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OUTLINE 

 Introduction and motivation: why to go higher?
 The theoretical toolkit
 News from theory
 EW effects and qT resummation
 Higgs boson signal/background interference
 Theoretical uncertainties
 Outlook
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INTRODUCTION 

 No striking manifestation of New Physics (NP) beyond the 
Standard Model (SM) at the LHC
 “Precision Physics” represents the key instrument to find NP
 In this framework QCD perturbative corrections play a 
crucial role
 Until a few years ago, the standard for such calculations was 
next-to-leading order (NLO) accuracy
 In the past recent years a number of growing next-to-next-to-
leading order (NNLO) results were computed
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THE NNLO STANDARD
NNLO hadron-collider calculations v. time
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explosion of calculations  
in past 24 months

as of April 2017, let me know of omissions

NNLO HADRON-COLLIDER CALCULATIONS VS. TIME 

DY, van Neerven et al.

NNLO hadron-collider calculations v. time
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ptw, Gehrmann et al. 
MATRIX at NNLO, Grazzini et al 
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2014
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20062004
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1990

Slide inspired in Gavin Salam’s talk
ZZ, G. Heinrich, et al.

VBF diif. J. Cruz-Martinez, et al.

HH (VBF-diff) F. A. Dreyer et. al

𝛾j-𝛾 Gehrmann et. al

Marius Höfer’s  Talk

Processes with photons 
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FIXED ORDER CALCULATIONS TOOLKIT 
FIXED ORDER TOOLS + RESUMMATION (I.E NOT PARTON SHOWER GENERATORS) Frank Siegert’s  Talk
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PROCESS OF INTEREST 

F + X

QCD 
CORRECTIONS

TH. PHOTON 
ISOLATION

QCD 
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EW 
CORRECTIONS
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THEORETICAL PREDICTION + UNCERTAINTIES

Carrazza’s Talk

Marius Höfer’s and Johannes Krause’s Talks
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Process Codes QCD EW corrections (NLO) Resummation

pp ! � + Jet

pp ! ��

pp ! �� + Jets

pp ! W�

pp ! Z�

JetPhox: NLO(QCD)+NLO(Frag)     [99’]
MCFM: NNLO(QCD)                    [2016/2017]
NNLOJET: NNLO(QCD)    [2019]

Kuhn, Kulesza, Pozzorini, Schulze   [2005]
Becher, Garcia i Tormo                [2013]
Schwartz                                   [2016]

Peter: N^3LL 
Threshold Resummation  
arXiv:1206.6115

DiPhox: NLO(QCD)+NLO(Frag)        [99’]
2yNNLO: NNLO(QCD)                            [2011]
MCFM: NNLO(QCD)                                  [2016]
MATRIX: NNLO(QCD)                             [2016]

Bierweiler, Kasprzik, Kuhn.            [2013]
Chiesa,Greiner, Schoenherr, 
Tramontano                              [2017]

2yRes:  [2015]   
qT Resummation 
NNLL+NNLO(QCD)

MATRIX: NNLO(QCD)                             [2015]
MCFM: NNLO(QCD) (Zy)                          [2017]

Chiesa,Greiner, Schoenherr, 
Tramontano                              [2017]

Denner, Dittmaier, Hecht, Pasold  [2015]
Denner, Dittmaier, Hecht, Pasold  [2014]

NLOJet++: NLO(QCD).                 [2003]
2yNNLO: NLO(QCD)                              [2011]
Gehrmann, Greiner, Heinrich:  
NLO(QCD)+LO(Frag)                            [2013]
Bern, Dixon, Febres Cordero, Hoeche, 
Ita, Kosower, Lo Presti, Maitre      [2013]
Badger, Guffanti, Yundin               [2013]
Greiner, Fäh                              [2017]

BRIEF LIST OF CODES 
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Resbos: [1997]   
qT Resummation 
NNLL+NLO(QCD)
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Kuhn, Kulesza, Pozzorini, Schulze   [2005]
Becher, Garcia i Tormo                [2013]
Schwartz                                   [2016]

Peter: N^3LL 
Threshold Resummation  
arXiv:1206.6115

DiPhox: NLO(QCD)+NLO(Frag)        [99’]
2yNNLO: NNLO(QCD)                            [2011]
MCFM: NNLO(QCD)                                  [2016]
MATRIX: NNLO(QCD)                             [2016]

Bierweiler, Kasprzik, Kuhn.            [2013]
Chiesa,Greiner, Schoenherr, 
Tramontano                              [2017]

