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There has been a lot of recent interest in the study of pp ! �� + jets processes as an
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Available tools

• GOSAM (+ SHERPA)

• NJET (+ SHERPA)

• BLACKHAT (+ SHERPA)

• aMC@NLO_MadGraph5

[SB, Yundin, Biedermann, Uwer]

[Bern, Dixon, Forde, Febres Cordero, 
Hoeche, Ita, Kosower, Lo Presti, Maitre]

[Cullen, van Deurzen, Greiner, Heinrich, Luisoni, Mastrolia, Mirabella, 
Ossola, Peraro, Schlenk, Soden-Fraunhofen, Tramontano]

Root Ntuples available: BLACKHAT (via PPGrid), NJET (via EOS@CERN)

[Alwall, Frederix, Frixione, Hirschi, Maltoni, 
Mattelaer, Shao, Stelzer, Torrielli, Zaro]

gosam.hepforge.org

bitbucket.org/njet/njet

amcatnlo.cern.ch
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Efficient NLO calculations
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Loop amplitudes

Efficient tree level 
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e.g. MadGraph, Alpgen,
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There has been a lot of recent interest in the study of pp ! �� + jets processes as an

gluon only channels ~ 2.5%
for 2 jets [Bern et al 1402.4127]

vector loops ~ 0.5%
for 2 jets

dominant channels - split into 
leading and sub-leading colour

cut dependent!



Isolating hard photons
[Frixione (1998)]

Infra-red safe definition of 
a hard photon must 

include QCD partons

Smooth cone isolation 

no need for 
fragmentation 

functions
E

hadronic

(r�)  ✏ pT,�

✓
1 � cos r�

1 � cos R

◆n

•keep soft gluons

•discard partons collinear to photon



Fragmentation vs. Smooth Cone

[Gehrmann, Greiner, 
Heinrich (2013)]

[Bern at al. (2014)]
[Cieri, de Florian (Les Houches 2013)]

4.4 Results for diphoton plus one jet production – inclusive case

As already observed for the total cross section, NLO corrections are substantially larger for

the inclusive cross section γγ+jet+X as compared to the exclusive case. In the inclusive

cross section, the substantial contribution from γγ + 2 jet final states results in larger

corrections, and induces substantial modifications to some of the kinematical distributions.

Figure 8 displays the inclusive distributions in photon pair invariant mass and leading

jet transverse momentum. The magnitude of the corrections is larger than in the exclu-

sive case, they remain constant for the invariant mass distribution and rise with the jet

transverse momentum (as opposed to the decrease with jet transverse momentum in the

exclusive case, Figure 5). Again, the corrections for the Frixione isolation criterion are

slightly larger than for the fixed-cone isolation.
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Figure 8: (a) Photon invariant mass distribution, (b) transverse momentum distribution of the
leading jet for the diphoton plus one jet inclusive cross section.

The photon transverse momentum distributions, Figure 9, display a similar behaviour

as in the exclusive case, with the main effect from NLO corrections appearing in a softening

of the leading photon distribution. The effect of the extra jet in the inclusive distribution

is particularly pronounced in the Rjγ distributions.

Comparing exclusive (Fig. 7) and inclusive (Fig. 10) cases, one can see very clear

differences. For example, in the first bins of the Rjγ1 distribution (separation between

leading jet and harder photon), the inclusive case shows a shoulder due to the contributions

from the second jet, which is vetoed in the exclusive case. Further, in the first bins of the

Rjγ2 distribution (separation between leading jet and softer photon), the K-factor is smaller

than one in the exclusive case, while it is always larger than unity in the inclusive case.

Note however that in the inclusive case, events where both jets fulfill the cuts are counted

twice. Therefore it is somewhat misleading to directly compare K-factors between the

inclusive and exclusive case.
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FIG. 7: The dependence of the cross section on the εγ parameter in the Frixione-cone photon

isolation. The LO result is given by the dashed (blue) line, and the NLO one by the solid (black)

line. The error bars indicate the numerical integration uncertainties.

In a previous study of single-photon production in association with jets, we observed that

the NLO cross section depended only weakly on the parameters used for the Frixione-cone

isolation of the photons. We have examined the dependence on one of these parameters, the

energy fraction εγ , in the present study. The results are shown in fig. 7. The LO result is

of course independent of the parameter, as there is no additional radiation that could enter

the photon cone; this result is shown for comparison in the figure. The NLO cross section

is only weakly dependent on this parameter in the range 0.03 < εγ < 0.5.

