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OCD at hadron colliders

High-p; interactions are characterised
by the presence of a hard scale Q
(invariant mass of a lepton pair, high-p;

jet, heavy-quark mass...)

Can be controlled through the

¥ factorisation theorem

. A
o(Pr, Pp) = E :/dxldx?f’i/h1(xlaM%‘)fj/hz(x%N%‘)Oij(plap%aS(luR)aQz;:u%"mu?%) +(’)( QCD)
irj

Q
Parton distributions: universal but Hard partonic cross section: | Power-suppressed
not perturbatively computable process dependent but computable in contributions

perturbation theory

The factorisation picture 1s systematically improvable (until the

power-suppressed contributions become quantitative relevant...)
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Fully ditferential predictions

rucn

S —— [LHC detectors are able to measure leptons,

photons and jets only if they have a finite
(relatively large) transverse momentum and
f ZXL}Beam PIPe  not too large rapidity

o P W= Fully differential predictions needed

At LO everything 1s finite but at NLO real and virtual contributions are separately
divergent and after renormalisation IR poles appear as D — 4

The need of regularizing the divergences in D = 4 — 2¢ dimensions prevents a
straightforward implementation of numerical techniques

— Subtraction method Add and subtract a (local) counterterm with

the same singularity structure of the real

analytically over the phase space of the

n unresolved parton Catani, Seymour (1995)

Frixione, Kunszt, Signer (1996)
do = / (qu)n_|_1 — ’qu)n—l—l) —|—/
n—+1 n

. , contribution that can be integrated
do = / rd®, 1 + / vdP,,
n—+1

Fd®, 11 + / vd®,,
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NLO

Nowadays tree-level and one-loop amplitudes can be computed automatically

Recola, Openloops, Gosam....

This “next-to-leading order (NLO) revolution” has left us with flexible
tools that make possible to carry out relatively precise computations at

NLO in QCD and EW theory

D1 k1

D2 ®

But the precision of experimental data now calls for a step forward and on the
inclusion of next-to-next-to-leading order (NNLO) QCD corrections



The quest for NNLO

Diboson Cross Section Measurements Status: February 2022
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NNLO: building blocks
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Tree-level amplitudes with two
additional partons A

One-loop amplitudes with one

additional parton /

(to be evaluated in unresolved

regions where instabilities may arise) /

Two-loop amplitudes —y currently the
major bottleneck (new class of functions,
charting new territory...)

Crucial to keep the calculation tully differential: corrections for fiducial and

inclusive rates may be significantly different (H in VBE WW...)
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NNLO methods

Broadly speaking there are two approaches that we can follow:

Organise the calculation from scratch so as to cancel all the singularities

d .. Binoth, Heinrich (2000,2004)
- sector ecomp osition Anastasiou, Melnikov, Petriello (2004)

Gehrmann, Glover (2005)
Somogyi, Trocsanyi, Del

- antenna subtraction

- “colourful” subtraction Duca (2005, 2007)
.o . .. Czakon (2010,2011)
- joimn subtraction and sector decomp081t10n Boughezal, Melnikov, Petriello (2011)

Caola, Melnikov, Rontsch (2017)

Start from an inclusive NNLO calculation (sometimes obtained through
resummation) and combine it with an NLO calculation for n+1 parton process
- g7 subtraction Catani, MG (2007)

Boughezal, Focke,Liu, Petriello (2015)

_ ((N_’ in ) m h
)ett €SS ethod Tackmann et al. (2015)

- “Born projection” method for VBF
Cacciari, Dreyer, Karlberg, Salam,Zanderighi (2015)
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NNLO progress
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NNLO results lead to much better description of the data



NNLO: deployment of results

NNLO computations are generally rather expensive (may need millions of CPU
hours for a production run): most results obtained through private codes

Lack of public code makes deployment of NNLO precision ditficult and

requires manual intervention and involvement of the authors of the various

calculations 1n concrete applications

Up to few years ago public codes available only for limited processes

Essentially two general purpose public codes

® MATRIX

https://matrix.hepforge.org

® MCFM https://mcfm.fnal.gov

Both are based on non-local subtraction schemes (g, and jettiness)
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https://mcfm.fnal.gov
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The method

Consider the hard-scattering process pp - F + X
(F colourless system, heavy quark pair....)

