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Expectation vs. Reality

The Higgs

After more than 100 fb-1 no direct evidence of New Physics 



Fabio MaltoniFabio Maltoni  TASI 2013, Boulder CO Fabio Maltoni7
Monday 10 June 2013 ...slide borrowed from Fabio Maltoni
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MC developer

Monday 10 June 2013 ...slide borrowed from Fabio Maltoni

SM Calculator
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Why Happy?
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Why Happy?

★ Optimist:  New Physics around the corner.

★ SM tested with incredible scrutiny

★ Possibility to make big discovery by small group of people

★ Creativity:  New ideas what to look for/how to make use 
of what we have might make a huge impact

★ Lots of room for New Physics in small deviations from SM

★ High precision calculations and simulations crucial
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LHC Master formula

proton proton

Hard Process
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proton proton

Hard Process

parton distribution functions
 (non-perturbative effects in proton)

LHC Master formula
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proton proton

Hard Process

LO  ~  𝓞(100%)

NLO  ~  𝓞(10%)

NNLO  ~  𝓞(1%)

Uncertainties:
(α ~ 0.118)

� ⇠ �LO · (1 + ↵| {z }
NLO

+↵2

| {z }
NNLO

+ . . .)

<latexit sha1_base64="uVjW8F6cGV2fbiLhwZASe3I7Fg0="></latexit><latexit sha1_base64="uVjW8F6cGV2fbiLhwZASe3I7Fg0="></latexit><latexit sha1_base64="uVjW8F6cGV2fbiLhwZASe3I7Fg0="></latexit><latexit sha1_base64="uVjW8F6cGV2fbiLhwZASe3I7Fg0="></latexit>

�had =
X

ij

Z
dx1 dx2 fi(x1, µF) fj(x1, µF)⇥ �ij(x1P1, x2P2, µF ) +O(⇤/Q)
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LHC Master formula
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Importance of QCD corrections

12

NNLO crucial for accurate description of data

Giulia Zanderighi, WW@NNLOPS

NLO & NNLO versus data

4

Current experimental precision requires to go beyond NLO

NLO

NNLO
(example WZ)

[Grazzini, Kallweit, Rathlev, MW '16]
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Explosion of NNLO results

...slide borrowed from Gavin Salam
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NNLO corrections
✦ All 2→1 and 2→2 colour-singlet processes known

✦  other processes: , , single-top, H/V/γ+jet, VBF (factorized), dijet, ...tt̄ bb̄

process status comment

pp→Z/γ*(→ũũ/νν) validated analytically + FEWZ

pp→W(→ũν) validated with FEWZ, NNLOjet

pp→H validated analytically (by SusHi)

pp→γγ validated with 2γNNLO

pp→Zγ→ũũγ [Grazzini, Kallweit, Rathlev '15]

pp→Zγ→ννγ [Grazzini, Kallweit, Rathlev '15]

pp→Wγ→ũνγ [Grazzini, Kallweit, Rathlev '15]

pp→ZZ [Cascioli et al. '14]

pp→ZZ→ũũũũ [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

pp→ZZ→ũũũ'ũ' [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

pp→ZZ→ũũν'ν' [Kallweit, MW '18]

pp→ZZ/WW→ũũνν [Kallweit, MW '18]

pp→WW [Gehrmann et al. '14]

pp→WW→ũν ũ'ν'

pp→WZ [Grazzini, Kallweit, Rathlev, MW '16]

pp→WZ→ũνũũ [Grazzini, Kallweit, Rathlev, MW '17]

pp→WZ→ũ'ν'ũũ [Grazzini, Kallweit, Rathlev, MW '17]

pp→HH (     ) not in public release

[Grazzini, Kallweit, Pozzorini, Rathlev, MW '16]

single boson 
processes

photon 
processes

massive 
diboson 
processes

MATRIX
[Grazzini,  Kallweit, MW '17]

Public, automated 
NNLO framework

https://matrix.hepforge.org/

➙ actively developed at MPP, e.g.:
    , , HH by Javier Mazzitelli;  v2 release: NLO EW, NLO gg, VH, ...; resummation; ...tt̄ bb̄
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3γ at NNLO
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Figure 1: Feynman diagrams for the production of three isolated photons: (a) LO diagram in the
quark-annihilation channel; (b) vanishing loop-induced diagram in the gluon-fusion channel; (c)
first non-vanishing loop-induced contribution.