C. Cross Sections and Distributions

In Table I, we present the LO and NLO parton-level cross sections for inclusive diphoton

production accompanied by two jets. We consider the six different sets of cuts discussed

in section IID. We list separately the contributions from the gg → γγgg subprocess (this

contribution is also included in the NLO prediction).

The pure-gluon process starts only at one loop, and is therefore suppressed by two powers

of αs. As discussed earlier, we might expect it to be genuinely suppressed compared to the

17

Pragmatic approach: 
Tight isolation accord

11.3 Tight isolation accord
Finally, considering the results presented in the preceeding sections we conclude this note by
proposing a pragmatic accord in order to compare experimental data and theoretical calculations
obtained at the highest possible perturbative order. Given the fact that matching experimental
conditions to theoretical calculations always implies certain degree of approximation, we believe
that considering the large QCD corrections to processes involving photons (with NNLO essential
to understand diphoton data [488]) and the agreement (tipically at the % level for the diphoton
case studied here) between the standard and smooth cone TH calculations, the use of the later
for TH purposes is well justified.

We call this approach "pragmatic", in the sense that we do not recommend the experiments
to implement the smooth cone isolation, but to proceed to the analysis of the data with the usual
standard isolation with cuts tight enough if the interesting observable needs to be an isolated
cross section or distribution. While the definition of "tight enough" might slightly depend on the
particular observable (that can always be checked by a lowest order calculation), our analysis
shows that at the LHC isolation parameters as Emax

T Æ 5 GeV (or ‘ < 0.1), R ≥ 0.4 and
R““ ≥ 0.4 are safe enough to proceeed.

This procedure would allow to extend available NLO calculations to one order higher
(NNLO) for a number of observables, since the direct component is always much simpler to
evaluate than the fragmentation part, which identically vanishes under the smooth cone isolation.

We also refer to this approach as pragmatic in a numerical sense: we are certain that the
smooth cone isolation applied for the TH calculation is NOT the one used in the experimental
data, but considering that NNLO corrections are of the order of 50% for diphoton cross sec-
tions [488] and a few 100% for some distributions in extreme kinematical configurations, it is
far better accepting a few % error arising from the isolation (less than the size of the expected
NNNLO corrections and within any estimate of TH uncertainties!) than neglecting those huge
QCD e�ects towards some "more pure implementation" of the isolation prescription.

We believe that a more detailed analysis of the profile function in the smooth cone isolation
can be performed on a case by case basis in order to select, also in a pragmatic way, the most
convenient for each observable, even though again, di�erences are expected to be very small as
discussed before.
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12 Diphotons and jets at NLO23

We study diphoton production in association with up to three jets at the LHC. In particular,
we compare NLO predictions for up to two jets with leading order predictions matched to a
parton shower. For the one-jet bin, we also include fragmentation contributions in the partonic
calculation, which enables us to study the impact of di�erent isolation criteria.

12.1 Introduction
Studies of the Higgs boson decay channel into two photons are of major importance in order
to scrutinize the Higgs couplings and to be able to judge whether small deviations from the
Standard Model predictions are hints of new physics.

23N. Chanon, T. Gehrmann, N. Greiner, G. Heinrich
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far better accepting a few % error arising from the isolation (less than the size of the expected
NNNLO corrections and within any estimate of TH uncertainties!) than neglecting those huge
QCD e�ects towards some "more pure implementation" of the isolation prescription.

We believe that a more detailed analysis of the profile function in the smooth cone isolation
can be performed on a case by case basis in order to select, also in a pragmatic way, the most
convenient for each observable, even though again, di�erences are expected to be very small as
discussed before.
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12 Diphotons and jets at NLO23

We study diphoton production in association with up to three jets at the LHC. In particular,
we compare NLO predictions for up to two jets with leading order predictions matched to a
parton shower. For the one-jet bin, we also include fragmentation contributions in the partonic
calculation, which enables us to study the impact of di�erent isolation criteria.

12.1 Introduction
Studies of the Higgs boson decay channel into two photons are of major importance in order
to scrutinize the Higgs couplings and to be able to judge whether small deviations from the
Standard Model predictions are hints of new physics.