Catani, MG (2007)

Use a dimensionless resolution variable r > r_, (e.g. r = ¢;/Q)

Real contribution with one additional Subtraction counter.term th.at
resolved jet, divergent as r,,, — 0 cancels the r., — 0 singularity

\ 4

F+X _ F F F+jets CT.F p
Aoty = Tl ® dofy + |doli3e — doChE | + 007,

Virtual contribution after
subtraction of IR singularities
+ collinear and large-angle

soft radiation (beam, jet and
soft function)

Power suppressed contribution
whose size determines the
efﬁciency of the computation
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Top-pair production
Catani, Devoto, Kallweit,Mazzitelli, Sargsyan, MG (2019)

Extension of gt subtraction to heavy-quark production now completed

Aoty o = Hisywio ® dolfo + [ ol —doGh o]



Top-pair production
Catani, Devoto, Kallweit,Mazzitelli, Sargsyan, MG (2019)

Extension of gt subtraction to heavy-quark production now completed

t t L tt+jets
ioffonso = Wiowio dalfo + (a0l it o)

Modified subtraction counterterm ftully known

Mitov, Sterman, Sung (2009)

Additional perturbative ingredient: soft Neubert et al (2009)

anomalous dimension I'y known at NNLO



Top-pair production
Catani, Devoto, Kallweit,Mazzitelli, Sargsyan, MG (2019)

Extension of gt subtraction to heavy-quark production now completed

do 7(5§V)NLO —

Modified subtraction counterterm ftully known

.. . . . . Mitov, Sterman, Sung (2009)
Additional p.erturb.atlve mgredlent. soft Neubert et al (2009)
anomalous dimension I't known at NNLO

Additional soft contributions needed to evaluate 7—[% NLO

Catani, Devoto, Mazzitelli, MG , to appear



Top-pair production

Catani, Devoto, Kallweit,Mazzitelli, Sargsyan, MG (2019)

Extension of gt subtraction to heavy-quark production now completed

do Z\UNLO —

Modified subtraction counterterm ftully known

Additional perturbative ingredient: soft

Mitov, Sterman, Sung (2009)
Neubert et al (2009)

anomalous dimension I'y known at NNLO

Additional soft contributions needed to evaluate it

ONNLO |Pb] MATRIX Top++
8 TeV 238.5(2)5 %% | 238.6750

13 TeV | 794.0(8)122%

5%
794.0%227

100 TeV | 35215(74) 7257

2.9%
3521675 o

F A

statistical +systematic scale uncertainties

tt
NNLO
Catani, Devoto, Mazzitelli, MG , to appear

Tree and lOOP amplitudes from

Openloops 2 (cross checked with Recola)

TWO-IOOP amplitudes fI'OIIl CZ&kOl’l et al.

(0.1% eftect at 13 TeV)
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Extension to bottom production

Catani, Devoto, Kallweit, Mazzitelli, MG (2020)
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The case of jet processes

Buonocore, Haag, Savoini, Rottoli, MG (2022)

Transverse momentum is a viable resolution variable to describe arbitrary
processes in which heavy quarks and colourless particles are produced at
Born level

Besides t7 and bb production further possible applications are:

ttH, Wtt, Ztt, Wbb, WWbhb... ...

However g, cannot regularise final state collinear singularities

qr = |py +pil; #0




N-jettiness

N-jettiness 1s a global shape variable smoothly describing the N+ 1 — Njet

transition
Stewart, Tackmann, Waalewijn (2010)

2 .
™ = o5 > min{qa Pk, qv"Pk, q1°Pk; - - -, AN"Dk }
k
[t 1s considered the natural extension of ¢; to jet processes

0-jettiness successfully used to compute NNLO corrections to several colour-

singlet processes
) P Boughezal et al (2016)

Campbell, Ellis, Li, Williams (2016)
Heinrich, Jahn, Jones, Kerner, Pires (2017)

1-jettiness applied to NNLO computations of V+jet and H+jet

Boughezal et al (2015, 2016)