For our calculation we employ the Matrix framework [28, 29]. All tree-level and one-loop
amplitudes are evaluated with OpenLoops 2 [33–35]. At two-loop level we have performed a
novel implementation based analytic expressions in Ref. [? ] that is highly e�cient and evaluates
within few seconds for each phase-space point, as discussed in more detail below. NNLO accuracy
is achieved by a fully general implementation of the qT -subtraction formalism [30] within Matrix.
The NLO parts therein (for ��� and ���+1-jet) are calculated by Munich2 [38], which uses the
Catani–Seymour dipole subtraction method [39, 40]. The Matrix framework features NNLO
QCD corrections to a large number of colour-singlet processes at hadron colliders. It has already
been used to obtain several state-of-the-art NNLO QCD predictions [41–49]3, and for massive
diboson processes it has been extended to combine NNLO QCD with NLO EW corrections [55] and
with NLO QCD corrections to the loop-induced gg-initiated process [56, 57]. Through the recently
implemented interface [58, 59] to the code RadISH [60, 61] this framework now also includes
the resummation of transverse observables such as the transverse momentum of the produced
colour-singlet final state.

The qT -subtraction formalism is employed for the very first time for a colour-singlet process of the
given complexity. Not only is triphoton production a 2 ! 3 process, it also involves the isolation
of all of the three photons. Already processes with a single isolated photon, such as Z� production,
feature rather large power corrections in the transverse momentum of the colour-singlet system,
as shown in Ref. [28]. Due to the interplay between the smooth-cone isolation criteria and the
slicing cuto↵ (introduced as rcut in Ref. [28]) of the qT -subtraction approach, the production of
three isolated photons could be subject to relatively large systematic uncertainties at NNLO.
Fortunately, the rcut slicing parameter is fully monitored and controlled through Matrix, including
a fully automated cuto↵ extrapolation rcut ! 0 performed with every run. Figure ?? shows the
dependence of the cross section as a function of rcut and its extraopolation to rcut=0 with an
estimate of the respective uncertainties. We find that qT subtraction is fully capable of dealing
with 2 ! 3 colour-singlet processes, even when three isolated photons are involved, and that we
can control the systematic uncertainties induced by rcut at the few permille level, which fully
su�ces for any phenomenological application. {MW: Stefan can you produce that plot? }

Before presenting phenomenological results, we would like to comment in more detail on our

2
The Monte Carlo program Munich features a general implementation of an e�cient, multi-channel based

phase-space integration and computes both NLO QCD and NLO EW [36, 37] corrections to arbitrary SM processes.
3
It was also used in the NNLO+NNLL computation of Ref. [50], and in the NNLOPS computations of

Refs. [51–54].

3

First (only) 2→3 process computed at NNLO QCDfiducial setup for pp ! ��� + X; used in the ATLAS 8 TeV analysis of Ref. [17]

pT,�1 � 27 GeV, pT,�2 � 22 GeV, pT,�3 � 15 GeV, 0  |⌘�|  1.37 & 1.56  |⌘�|  2.37 ,

�R�� � 0.45, m��� � 50 GeV, Frixione isolation with n = 1, �0 = 0.4, and E
ref

T = 10 GeV .

Table 1: Definition of phase-space cuts.
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Figure 4: Fiducial cross sections for pp ! ��� + X as a function of the centre-of-mass energy
at LO (black dotted), at NLO (red dashed), and at NNLO (blue, solid) The green data point at
8 TeV corresponds to the cross section measured by ATLAS in Ref. [17].

corrections. Thus, the renormalization and factorization scale are varied around µ0 by a factor
of two with the constraint 0.5  µR/µF  2, and the band between the minimum and maximum
value of the cross section estimates the uncertainty.