2yRes:  [2015]   
qT Resummation 
NNLL+NNLO(QCD)

MATRIX: NNLO(QCD)                             [2015]
MCFM: NNLO(QCD) (Zy)                          [2017]

Chiesa,Greiner, Schoenherr, 
Tramontano                              [2017]

Denner, Dittmaier, Hecht, Pasold  [2015]
Denner, Dittmaier, Hecht, Pasold  [2014]

NLOJet++: NLO(QCD).                 [2003]
2yNNLO: NLO(QCD)                              [2011]
Gehrmann, Greiner, Heinrich:  
NLO(QCD)+LO(Frag)                            [2013]
Bern, Dixon, Febres Cordero, Hoeche, 
Ita, Kosower, Lo Presti, Maitre      [2013]
Badger, Guffanti, Yundin               [2013]
Greiner, Fäh                              [2017]

(Fixed order + Resummation) tools that use smooth cone isolation (in red)

JetPhox: NLO(QCD)+NLO(Frag)     [99’]
MCFM: NNLO(QCD)                    [2016/2017]
NNLOJET: NNLO(QCD)    [2019]
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Resbos: [1997]   
qT Resummation 
NNLL+NLO(QCD)



Process Known Desired LH 2017 Some LHC recent 
measurements

pp ! � + Jet

pp ! ��

pp ! �� + Jets

pp ! ���

• NLOEW

• NLOQCD

• NNLOQCD

• NNLOQCD

• NNLOQCD

• NLOEW

• NLOEW

• NLOQCD

• NLOQCD +NLOFrag

• NLOQCD +NLOFrag

• NLOQCD + LOFrag

• NLOQCD + LOFrag

• NNLOQCD +NLOEW

BRIEF LIST OF PROCESSES 

• NLOQCD +NLOEW

ATLAS: 1801.00112
ATLAS: 1701.06882
ATLAS: 1611.06586

ATLAS-CONF-2017-059
ATLAS:1605.03495
CMS-SMP-16-003
CMS-TOP-17-016
CMS: 1311.6141

ATLAS: 1707.04147
ATLAS:1704.03839
ATLAS:1606.03833

CMS:1405.7225
CMS:1108.2044

CMS: 1609.02507
CMS:1606.04093

CMS-PAS-EXO-16-027

CMS PAS-SMP-14-021

ATLAS:1712.07291

 25



Process Known Desired LH 2017 Some LHC recent 
measurements

pp ! Z�

pp ! W�

pp ! W��

pp ! ���� • NLOQCD

• NLOQCD

• NNLOQCD

• NNLOQCD

• NLOEW

• NLOEW

• NNLOQCD +NLOEW

• NNLOQCD +NLOEW

• NLOQCD +NLOEW

CMS PAS EXO-17-005
CMS: 1612.09516
CMS-SMP-14-018

ATLAS: 1810.04995
ATLAS: 1705.01966
ATLAS: 1604.05232
ATLAS: 1407.8150

CMS: 1612.09256
ATLAS: 1407.8150

CMS-SMP-15-008
ATLAS: 1503.03243

BRIEF LIST OF PROCESSES 
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NEWS FROM THEORY 
TOP QUARK EFFECTS IN DIPHOTON PRODUCTION



NEWS FROM THEORY 
TOP QUARK EFFECTS IN DIPHOTON PRODUCTION

Maltoni, Mandal, Zhao [2018]
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NEWS FROM THEORY 
TOP QUARK EFFECTS IN DIPHOTON PRODUCTION

Maltoni, Mandal, Zhao [2018]
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TOP QUARK EFFECTS IN DIPHOTON PRODUCTION
NEWS FROM THEORY 

Kawabata, Yokoya [2017]
Dugad, Jain, Mitra, Sanyal, Verma [2018]
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TOP QUARK EFFECTS IN DIPHOTON PRODUCTION
NEWS FROM THEORY 

In some phase-space regions they differ in sign
NNLO example

 31Catani, LC, de Florian, Ferrera, Grazzini,  [2018]



TOP QUARK EFFECTS IN DIPHOTON PRODUCTION
NEWS FROM THEORY 

 We have to be aware that the final and complete 
answer could be different
This consideration is valid for any computation 
which uses a gauge invariant subset of scattering 
amplitudes at N3LO/NNLO

In some phase-space regions they differ in sign
NNLO example
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EW EFFECTS IN DIPHOTON + JETS PRODUCTION AND 
TRANSVERSE-MOMENTUM RESUMMATION