Also used as evolution variable in matching NNLO computations to parton

shower simulations .
Alioli et al, GENEVA

Never applied to more complicated processes
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Power corrections

The quantitative impact of power suppressed contributions can limit the
performance of non-local subtraction methods

F+X _ opF F F+jets 7 CT,F D
dO'NNLO =H wio ® dGLO -+ daNL 5 daNNLO -+ @(rcut)

The larger the power corrections, the smaller values of r,, must be chosen

cut
The computation of leading power suppressed terms may help to obtain better

quantitative predictions |
Ebert, Moult, Stewart, Tackmann, Vita (2018)

Boughezal, Isgro’, Petriello (2018,2019)
Cier1, Oleari, Rocco (2019)

When fixed-order predictions are supplemented with all-order resummation and
compared with data hadronisation and multi-partonic interactions (IMPI) can be
large and substantially diluite the power of the considered observable

18



Power corrections

gr subtraction for

Ao(r., )/ Ac, . — 1

xact

colourless final states
(inclusive cuts)

cut
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Power corrections

gr subtraction for

heavy-quark production

Ao(r., )/ Ac, . — 1

xact

@(7‘ cut)

cut
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Power corrections

O(r .y Inr,y)

cut C

A6(r., )/ Ac, . — 1

xact

0-jettiness for colourless
and ¢; subtraction for
processes involving
direct photons

cut

21



Exploring jet resolution variables

We look for a resolution variable with some specific good properties

® It reduces to g, when jets are not present at Born level

® Linear (in the worse case) power corrections

® No non-global logs

® Can be extended to an arbitrary number of jets

We consider the inclusive N-jet production process

hi(Py) + hy(Py) = j(p) +j(pp) + ... j(py) + Fpp) + X
"\

Possible colourless final-state

22



Our proposal: k7

We introduce a global dimensiontul variable able to capture the N+ 1 — Njet
transition

The variable represents an effective transverse momentum controlling the
singularities in the N+ 1 — N jet transition

When the unresolved radiation is close to the beam £*** coincides with

®
the transverse momentum of the final state system

When the unresolved radiation is close to one of the final state jets k=

® represents the relative transverse momentum with respect to the jet direction

The varable takes its name from the &; clustering algorithm

Catani, Dokshitzer,Seymour, Webber (1993)
Ellis,Soper (1993)

It 1s defined through a recursive procedure
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Our proposal: k7

Define the distances

d;; = min(pyg;, pr)AR;;/D (pseudo)-particle distance

d.p = pry particle-beam distance

where D 1s a parameter of order unity and AR; = (y; — yj)2 + (¢; — gb]-)2 is the

standard separation in rapidity and azimuth

Our variable is defined via a recursive procedure through which close-by
particles are combined with each other or with the beam until N + 1 jets remain

When particles are recombined with the beam we keep track of their
transverse momentum through Prec = Prec T P;

When N + 1 protojets are lett we still evaluate all the djz and dj;
® If the minimum 1s a d; we set k7 = min(d;)

® I[f the minimum is a d;z add the recoil to p; and set k**° = p,
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Sample NLO results: H+jet

As a first application we consider H+jet

Compared to jettiness the power suppressed contributions are mild and scale
linearly (no logarithmic enhancement)

pp— H+ 7+ X

0.30
I I O-IZTELO(TCut) — o
=T 2 )2 T |
Define =7 1/\/mH + (p7) : e ,
7020 . anti-k;)jets with R =04 T
207 L
S -
g
0.15 L
F i+ () s pl. > 30GeV
l":kT /\/mH-i-(pJT) /g V B
= 0.10
5 x
<bl i g D =
0.05F &
-
¥
0.007
0.2 0.4 0.6 0.8

Tcut [%]
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Sample NLO results: H+jet

As a first application we consider H+jet

Compared to jettiness the power suppressed contributions are mild and scale

linearly (no logarithmic enhancement)

Define r = 971/\/7%1%1 + (P]f)z

r= kS fm 4 (pf)?