We study integrated cross sections and distributions in the fiducial region. The cuts are summarized
in Table 1 and correspond to the fiducial phase-space definition of the ATLAS 8TeV analysis
[17]. Those involve di↵erent transverse-momentum thresholds on the three photons as well as
a requirement on their pseudorapidity. Furthermore, we impose a separation of each pair of
photons in �R =

p
��2 + �⌘2 and a lower bound on the invariant mass of the three-photon

system. Finally, the photons are required to be isolated, which is achieved by means of Frixione’s
smooth-cone isolation with a fixed value (instead of one relative to the transverse momentum of
the respective photon) of the threshold E

ref

T in the smooth-cone condition as given in Eq. (3) of
Ref. [28].

We start by discussing fiducial rates in proton–proton collisions as a function of the machine energy
shown in Figure 2. The corresponding numbers and K-factors are quoted in Table 2 at the LHC
energies 7TeV, 8TeV, 13TeV and 14TeV, and at two potential future colliders, the HE-LHC at

6

d�/dm��� [fb/GeV] pp����@LHC 8 TeV (ATLAS data)
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Figure 5: Invariant-mass distribution of the three-photon system (top left plot) and of each
diphoton pair compared to 8 TeV ATLAS data [17]. The color coding corresponds to Figure 2.

stay within the quoted uncertainties. Indeed, other processes with similarly large NLO and NNLO
corrections, such as single Higgs production, receive a rather small contribution at N3LO, well
within the uncertainties estimated from NNLO scale variations.{MW: new paragraph? } A more
conservative uncertainty estimate that is realiable also at LO and NLO can be obtain by following
the approach suggested in Ref. [66]. {MW: should we do this or beyond the scope of this paper?
} We have used this approach to obtain the uncertainty bands shown in Figure ??, where the
NLO cross section is will within the LO uncertainties and the NNLO cross section well within the
NLO uncertainties. Compared to the scale variations used in Figure 2 the NNLO band increases
roughly by a factor of XX 2? . Nevertheless, this approach is not very practical for di↵erential
distributions, for which we will show only the nominal scale uncertainties in the following.

We continue our discussion by comparing di↵erential distributions at LO, NLO and NNLO to

8

✦  two-loop five-point function [Abreu, Page, Pascual, Sotnikov '20]
✦  fast and efficient on-the-fly evaluation
➙ implemented in MATRIX (to be released)

[Kallweit, Sotnikov, MW, '20]
 in full agreement with [Chawdhry, Czakon, Mitov, Poncelet '19]
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LHC event

proton proton

Hard Process
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LHC event

proton proton

Hard Process

Parton Shower
or

Resummation
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proton proton

Hard Process

Parton Shower
or

Resummation

Hadronization
LHC event



Marius Wiesemann    (MPP Munich) December 14th, 2020Review: Novel computational techniques in particle physics 18

proton proton

Parton Shower
or

Resummation

LHC event

Hard Process

Combination

Hadronization
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Resummation

  

S: Sudakov exponent (in pT-space formulation)
~

L: PDFs x virtuals(F) x collinear functions

● Derivation based on the connection between MiNLO and qT-resummation

● Starting from the factorization formula

the following identity can be derived for the differential NNLO cross section:

Singular piece written
as a total derivative

Finite reminder

● The luminosity L includes all the ingredients needed up to NNLO: C(1),C(2),H(1),H(2)

● The above expression is then recast in the following way:

factorization formula (symbolic)
Marius Wiesemann    (MPP Munich) December 14th, 2020Review: Novel computational techniques in particle physics 23

proton proton

Resummation

Resummation

  

S: Sudakov exponent (in pT-space formulation)
~

L: PDFs x virtuals(F) x collinear functions

● Derivation based on the connection between MiNLO and qT-resummation

● Starting from the factorization formula

the following identity can be derived for the differential NNLO cross section:

Singular piece written
as a total derivative

Finite reminder

● The luminosity L includes all the ingredients needed up to NNLO: C(1),C(2),H(1),H(2)

● The above expression is then recast in the following way:

factorization formula (symbolic):

exp[�Sc] = exp[Lg1(↵sL)| {z }
LL

+g2(↵sL)

| {z }
NLL

+↵sg3(↵sL)

| {z }
NNLL

+...]