No photon initiated processes

Chiesa,Greiner, Schoenherr, 
Tramontano [2017]
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Figure 5: Di↵erential cross sections as functions of the various observables compared to the predictions from
Sherpa 2.2.1 and 2�NNLO. At the bottom of each plot, the ratio of the prediction to the data is shown. The bars and
bands around the data and theoretical predictions represent the statistical and systematic uncertainties, estimated as
described in the text. Negative cross-section values are obtained with 2�NNLO when varying the renormalisation
scale in the first two bins of �⇤⌘ and therefore are not shown (see text).
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2yRes: LC, Coradeschi, de Florian   [2015]

Thanks to Juan 
Terron Cuadrado, 
Matthias Saimpert 
and Bruno Lenzi, 
For share their 2yRes 
runs

ATLAS:1704.03839

PDFs uncertainties only 
included in the ATLAS 

analysis (2%).
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HIGGS BOSON SIGNAL-BACKGROUND INTERFERENCE
Campbell, Carena, Harnika, Liua  [2017]

LC, Coradeschi, de Florian, Fidanza [2017]Dixon, Li [2013]

Fixed order Fixed order Fixed order + qT resummation
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THEORETICAL UNCERTAINTIES

Catani, LC, de Florian, Ferrera, Grazzini,  [2018]

Figure 11: The differential cross section dσ/dMγγ with the same photon kinematical cuts as in
Table 2. The main panel in the left-hand side shows the LO (black), NLO (red) and NNLO (blue)
results, with the corresponding scale dependence. The lower subpanel presents the NNLO K factor
(including its scale dependence) and the relative scale dependence at NLO. The panel in the right-
hand side shows the NNLO result at central scales and its decomposition in the contributions of
different initial-state partonic channels (qq̄, qg, gg). The separate contribution of the box gg → γγ
squared amplitude is also shown.

(including its scale dependence) for dσ/dMγγ is very similar to the corresponding NNLO K factor
for the total cross section. In particular, KNNLO(Mγγ) is remarkably independent of Mγγ : we have
KNNLO(Mγγ) ≃ 1.4 for 50 GeV∼<Mγγ ∼< 350 GeV; at higher values of Mγγ , KNNLO(Mγγ) slightly
decreases andKNNLO(Mγγ) ≃ 1.3 in the highest-mass bin (500 GeV ≤ Mγγ ≤ 800 GeV) of Fig. 11.
The NNLO contributions of the various initial-state partonic channels to dσ/dMγγ are shown in
Fig. 11-right. The gg channel gives a little NNLO contribution to dσ/dMγγ (analogously to the
case of the total cross section). In particular, the results in the high-mass region of Fig. 11 explicitly
show that the total contribution of the gg channel is partly smaller than the sole component of
the box contribution gg → γγ. In the region where 50 GeV∼<Mγγ ∼< 150 GeV (which gives the
bulk of the total cross section), the qq̄ and qg channels give comparable contributions to dσ/dMγγ

(the qq̄ contribution is slightly larger). At larger values of Mγγ , the relative contribution of the qq̄
channel increases.

In the low-mass region (Mγγ ∼< 50 GeV) the NNLO (NLO) result represents, at the formal level,
an effective NLO (LO) perturbative prediction. In view of that and of the discussion in Sect. 2.3.3
(see, in particular, Eqs. (25) and (26) and accompanying comments), the NNLO corrections are
expected to be large. Indeed, the NNLO corrections sizeably increase by decreasing Mγγ . The
NNLO K factor has the value KNNLO(Mγγ) ∼ 3.8 in the second bin (20 GeV ≤ Mγγ ≤ 30 GeV),
and it increases to KNNLO(Mγγ) ∼ 4.4 in the first bin. The scale dependence of the NNLO result
also increases by decreasing Mγγ , and it reaches the size of about ±20% in the first bin. As shown
in Fig. 11-right, the contribution of the gg partonic channel to the NNLO result remains small
also in the low-mass region (note that the box contribution gg → γγ is absent in this region).
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The major contribution to the NNLO result is due to the qg channel, because both the qg and qq̄
channels already contribute at the lowest order in the low-mass region and the PDF luminosity
Lqg is larger than Lqq̄.

Figure 12: The differential cross section dσ/d cos θ∗. The results are analogous to those in Fig. 11.