23N. Chanon, T. Gehrmann, N. Greiner, G. Heinrich
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Figure 1: Full colour and leading approximation (as explained in the text) for the virtual

corrections to the transverse momentum of the 3rd jet in pp ! �� + 3j.

to be e�ciently re-weighted changing the scales and the specific PDF set used.

3 Numerical results

All the results presented in this section are for pp collisions with a centre-of-mass energy

of 8 TeV. We consider the following kinematic cuts on the external momenta, which are

inspired by typical experimental cuts used in the analyses at LHC

pT,j > 30 GeV |⌘j |  4.7

pT,�1 > 40 GeV pT,�2 > 25 GeV |⌘� |  2.5

R�,j = 0.5 R�,� = 0.45

where the photon transverse momenta have been ordered by size. The jets are defined

using the anti-kT algorithm [43] with cone size R = 0.5 as implemented in FastJet [44].

Photons are selected using the Frixione smooth cone isolation criterion [8]. A photon is

considered isolated if the total hadronic energy inside all cones of radius r� < R

E
hadronic

(r�)  ✏ pT,�

✓
1 � cos r�

1 � cos R

◆n

(3.1)

– 4 –

Frixione smooth cone 
photon isolation

SB, Guffanti, Yundin [1312.5927]

There has been a lot of recent interest in the study of pp ! �� + jets processes as an

Figure 6: The m�� distributions for pp ! �� + 2j for the four PDF sets described in the

text at ↵sMZ = 0.118. The lower plot shows the ratio of each set to CT10 with the shaded

region representing the PDF uncertainty.

3.2 Results for pp ! �� + 3j

We now consider the production of a photon pair in association with three jets. As in

the previous section we studied the dependence of the total cross section upon variation

of renormalization and factorization scales with the choices of dynamical scales defined in

Eq. (3.6). The results in Figure 7 show reasonable di↵erences between quantities based on

jets versus quantities based on partons. Overall we find a significant improvement in the

uncertainty estimated from scale variations when going from LO to NLO. The envelope of

predictions from all scale choices varied over the range x 2 [0.5, 2] is around 0.67 � 0.99 pb

at NLO compared to 0.46 � 1.28 pb at LO. This represents a decrease in variation from

⇠ 50% at LO to ⇠ 20% at NLO. As in the two jet case the scales based on ⌃2 give generally

larger predictions than those based on HT . Other than the overall normalization, we find

that all scales give very similar predictions for shapes of the distributions.

Comparing Figure 7 with Figure 2 we see that the peak in the NLO curve for ⌃2 has

moved further to the right than the HT scales which may suggest that a range of x 2 [1, 4]

would be more appropriate here. Since we would like to make predictions for jet ratios we

need to have as consistent description of �� + 3j and �� + 2j as possible and therefore we

prefer the HT scales. In the following we choose to adopt the central scale of bH 0
T /2 for the

total rates and distributions, though theoretical uncertainties are likely underestimated by

the simple scale variations following the discussion above. For the total cross sections at

LO and NLO we find,

�LO
��+3j( bH 0

T /2) = 0.643(0.003)+0.278

�0.180

pb �NLO
��+3j( bH 0

T /2) = 0.785(0.010)+0.027

�0.085

pb (3.10)

– 10 –

CT10 NLO PDF set

anti-kT             (FastJet)

with ✏ = 0.05, R = 0.4 and n = 1. We use the NLO CT10 PDF set [45] for our central

predictions with the strong coupling running from ↵s(MZ) = 0.118, and the electromag-

netic coupling fixed at ↵ = 1/137.036. In particular we use the same (NLO) PDF set and

definition of the strong coupling constant both for LO and NLO predictions. Using a NLO

PDF set for the LO computation includes higher order terms that go beyond a fixed order

prediction, nevertheless such a set-up allows us to separate NLO e↵ects coming from the

running of the strong coupling and from PDFs and to highlight the impact of corrections

coming from the NLO matrix elements.