<latexit sha1_base64="IkCdvv2rlRT+sEs5qgh34xJLK50="></latexit><latexit sha1_base64="IkCdvv2rlRT+sEs5qgh34xJLK50="></latexit><latexit sha1_base64="IkCdvv2rlRT+sEs5qgh34xJLK50="></latexit><latexit sha1_base64="IkCdvv2rlRT+sEs5qgh34xJLK50="></latexit>

L = log(pT /Q)
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↵sL ⇠ 1 ) expansion in ↵s not valid
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NNLO+Resummation

MATRIX+RadISH    https://matrix.hepforge.org/matrix+radish.html
[Kallweit, Re, Rottoli, MW '20]

✦   automated for colour-singlet (all 2→1 and 2→2)

✦   state-of-the-art accuracy for various observables:
❖  pT of colour singlet at NNLO+N3LL
❖  pT of jet (jet-veto) at NNLO+NNLL
❖  2-D pT-singlet & pT-jet at NNLO+NNLL

✦   remarkable agreement with data from almost 
non-perturbative region to high pT of Zγ

dσ/dpT, ��γ [fb/GeV] �
+�-γ@LHC 13 TeV (ATLAS data)

NNLO+N3LLadd.
data

10-2

10-1

100

101

pr
od
uc
ed

wi
th

M
AT
RI
X+
RA

DI
SH

dσ/dσNNLO+N3LLadd.

pT, ��γ [GeV]

0.85
0.9
0.95

1
1.05
1.1
1.15

0 5 10 15 20 30 40 50 70 100 200 1500

Figure 7: NNLO+N3LL prediction of the pT,``� spectrum (blue, solid) compared to ATLAS data
[13] (green data points). The lower frame shows the ratio to the central NNLO+N3LL prediction.

is essentially indistinguishable from the one at NNLO+N3LL. In other words, isolation e↵ects
are adopted purely from the fixed-order prediction. In fact, the small e↵ect at pT,``� . 10GeV
indicates that the resummation of those corrections should have a minor impact in that region.
Furthermore, we estimate the all-order e↵ects of including NG logarithmic contributions in the
fiducial setup using the Pythia8 [76] parton shower (PS) matched to NLO calculations in the
MC@NLO scheme [77] within MadGraph5 aMC@NLO [78]. To this end, Figure 6 (b) shows
NLO+PS results with and without pcone0.2T /pT,� < 0.07 requirement in the main frame and their
ratio in the lower frame. For comparison we show the same ratio at LO+PS and at NLO. The
e↵ects of the additional isolation are vanishingly small at LO+PS, which can be considered a lower
bound for the impact that NG logarithmic terms stemming from photon isolation have on the
all-order prediction of pT,``�. The ratios at NLO+PS and at NLO are very similar to each other,
with the matching to PS slightly reducing the e↵ects due the additional isolation requirement.
Their di↵erence can be regarded as an estimate of the size of the NG logarithmic corrections
beyond fixed order induced by the pcone0.2T /pT,� < 0.07 requirement. Since the di↵erence is very
small at low pT,``� and at most ⇠ 2% in the matching region, we neglect such e↵ect from now on.
We note that it is less straightforward to estimate the NG logarithmic contributions for the Frixione
smooth-cone isolation, which for IR safety cannot be removed. However, we have verified that by
varying the smooth-cone radius down to �0 = 0.01 the analogous di↵erence is only moderately
a↵ected and remains negligible at and below the peak of the spectrum.