The NNLO results for dσ/d cos θ∗ (and the corresponding results at LO and NLO) are presented
in Fig. 12. The main features of the shape of dσ/d cos θ∗ are discussed in detail in Sects. 2.3.2 and
2.3.3. By direct inspection of the NLO (and LO) results in Fig. 4 and Fig. 12-left, we note that the
shape of dσ/d cos θ∗ in Fig. 12-left is slightly different in the central region (| cos θ∗|∼< 0.5), since it
tends to be more sharpened as cos θ∗ → 0. This shape distorsion between the results in Fig. 4 and
Fig. 12 is basically produced by the exclusion of the photon rapidity region 1.37 < |yγ| < 1.52 in
the case of Fig. 12.

In the central region (| cos θ∗|∼< 0.5) we have KNNLO(cos θ∗) ≃ 1.4 . This value of the NNLO K
factor and its scale dependence are remarkably similar to those of the corresponding K factors for
both the differential cross section dσ/dMγγ in the high-mass region and the total cross section. In
this cos θ∗ region the qq̄ and qg channels give comparable NNLO contribution to dσ/d cos θ∗ (the
NNLO contribution of the gg channel is small, at the level of about 10%), as shown in Fig. 12-right.
All these features are perfectly consistent with the fact (as discussed in detail in Sect. 2.3.2; see,
in particular, the second paragragh below Eq. (18)) that the central cos θ∗ region is kinematically
strongly correlated (through the photon pT cuts) to the Mγγ region that gives the bulk of the total
cross section.

At large values of | cos θ∗| (| cos θ∗|∼> 0.5), the size of the NNLO corrections to dσ/d cos θ∗

increases by increasing | cos θ∗| (see Fig. 12-left). In the second bin (0.84 < | cos θ∗| < 0.92) we
have KNNLO(cos θ∗) ≃ 1.7, and in the first bin (0.92 < | cos θ∗| < 1) we have KNNLO(cos θ∗) ≃ 2.4
(the NNLO scale dependence also increases in the first bin). As discussed in Sect. 2.3.2, the large
| cos θ∗| region is kinematically more sensitive to high values of Mγγ (values of Mγγ higher than
those that mostly contribute to the total cross section), and it is also relatively more sensitive to
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Results obtained with 2yNNLO and  
cross checked with MATRIX

Selection cuts of:  
ATLAS (1211.1913)

p
s = 7 TeV

phard
T∞ ∏ 25 GeV, psoft

T∞ ∏ 22 GeV

|y∞| < 1.37 and 1.52 < |y∞|∑ 2.37, Rmin
∞∞ = 0.4,

R = 0.4 and ET max = 4 GeV.
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THEORETICAL UNCERTAINTIES

Catani, LC, de Florian, Ferrera, Grazzini,  [2018]

NNLO uncertainty of about ±14%, which amounts to almost double the scale uncertainty of the
NNLO result for the total cross section.

The ATLAS data [4] on differential cross sections are reported in Figs. 17 and 18 together
with the corresponding NNLO results. In the lower subpanels of these figures we present the ratio
between the data and the NNLO results at central scales, and the scale dependence of the NNLO
results.

Figure 17: Comparison between ATLAS data at
√
s = 7 TeV [4] and NNLO results (including their

scale dependence) for dσ/dMγγ (left) and dσ/d cos θ∗ (right). The NNLO results are corrected for
hadronization and underlying event effects (see text).

At large values of ∆Φγγ (e.g., ∆Φγγ ∼> 2.8) and small values of pTγγ (e.g., pTγγ ∼< 20 GeV) the
shape of the data (Fig. 18) is definitely different from that of the NNLO results. This is expected
since, as discussed in Sect. 3.2, the shape of the NNLO results is not physically reliable in these
Sudakov sensitive regions. All-order resummed calculations [42, 43, 8] have to be used here. All-
order resummation effects are implemented also in parton shower event generators, which can lead
to a consistent description of the data [4, 8].

The NNLO results in Fig. 18 (outside the Sudakov sensitive regions) and those in the low-
mass region (Mγγ < 50 GeV) of Fig. 17-left are perturbative results at ‘effective’ NLO accuracy,
while those in the high-mass region and in the entire region of cos θ∗ (Fig. 17) are results at
‘effective’ NNLO accuracy. In ‘effective’ NNLO regions there is a good agreement between data
and NNLO results within the corresponding experimental and scale uncertainties. In ‘effective’
NLO regions the data tend to be systematically higher than the NNLO results at central values
of the scales. Note that the shape of the differences between data and NNLO results tends to
qualitatively follow the shape of the NNLO K factors (see the lower subpanels in Figs. 17 and 18
and those in Figs. 11, 12 and 13). This feature is consistent with our previous remarks on the fact
(see the differences between NLO and NNLO results in Figs. 11, 12 and 13) that the computed
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Figure 18: Comparison between ATLAS data at
√
s = 7 TeV [4] and NNLO results (including their

scale dependence) for dσ/d∆Φγγ (left) and dσ/dpTγγ (right). The NNLO results are corrected for
hadronization and underlying event effects (see text).

