg channel
accounts for about 80% of the increase of the cross section.
Therefore, it is not unexpected that a naive analysis of scale
dependence (as presented in Table I) underestimates the
size of the higher-order corrections.

In Fig. 1, we compare the LO, NLO, and NNLO invari-
ant mass distributions at the default scales. We also plot the
gluonic box contribution (computed with NNLO parton
distributions) and its sum with the full NLO result. The
inset plot shows the K factors defined by the ratio of the
cross sections at two subsequent perturbative orders. We
note that KNNLO/NLO jg sensibly smaller than KNO/LO and
this fact indicates an improvement in the convergence of
the perturbative expansion. In particular, the impact of the
full NNLO corrections turns out to be reasonably moder-
ate, with a K factor, defined as the ratio between the NNLO
and NLO + box distributions, of about K =~ 1.35. We find
that about 30% of the NNLO corrections is due to the gg
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FIG. 1 (color online). Invariant mass distribution of the photon
pair at the LHC (/s = 14 TeV): LO (dots), NLO (dashes), and
NNLO (solid) results. We also present the results of the box and
NLO + box contributions. The inset plot shows the correspond-
ing K factors.

channel (the box contribution is responsible for more than
half of it), while almost 60% still arises from the next-order
corrections to the gg channel. The NNLO calculation
includes the perturbative corrections from the entire phase
space region (in particular, the next-order correction to the
dominant gg channel) and the contributions from all pos-
sible partonic channels (in particular, a fully consistent
treatment of the box contribution to the gg channel).
(The calculation [2] of the next-order gluonic corrections
to the box contribution indicates an increase of the NNLO
result by less than 10% if M,, = 100 GeV.) Owing to
these reasons, the NNLO result can be considered a reli-
able estimate of direct diphoton production, although fur-
ther studies (including independent variations of up and
mp and analyses of kinematical distributions) are neces-
sary to quantify the NNLO theoretical uncertainty.

In Fig. 2, we show results on more exclusive observ-
ables: the pr distributions of the harder (left-hand plot) and
softer (right-hand plot) photons. The statistical errors of the
Monte Carlo integration are at the percent level and hardly
visible in Fig. 2. As previously anticipated, in the right-
hand plot we observe that significant NLO and NNLO
contributions to the cross section originate from the phase
space region (25 GeV = pST"fter = 40 GeV) that, at LO, is
kinematically forbidden by the asymmetric transverse-
momentum cuts. In this low-py region, the production
mechanism of the softer photon is dynamically enhanced
[the production probability is roughly proportional to
ag X (p}}arder/pég)ﬂer) ln(pl}arder/p¥)fter)’ if pépfter/pt%arderw
(p$™er/M.,,)* < 1], and this is responsible for a substan-
tial part of the large higher-order corrections observed in
Table I, Fig. 1, and also the py distribution of the harder
photon. Comparing the p; distributions of the harder and
softer photon in the high-p; region (py = 50 GeV), we
also observe that the distribution of the softer photon
receives higher-order corrections that are sensibly smaller.
This decrease is expected: If both photons have high p7,
the effect of the very asymmetric transverse-momentum
cuts is reduced.

| LHC 14 TeV
Mr=pHr=M,,

8000l o(fb/bin) MSTW 08 Ig000

60001 16000
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FIG. 2. Transverse-momentum distribution of the harder (left)
and softer (right) photon at the LHC (/s = 14 TeV).
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FIG. 3 (color online). The same as Fig. 1, but for Tevatron
kinematics (as described in the text).

We also comment on the p; distribution of the softer
photon in the region around the LO threshold (p$ofter ~
40 GeV). Here the LO result has a steplike behavior, and
this necessarily produces [19] integrable logarithmic sin-
gularities at each subsequent perturbative order. The peak
of the NLO and NNLO distributions at p$*r ~ 40 GeV is
an artifact of these perturbative instabilities. The instability
is cured by all-order perturbative resummation, which
eventually leads to a smooth p7 distribution with a shoul-
derlike behavior [19] in the vicinity of the LO threshold.
This physical behavior can be approximated (mimicked) in
the NLO and NNLO calculations by smearing the distri-
bution over a bin (with a sufficiently large size) centered
around p$ter ~ 40 GeV.

In Fig. 3, we present the invariant mass distribution for
diphoton production at the Tevatron (/s = 1.96 TeV). We
require the harder and softer photons to have a transverse
momentum larger than 17 and 15 GeV, respectively. The
rapidity of both photons is restricted to | yy| = 1. We note
that the increase from the LO to the NLO result is consid-
erably smaller than in Fig. 1: This is mostly due to the use
of photon transverse-momentum cuts that are only slightly
asymmetric. In the region where M, = 80 GeV, the rela-
tive impact of the box contribution is smaller than at the
LHC: This is a consequence of the higher values of parton
momentum fractions, x, that are probed by Tevatron
kinematics. Nevertheless, the NNLO corrections (which
are dominated by the next-order correction to the g¢g
channel) still increase the result at the previous order by
roughly 30%.

We have presented the calculation of the cross section
for diphoton production up to the complete NNLO in QCD
perturbation theory. At the NNLO, all the contributions
from the gg channel are included in a fully consistent (and
unambiguous) manner. Considering the illustrative isola-
tion and kinematical cuts implemented in this Letter, we

find increasing effects of about 30%—40% with respect to
computations at the previous perturbative order. Our cal-
culation is directly implemented in a parton-level
Monte Carlo program. This feature makes it particularly
suitable for practical applications to the computation of
distributions in the form of bin histograms. A public ver-
sion of our program will become available at a later stage.
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