12

[MW, Rottoli, Torrielli '20]



Marius Wiesemann    (MPP Munich) December 14th, 2020Review: Novel computational techniques in particle physics 21

✦  seminal approaches for NLO+PS many years ago (POWHEG, MC@NLO)

✦  first NNLO+PS for simple 2→1 processes
❖  MiNLO+reweighting [Hamilton, Nason, Zanderighi '12, + Re '13], 

                                [Karlberg, Hamilton, Zanderighi '14]

❖  Geneva [Alioli, Bauer, Berggren, Tackmann, Walsh, Zuberi '13], 

   [Alioli, Bauer, Berggren, Tackmann, Walsh '15]

❖  UNNLOPS [Höche, Prestel '14]

✦  MiNNLOPS:  new approach with enormous potential
[Monni, Nason, Re, MW, Zanderighi '19], [Monni, Re, MW '20] 

❖  NNLO corrections extracted from analytic resummation formula

❖  physically sound (no new unphysical scale)

❖  applicable beyond 2→1 processes (even beyond colour-singlet)
❖  numerically efficient

NNLO+PS

  

S: Sudakov exponent (in pT-space formulation)
~

L: PDFs x virtuals(F) x collinear functions

● Derivation based on the connection between MiNLO and qT-resummation

● Starting from the factorization formula

the following identity can be derived for the differential NNLO cross section:

Singular piece written
as a total derivative

Finite reminder

● The luminosity L includes all the ingredients needed up to NNLO: C(1),C(2),H(1),H(2)

● The above expression is then recast in the following way:
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Figure 3: The rapidity distribution of the leptonic pair in neutral- (left plot) and charged-current
(right plot) Drell Yan production. The lower panel shows the ratio of the NNLO and theMiNNLOPS

predictions to the latter.
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Figure 4: Rapidity distribution (left) and transverse momentum (right) of the positively charged
lepton in neutral-current Drell Yan production. The lower panel shows the ratio to the MiNNLOPS

prediction.
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Figure 6: The rapidity distribution of the Higgs boson (left) and its transverse momentum (right).
The lower panel shows the ratio of the NNLO and the MiNNLOPS predictions to the latter.

4.2 Higgs boson production

Process NNLO (Matrix) MiNNLOPS ratio

pp ! H 39.64(1)
+10.7%
�10.4% pb 38.03(2)

+10.2%
�9.0% pb 0.960

Table 2: Total cross sections of Higgs-boson production. The number in brackets denotes the
numerical uncertainty on the last digit.

Table 2 gives the inclusive Higgs cross section at fNNLO computed with Matrix and the
one obtained with the MiNNLOPS generator. As in the case of DY production, we observe a
good agreement between the two predictions that are well compatible within the quoted scale
uncertainties, and they are closer than in the original setup of Ref. [4]. The moderate numerical
di↵erence between the two results is due to the di↵erent scale settings in the two calculations.

The rapidity distribution of the Higgs boson is shown in the left plot of Fig. 6. The MiNNLOPS

and NNLO predictions are in mutually good agreement within the perturbative uncertainties. The
right plot of Fig. 6 shows the Higgs transverse-momentum distribution. This observable displays the
e↵ect of the MiNNLOPS scale setting in Eq. (14) compared to the one in the Matrix computation
in Eq. (22). The two scales di↵er significantly at low and moderate transverse momenta, while they
become identical at large transverse momentum pT,H & mH , where the MiNNLOPS and Matrix
predictions are in full agreement. We recall that the scales of the di↵erential NLO cross section for
FJ production in Eq. (8) can also be set to the transverse momentum as in Eq. (19). This choice,
used in the original publication [4], is more appropriate in regimes where the Higgs boson (or the
accompanying QCD jets) are produced with large transverse momentum.
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MiNNLOPS for 2→1 (color singlet)

[Monni, Re, MW '20]

[Monni, Re, MW '20]
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have a larger impact. In the pT,`` distribution we observe an interesting behaviour of the
NNLO prediction. The NNLO result develops a perturbative instability (Sudakov shoul-
der) [125] around pT,`` ⇠ 15GeV caused by an incomplete cancellation of virtual and real
contributions from soft-gluon emissions, which is logarithmically divergent, but integrable.
The reason is the fiducial cut pT,� > 15GeV (see table 1) that for LO kinematics implies
pT,`` = pT,� > 15GeV, so that the pT,`` distribution is not filled below 15GeV at LO. Thus,
the fixed-order result is NNLO accurate only for pT,`` > 15GeV, while for pT,`` < 15GeV
at least one QCD emission is necessary, which is described only at NLO accuracy. At the
same time, the prediction becomes sensitive to soft-gluon effects at threshold, resulting in
an instability at fixed order. Indeed, the parton shower cures this behaviour and yields a
physical prediction at threshold for both MiNLO0 and MiNNLOPS. This is one example
where a NNLO calculation is insufficient and NNLO+PS matching is required.