scale dependence at NNLO does underestimate the true perturbative uncertainties of the NNLO
results. If we proceed to assign a perturbative uncertainty on the basis of the differences between
NNLO and NLO results for differential cross sections (analogously to the procedure that we have
mentioned for the total cross section), the NNLO uncertainty is almost doubled with respect to
the NNLO scale dependence in most of the regions of Figs. 17 and 18 and it is further increased
in limited extreme regions (such as at very small values of Mγγ , at very large values of | cos θ∗|
and at very low values of ∆Φγγ). Such a NNLO uncertainty makes the ATLAS data consistent
with the NNLO results in both ‘effective’ NNLO and ‘effective’ NLO regions.

The tendency of the data to be systematically higher than the NNLO results at central values
of the scales is not inconsistent with the expectation (see Eq. (5)) that the NNLO results with
smooth isolation are a lower bound on the corresponding results for standard isolation. One can
try to reduce the differences between the smooth and standard isolation criteria by decreasing the
isolation effects within standard isolation. This can be done by using different smooth isolation
parameters such as, for instance, a smaller value of the power n of the isolation function χ(r : R)
or a larger value of ET max. As shown by the results in Sect. 3.3, such a procedure can reduce the
systematic differences between ATLAS data and NNLO smooth isolation results. Nonetheless, this
‘tuning’ procedure does not affect the overall features of the comparison between data and NNLO
results, because of the relatively-small dependence on the isolation parameters (see Sect. 3.3) and
of the substantial NNLO theoretical uncertainties that we have previously discussed.

In this subsection we have considered the ATLAS diphoton data at
√
s = 7 TeV and we have

presented comments on the main features of the data/NNLO comparison. The same features and
comments are equally valid for other LHC diphoton measurements [7, 8] and related data/theory
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Uncertainties estimated as the half distance between NNLO and NLO central scale

Uncertainties estimated as 9 point scale variation at NNLO
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CONCLUSIONS AND OUTLOOK
 A lot of  TH codes (the number is growing) describing 
photon processes are using smooth isolation
 If we are interested in the process F + X, TH and EXP 
have to be inclusive in the same way (important for a 
consistent treatment of EW corrections)
 Proposals for the LH 2019 wishlist?
 In some pathological cases, the customary variation of 
the factorization and renormalization scales constitutes a 
poor estimation of the TH uncertainties 
 The use of transverse-momentum resummation in 
analysis of the interference between the signal and the 
background in Higgs production is well justified
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EW CORRECTIONS FOR 𝜸𝜸(+JETS)

Chiesa,Greiner, Schoenherr, Tramontano    [2017]

’NLO EW∗’ includes also O(αsα3) contributions
’NLO EW∗∗’ includes both the O(αsα3) and O(α4) terms

pp ! �� pp ! �� + j pp ! �� + jj

�LO [pb] 5.398 9.597 2.073

�NLO EW [pb] 5.449 9.587 2.009

�EW [%] �0.9 �0.1 �3.1

Table 1: Total cross sections at LO and NLO for ��+0, 1, 2 jets production at 13TeV

at the LHC.

O(↵2
s↵

2) O(↵2
s↵

2) O(↵s↵
3) O(↵4)

Figure 1: Illustrative leading and sub-leading tree-level diagrams for �� + jj produc-

tion.

O(g2se
4)⇥O(g2se

2) O(g2se
4)⇥O(g2se

2) O(g4se
2)⇥O(e4) O(g4se
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Figure 2: Representative virtual corrections at O(↵2

s↵
3) for �� + jj production.

the scope of this paper. The NLO EW corrections to the total cross section are tiny, for the

0-jet process they are positive and lead to an enhancement of one per cent. Increasing the

jet multiplicity reduces the EW corrections and they become negative, for the 1-jet process

the cross section is essentially unchanged, for the 2-jet process we find a reduction of three

per cent.

We now turn to the discussion of a selection of the di↵erential distributions where one expects

to see a larger impact of the EW corrections than for the total cross sections, predominantly at

large pT. For the 2-jet process we additionally include two di↵erent subleading contributions

at tree-level: ’NLO EW⇤’ includes also O(↵s↵
3) contributions, and ’NLO EW⇤⇤’ includes

both the O(↵s↵
3) and O(↵4) terms.