We choose a dynamical value for the factorization and renormalization scales which

are kept equal, µR = µF , when performing scale variations. We have investigated the

dependence on a number of di↵erent functional forms which we will denote as:

bHT = pT,�1 + pT,�2 +
X

i2partons

pT,i (3.2)

bH 0
T = m�� +

X

i2partons

pT,i (3.3)

b⌃2 = m2

�� +
X

i2partons

p2

T,i (3.4)

H 0
T = m�� +

X

i2jets

pT,i (3.5)

⌃2 = m2

�� +
X

i2jets

p2

T,i (3.6)

where m�� =
q

p2

T,�1
+ p2

T,�2
. The quantities H 0

T and ⌃2 are constructed after the clustering

of final state partons into jets. Notice that partonic and jet-level scales will only di↵er at

NLO, where the additional unresolved radiation enters in the clustering algorithm.

3.1 Results for pp ! �� + 2j

We first consider the production of a photon pair in association with two jets. In this case

we compare our predictions with the recent results of reference [9] and present additional

studies of PDF variations and dynamical scale choices. For the latter we rely on the

possibility to substantially reduce the computational cost by the use of our APPLgrid

set-up.

In Figure 2 we show the dependence of the total inclusive cross section upon variation

of the renormalization and factorization scales with µR = µF . We consider the five di↵erent

dynamical scales defined in Eq. (3.6). Though the scale choices are closely related to each

other we find significant deviations for the value of the total cross section. Nevertheless

the NLO predictions show a significant reduction in the dependence on the scale variation

compared to the LO ones. Taking the envelope of all the scales considered we see that the

LO predictions vary in the interval 1.64�3.04 whereas NLO ones lie within 2.46�3.58 when

the scales are varied over the range x 2 [0.5, 2] around the central choice. This represents

a reduction in the scale variation uncertainty from ⇠ 30% at LO to ⇠ 20% at NLO.

– 5 –

] with cone size R = 0.5 as implemented in
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Beyond fixed order
• LOOPSIM offers a fixed order alternative to NLO merging but without shower matching

• predictions at nNLO include some NNLO ingredients - double real and real-virtual

• fixed order Root Ntuples can be merged using a modified analysis
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(a) Input event

(d) Output 1−loop event
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(b) Attributed emission seq.

(e) 2nd output 1−loop event
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(c) Born particle ID

(f) Output 2−loop event

Figure 3: Sketch of the LoopSim procedure as applied to a tree-level event (a) with 4
outgoing particles (numbered) and the beam (horizontal line); diagram (b) shows the
attribution of the emission sequence, (c) the identification of the Born particles (thick
red lines), and (d)-(f) the resulting “looped” diagrams. These diagrams are relevant in
approximating next-to-next-to-leading corrections to a process whose LO contribution
has a 2 → 2 structure.

the actual Feynman diagrams that would be relevant at 1 and 2-loop level. Instead they
indicate the way in which we have approximated the loop divergences, as the unitarising
counterparts of the divergences that appear for each emission in the soft and collinear
limits.

Given the above procedure for unitarising tree-level events, we shall see that it is then
straightforward to extend it to event sets that also include exact loop diagrams.

2.1 The tree-level pure glue case

We start by examining the LoopSim procedure in the simple case of purely gluonic tree-
level events. This will suffice to introduce most of the relevant concepts. Section 2.2 will
then discuss some of the additional issues that arise for events with quarks and vector
bosons, while the handling of events sets that include exact loop diagrams will be left to
section 2.3.

It is helpful to introduce some notation: Firstly, b is the number of final-state particles
present in the lowest relevant order (i.e. the number of final-state “Born” particles). For
instance b = 2 if considering higher-order corrections to dijet events, as in fig. 3. En

represents a generic event with n final state particles. So the starting event of fig. 3
would be labelled E4. Finally, U b

l will be an operator that acts on an event En and
returns all the events at l loops obtained from En using the LoopSim method. For
instance, fig. 3d,e represents the action of U b=2

l=1 on the input E4 event (a).
The central part of the LoopSim method involves the construction of the operator

U b
l acting on En for all l = 0 . . . n − b (l ≤ n − b because the number of real final state

particles cannot be smaller than that of the lowest order event).

6

[Rubin, Sapeta, Salam (2010)]
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Conclusions

• Di-photon production with up to 3 jets now available at NLO

• Good agreement between different theory predictions

• scale variations ~ 10(15)% uncertainty at NLO 

• Smooth cone vs. fragmentation

• mild dependence on Frixione isolation parameters

• nNLO predictions for                   with LOOPSIMpp ! �� + 1j

pp ! �� + 2(3)j
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