In figure 8 we consider distributions in the second-hardest lepton, showing its trans-
verse momentum (pT,`2) in the left and its rapidity (⌘`2) in the right plot. Similar con-
clusions as made before for m`` and ⌘``� apply also for these observables, so no further
comments are needed. We reiterate however that, while the central predictions of MiNLO0

and MiNNLOPS are generally close to each other, since MiNLO0 already includes many
terms beyond NLO accuracy for Z� production, scale uncertainties are substantially re-
duced in case of MiNNLOPS, down to the level of the NNLO ones.

4.4 Comparison of Z� transverse-momentum spectrum against NNLO+N
3
LL

dσ/dpT,��γ [fb/GeV] pp→Z→�+�-γ@LHC 13 TeV

MiNNLOPS (PY8)
NNLO (MATRIX)
NNLO+N3LL (MATRIX+RadISH)
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Figure 9: Distribution in the transverse momentum of the Z� system in a wider range
(left plot) and at small pT,``� (right plot) for MiNNLOPS (blue, solid line), NNLO (red,
dashed line) and NNLO+N3LL (green, double-dash-dotted line).
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dσ/dpT,γ [fb/GeV] pp→Z→�+�-γ@LHC 13 TeV

MiNNLOPS (PY8)
data

10-4

10-3

10-2

10-1

100

101

102

dσ/dσMiNNLOPS (PY8)

ATLAS-setup-2

pT,γ [GeV]

0.9
0.95

1
1.05
1.1
1.15
1.2
1.25
1.3

30 40 50 60 70 80 100 120 150 200 300 5002000

Figure 10: MiNNLOPS predictions (blue, solid) compared to ATLAS 13 TeV data (green
points with error bars). For pT,``� also NNLO+N3LL (green, double-dash-dotted) is shown.
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MiNNLOPS extension to 2→2 (Zγ)

[Lombardi, MW, Zanderighi '20]

[Lombardi, MW, Zanderighi '20]

➙ PhD project of Daniele Lombardi (first on-the-fly 2→2 NNLO+PS computation)

ATLAS data
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MiNNLOPS ongoing 2→2 campaign

[Lombardi, MW, Zanderighi 'in preparation]

[Lombardi, MW, Zanderighi 'in preparation]

[Buonocore, Lombardi, Rottoli, MW, Zanderighi 'started]

eventually

DM?
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MiNNLOPS Higgstrahlung & SMEFT

[MW, Zanderighi, Zanoli 'ongoing]

➙ new PhD student Silvia Zanoli implemented Higgstrahlung

➙ combination with H→bb decay at NNLO+PS 

➙ inclusion of SMEFT effects with new PostDoc Darren Scott:

❖  in H→bb decay at NNLO+PS   (computed at NLO [Cullen, Pecjak, Scott '19])

❖  in all diboson processes
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! pt,Z > 150 GeV
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Figure 2. Invariant mass of the two b-jets reconstructed using with the flavour-kt algorithm with
R = 0.4 (upper plots) and R = 0.7 (lower plots). Left (right) plots are without (with) gluon-induced
terms. We show the NNLOPS predictions of Ref. [30], which have only NLO corrections to the
decay (red) and the predictions of this work (black). Predictions of Ref. [30] and this work also
differ in the handling of the matching to the parton shower, see text for more details.

We first focus on the plots without gluon-induced contributions. The most striking
difference between the NLO-decay-PS1 (red) and NNLO-decay-PS2 (black) predictions is
in the size of the uncertainty bands. As was already discussed in Ref. [30], the uncertainty
of the NLO-decay-PS1 result is underestimated due to the well-known feature of the POWHEG
simulation, i.e. the scale is varied at the level of the B̄ function, which is inclusive over
radiation, while the M

bb̄
spectrum is sensitive to secondary radiation. On the other hand

the NNLO-decay-PS2 result has a more realistic uncertainty estimate, as the uncertainty
is driven by the renormalisation scale variation in Eq. (2.3).