The subleading Born contributions at O(↵s↵
3) arise from interferences of “QCD” production

– 5 –
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EW CORRECTIONS FOR 𝜸𝜸(+JETS)
p

s = 13 TeV
phard

T∞ ∏ 40 GeV, psoft
T∞ ∏ 30 GeV

|y∞| < 1.37, n=1,¢R∞∞ > 0.4
R = 0.4, ET max = 0.05 p∞

T .

Chiesa,Greiner, Schoenherr, Tramontano    [2017]

’NLO EW∗’ includes also O(αsα3) contributions
’NLO EW∗∗’ includes both the O(αsα3) and O(α4) terms
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Figure 5: The transverse momentum of the subleading isolated photon in �� +

0, 1, 2 jets production at 13TeV at the LHC.

a 10% correction for momenta of 500 GeV. For the 1-jet process this e↵ect appears to be a

bit milder. For the 2-jet process we observe a negative correction for small pT that vanishes

around the weak scale and then becomes larger again in the Sudakov regime leading to a

⇠ 20% correction for large transverse momenta of around 500 GeV. Also here we see that

the subleading born leads to a small correction and the much bigger e↵ect, in particular for

the subleading photon, comes from the sub-subleading Born contribution. In the tail it leads

to an upward shift of almost 20% that essentially nullifies the electroweak corrections to the

leading Born. But as mentioned above this has to be interpreted with care as one then can

also expect the electroweak corrections to the sub-subleading Born to be of non-negligible

size.

The angular separation between the two leading photons is shown in Fig. 6. We do not plot

the 0-jet contribution as deviations from the back-to-back kinematic are only of leading order

accuracy in that case. For the 1-jet process we find that the corrections are basically zero.

This is not surprising when having in mind that for the total cross section the electroweak

correction were negligible and the corrections are only relevant in the high energy tails. As

the angular distributions mix these regions more or less evenly one cannot expect significant

deviations. For the 2-jet process we find substantial deviations of the order of 10% for small

values of the angular separation and the corrections become more and more negligible when

increasing the angular separation.

Following this line of arguments it is not surprising that the azimuthal separation which

is shown in Fig. 7, follows the same pattern as what we have discussed for the angular

separation. Also here we find that the corrections in the 1-jet process are negligible and for

the 2-jet process we find the largest corrections for small angles and they reach their minimum

– 8 –

𝜸2 is the subleading photon

Comparing transverse momentum vs. invariant mass distributions, we note that
in this observable the EW corrections easily reach 10% deviation from the LO
at a few hundreds of GeV.
This fact is similar (grosso modo) to what we can find for the EW corrections for
ZZ and WW production. Biedermann, Denner, Dittmaier,Hofer,Jäger    [2016]

Biedermann, Billoni, Denner, Dittmaier, Hofer, Jäger,  Salfelder   [2016]

No photon initiated processes

 41



PHOTON ISOLATION  
p

s = 7 TeV
phard

T∞ ∏ 25 GeV, psoft
T∞ ∏ 22 GeV

|y∞| < 2.37, Rmin
∞∞ = 0.4

Neglecting the rapidity crack these are 
the cuts implemented in the following 
measurement of the diphoton cross 

section: ATLAS (1211.1913)

Figure 3: The Mγγ differential cross section for ET max = 2 GeV (left panel) and ET max = 10 GeV
(right panel) and with the same photon kinematical cuts as in Fig. 2. The scale variation bands
of the LO and NLO results for smooth and standard isolation are as follows: LO smooth isolation
(black), LO standard isolation (light-blue), NLO smooth isolation (red) and NLO standard isolation
(blue).

2.3.2 Differential cross sections at the LO

In Fig. 3 we present the LO and NLO results (including their scale variation dependence) for
the differential cross section with respect to the diphoton invariant mass Mγγ . We consider two
different values, 2 GeV (Fig. 3-left) and 10 GeV (Fig. 3-right), of ET max and we use both standard
and smooth isolation. In Fig. 4 we present the analogous results for the differential cross section
with respect to the angular variable cos θ∗ in the Collins–Soper rest frame. The results in Figs. 3
and 4 are obtained by numerical integration over small bins in Mγγ and cos θ∗, respectively: we
use bins of constant size equal to 2 GeV for Mγγ and 0.08 for cos θ∗. In the following we discuss
LO and NLO differential cross sections in turn. At the LO, we preliminarily note that standard
and smooth isolation results for the differential cross sections have qualitatively similar shapes,
with differences of the overall normalization that are quite similar to the quantitative differences
(which we have previously discussed) of the corresponding LO total cross sections.