Within their uncertainties, NLO-decay-PS1 and NNLO-decay-PS2 predictions agree

– 12 –

[Bizoń, Re, Zanderighi '19] 

b

b
[Bizoń, Re, Zanderighi '19] 
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NLO+PS for loop-induced

➙ started with Gabriel Koole (shared PhD student with BSM Group of Uli Haisch)

✦   formally NNLO ( ) correction, but enhanced by gluon luminosities

✦   effectively only LO accurate, NLO correction ( ) very large  [Grazzini, Kallweit, MW,  Yook '18]

✦    NNLO+PS generator must be supplemented by  NLO+PS generator

✦   include BSM/SMEFT effects (in particular in the Higgs diagram ➙ see talk by Uli !)

α2
s

α3
s

qq̄ → 4ℓ gg → 4ℓ
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MiNNLOPS extension to heavy quarks

  

MiNNLO method
● Applied so far to the production of colour singlets: H, Drell-Yan, Zγ

● Extension to tt production more complicated due to final state radiation!

● As before, the starting point can be the qT-resummation formula

...the more complicated colour structure doesn’t allow
to directly follow the derivation used for colour singlet

but...

[Monni, Nason, Re, Wiesemann, Zanderighi, 2019], [Monni, Re, Wiesemann, 2020], [Lombardi, Wiesemann, Zanderighi, 2020]

  

qT-resummation for tt

Let’s compare the colour singlet case with the tt formula:

Colour singlet:

tt production:

Effects coming from soft emissions
from the FS contained in operator Δ

 

Bold: operator in colour space

  M : vector in colour space

  

    
In the colour singlet case, H is given by the

(IR-subtracted) all-orders matrix element for cc→F

In the tt case, the presence of the operator
Δ leads to non-trivial colour correlations

Exponential of soft anomalous
dimension matrix

Operator leading to
azimuthal correlations

 
 

Following [Catani, Grazzini, Torre, 2014], see also [Li, Li, Shao, Yang, Zhu, 2012, 2013]

[Catani, Grazzini, Torre, 2014]
[Catani, Grazzini, Sargsyan, 2018]

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi 'in preparation]

➙ started about one year ago with PostDoc Javier Mazzitelli
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MiNNLOPS extension to heavy quarks

  

Preliminary results

● Implementation based upon
tt+J process in POWHEG

● Preliminary results for the
rapidity of the top-pair system

● QCD corrections mostly flat
for this distribution

● Great agreement between
MiNNLO and NNLO

● Similar size in MiNNLO and
NNLO scale uncertainties,
strong reduction w.r.t. MiNLO

● Events showered using PY8,
though this observable is not
sensitive to shower effects

[Alioli, Moch, Uwer, 2012]

Obs: no direct correspondence between the

scales used in MiNNLO (proportional to pT)

and the ones of the F.O. prediciton. Upon

integration they are of the order of mtt (which

is the scale used at NNLO in this comparison)

PRELIM
IN

ARY

[Mazzitelli, Monni, Nason, Re, MW, Zanderighi 'in preparation]
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MiNNLOPS extension to jets

➙ planned with new PostDoc Markus Ebert, who is an expert in
    Soft Collinear Effective Theory (SCET)
     
➙ exploit SCET factorization formula of jet resolution variable (N-jettiness) 
    
➙ various important processes (H+jet, Z+jet, W+jet, γ+jet)

➙ path towards N3LO+PS matching
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Summary

★ with the completion of SM, particle physics entered new era: the SM is a 
beautiful theory that works spectacularly at colliders, but is incomplete

★ vast progress in SM predictions within our group; new members will 
further push activities; development of cutting-edge technologies:
❖ NNLO 2→3
❖ analytic resummation
❖ NNLO+PS
❖ ...

★ we live in data driven times (progress from experiment), but theory 
crucial to interpret data and to enhance sensitivity to anomalies 
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