We first consider smooth cone isolation. Owing to transverse-momentum conservation in the
corresponding LO partonic process qq̄ → γγ, the diphoton azimuthal separation is ∆Φγγ = π
and the transverse momentum of the diphoton system is pTγγ = 0. The corresponding differential
cross sections dσLO

smooth/dx, with x = ∆Φγγ or x = pTγγ , are simply proportional to a δ-function
(δ(∆Φγγ − π) or δ(pTγγ)) and the proportionality factor is the LO total cross section σLO

smooth. The
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∝
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where
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s is the centre–of–mass energy of the hadronic collision (e.g.,
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s = 7 TeV as in Fig. 3),

τ = M2
γγ/s and the photon scattering angle θS is defined in the centre–of–mass frame of the LO
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Figure 3: The Mγγ differential cross section for ET max = 2 GeV (left panel) and ET max = 10 GeV
(right panel) and with the same photon kinematical cuts as in Fig. 2. The scale variation bands
of the LO and NLO results for smooth and standard isolation are as follows: LO smooth isolation
(black), LO standard isolation (light-blue), NLO smooth isolation (red) and NLO standard isolation
(blue).
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LO and NLO differential cross sections in turn. At the LO, we preliminarily note that standard
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Figure 3: The Mγγ differential cross section for ET max = 2 GeV (left panel) and ET max = 10 GeV
(right panel) and with the same photon kinematical cuts as in Fig. 2. The scale variation bands
of the LO and NLO results for smooth and standard isolation are as follows: LO smooth isolation
(black), LO standard isolation (light-blue), NLO smooth isolation (red) and NLO standard isolation
(blue).
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with differences of the overall normalization that are quite similar to the quantitative differences
(which we have previously discussed) of the corresponding LO total cross sections.
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and the transverse momentum of the diphoton system is pTγγ = 0. The corresponding differential
cross sections dσLO

smooth/dx, with x = ∆Φγγ or x = pTγγ , are simply proportional to a δ-function
(δ(∆Φγγ − π) or δ(pTγγ)) and the proportionality factor is the LO total cross section σLO

smooth. The
double differential cross section with respect to Mγγ and the scattering angle θS is

dσLO
smooth

dM2
γγ d|cos θS |

∝
α2

s2
gqq̄(θS)

∑

q

e4q Lqq̄(τ ;µF ) , (14)

where
√
s is the centre–of–mass energy of the hadronic collision (e.g.,

√
s = 7 TeV as in Fig. 3),

τ = M2
γγ/s and the photon scattering angle θS is defined in the centre–of–mass frame of the LO

17

Catani, LC, de Florian, Ferrera, Grazzini,   in preparation [2017]
Standard results obtained with DIPHOX 

Smooth cone results obtained with 2yNNLO

The LO and NLO bands do not overlap

 44



PHOTON ISOLATION  
Quantitative results

Figure 3: The Mγγ differential cross section for ET max = 2 GeV (left panel) and ET max = 10 GeV
(right panel) and with the same photon kinematical cuts as in Fig. 2. The scale variation bands
of the LO and NLO results for smooth and standard isolation are as follows: LO smooth isolation
(black), LO standard isolation (light-blue), NLO smooth isolation (red) and NLO standard isolation
(blue).
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use bins of constant size equal to 2 GeV for Mγγ and 0.08 for cos θ∗. In the following we discuss
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with differences of the overall normalization that are quite similar to the quantitative differences
(which we have previously discussed) of the corresponding LO total cross sections.
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and the transverse momentum of the diphoton system is pTγγ = 0. The corresponding differential
cross sections dσLO
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The LO and NLO bands do not overlap This implies that the scale dependence of 𝜎NLO 

cannot be consistently regarded as a reliable 
estimate of uncalculated higher-order radiative 

corrections to 𝜎: the `true' theoretical uncertainty 

of 𝜎NLO is larger than the NLO scale depencence 

that we have computed. The NNLO will confirm this 
conclusion.
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Figure 5: Di↵erential cross sections as functions of the various observables compared to the predictions from
Sherpa 2.2.1 and 2�NNLO. At the bottom of each plot, the ratio of the prediction to the data is shown. The bars and
bands around the data and theoretical predictions represent the statistical and systematic uncertainties, estimated as
described in the text. Negative cross-section values are obtained with 2�NNLO when varying the renormalisation
scale in the first two bins of �⇤⌘ and therefore are not shown (see text).
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2
T

CT14 NLO

8

7

6

5

4

3

2

1

1
pp ! gg + j

0 50 100 150 200 1000 0

9

0

1

mg1g2 [GeV]

Sh
er

pa
+G

oS
am

8

7

6

5

4

3

2

1

1
pp ! gg + jj

0 50 100 150 200 1000 4000

9

0

1 NLO EW⇤

NLO EW⇤⇤

mg1g2 [GeV]

Figure 3: The invariant mass of the leading and subleading isolated photons in

�� + 0, 1, 2 jets production at 13TeV at the LHC.

diagrams at O(g2se
2) and “EW” production diagrams at O(e4), as detailed in Fig. 1. As such,

they are not a proiri positive definite. Similar considerations arise for the virtual corrections

at O(↵2
s↵

3), which include pieces that are both either insertions of electroweak loops into

tree-level processes of O(↵2
s↵

2) or insertions of QCD loops into interference contributions of

O(↵s↵
3), cf. Fig. 2.

The contributions at O(↵4) are pure absolute squares of diagrams at O(e4) and we will denote

the “sub-subleading” in the following. Their contribution is to be considered with care as

a significant, if not dominant, fraction of the contribution arises from near resonant ��V
⇤

(V = W,Z) production with subsequent hadronic decays of the vector boson. At this point,

it is a matter of definition of the analysis strategy whether these processes are to be included

as signal or whether they are treated as background. In the latter case they, of course,

would not be considered to be contributing to the �� + 2 jets signal. Similarly, they could

be e↵ectively removed by vetoing events with dijet invariant masses in a generous window

around the nominal electroweak vector boson masses.

We start our discussion of the di↵erential distributions with the invariant mass distribution

of the two leading photons. This is shown in Fig. 3. The 0-jet process is a somewhat special

case as at LO the invariant mass is strictly determined by the transverse momentum of the

two photons and the back-to-back kinematic of the leading order configuration. This back-to-

back requirement is then relaxed by the real emission, but it requires an additional partonic

jet at leading order to allow for small invariant masses of the diphoton system. For the 0-jet

process one obtains a small positive correction for low invariant masses with a small peak at

MW and at 2 ·MW . It is these peaks that lead to the overall positive correction to the total

cross section. Looking more closely at the ingredients that contribute to the NLO result we

– 6 –

’NLO EW∗’ includes also O(αsα3) contributions
’NLO EW∗∗’ includes both the O(αsα3) and O(α4) terms

pp ! �� pp ! �� + j pp ! �� + jj

�LO [pb] 5.398 9.597 2.073

�NLO EW [pb] 5.449 9.587 2.009

�EW [%] �0.9 �0.1 �3.1

Table 1: Total cross sections at LO and NLO for ��+0, 1, 2 jets production at 13TeV

at the LHC.
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Figure 1: Illustrative leading and sub-leading tree-level diagrams for �� + jj produc-

tion.

O(g2se
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2) O(g2se
4)⇥O(g2se

2) O(g4se
2)⇥O(e4) O(g4se
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Figure 2: Representative virtual corrections at O(↵2

s↵
3) for �� + jj production.

the scope of this paper. The NLO EW corrections to the total cross section are tiny, for the

0-jet process they are positive and lead to an enhancement of one per cent. Increasing the

jet multiplicity reduces the EW corrections and they become negative, for the 1-jet process

the cross section is essentially unchanged, for the 2-jet process we find a reduction of three

per cent.

We now turn to the discussion of a selection of the di↵erential distributions where one expects

to see a larger impact of the EW corrections than for the total cross sections, predominantly at

large pT. For the 2-jet process we additionally include two di↵erent subleading contributions

at tree-level: ’NLO EW⇤’ includes also O(↵s↵
3) contributions, and ’NLO EW⇤⇤’ includes

both the O(↵s↵
3) and O(↵4) terms.

The subleading Born contributions at O(↵s↵
3) arise from interferences of “QCD” production

– 5 –

No photon initiated processes
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Figure 5: Di↵erential cross sections as functions of the various observables compared to the predictions from
Sherpa 2.2.1 and 2�NNLO. At the bottom of each plot, the ratio of the prediction to the data is shown. The bars and
bands around the data and theoretical predictions represent the statistical and systematic uncertainties, estimated as
described in the text. Negative cross-section values are obtained with 2�NNLO when varying the renormalisation
scale in the first two bins of �⇤⌘ and therefore are not shown (see text).
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