25

pp > H+74+X

Tcut [%]

i S
[ I O-K-IlLo(rcut> [ ] OﬁLO .
[ OltI?E)T (reat) =
L ,/!"/
| anti-kyjets with R =04 T
N /,r’
e ;
- pi>30GeV
/i/ D =
;;
L ! _
. |
0.00B
0.2 04 0.6 0.8 1.0



Hadronisation and MPI eftects

We have generated an LO
sample for Z+jet with
POWHEG and showered
them with PYTHIAS

We compare 1-jettiness with
] - ess
T

As expected the hadronisation
effects on jettiness are
relatively large while MPI
completely distorts the shape
of the distribution

The k*** distribution has a
peak at &7°** ~ 15GeV and
features much smaller

hadronisation and MPI effects

Ratio to parton level

do [pb/bin]

pp = LTeT + 5+ X

35 [
30 [

25 H

20

10

I I 1

| | | —:0-23l—0

@8 parton level
——— had.
¥4 had. + MPI

I L I I

(IR /AT T T T YO T YO T O T YO T A T T T N T T U T IO OO O O
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Hp = Hg = Ny

I I 1 1 I l I 1 1 l I I 1

&8 parton
&= had. i
&%4 had. + MPI

I I 1 1 Al
level -

pr>30GeV |y <25 e

,J/[//%/////.@%

100

1-k2°* [GeV]



Further NLO results: 2 and 3 jets

We have recently implemented &7 subtraction in MATRIX

Flexible implementation and consistent comparisons with CS subtraction

Nice linear
convergence to the
result obtained with CS

subtraction

Ao /Ao¥Es™" — 1(%)

_10}

—20-'

pp_)jj@13TGV,HF:mZ, KR =Mz

27

ey pr. > 30GeV
..-.“. D _

MATRIXCS e,
Aoxio™ T
AO’%ﬁERIXQT ('rcut _) 0) ..........

MATRIXYT (. \ o T
AGME (row) e
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Teut = Cutk:‘}ess/mjj [%]



Further NLO results: 2 and 3 jets

We have recently implemented &7 subtraction in MATRIX

Flexible implementation and consistent comparisons with CS subtraction

Nice linear
convergence to the
result obtained with CS
subtraction

Ao /AoNis™ —1[%]

pp — 777 Q13 TeV, up =myz, pr = mz

b —
| III
_ ey
—10¢ I’—:.I’_LLLL[
[ J
ool " pi.> 30GeV
—30} D=1
—40}
o AoNie™
“0F A (rew = 0)
—60 _ I AO_%LAg)RIXQT (Tcut ) ]
01 02 03 04 05 06 07 08 09
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Summary & Outlook

The current and expected precision of LHC data requires NNLO accurate
QCD predictions for the most relevant processes

NNLO results now available for essentially all the relevant 2 — 1 and
2 — 2 processes and lead to an improved description of the data for many
benchmark processes

NNLO computations are challenging both from a technical view
point but also as far as computing resources are concerned

The only general purpose publicly available codes able to compute NNLO

corrections in QCD are based on non-local subtraction schemes

For the hadronic production of colourless systems and heavy quarks gr has
proven to be an extremely efhicient resolution variable
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Summary & Outlook

For processes involving jets N-jettiness has been the only player so far but
leads to large power suppressed contributions and, more generaﬂy to large
non-perturbative and MPI effects

We introduced a new variable, that we dub k**: this variable represents an
effective transverse momentum controlling the N+ 1 — N transition

We have presented NLO results for processes involving one or more jets
and successtully compared them to results obtained with dipole subtraction

Our results show that power corrections for k7 scale linearly and are
relatively small, providing a promising candidate for NNLO applications

The new variable appears to be quite stable with respect to hadronisation
and MPI and might prove usetful also for Parton Showers
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Top-pair production

Catani, Devoto, Kallweit, Mazzitelli, MG (2019)

L.O, NLO and NNLO predictions obtained using NNPDF3.1 PDFs with
as(mz)=0.118 at the corresponding order

CMS data of CMS-TOP-17-002 in the lepton+jets channel

Extrapolation to parton level in the inclusive phase space

sy Our calculation 1s carried out without cuts

To compare with data we multiply our absolute predictions by 0.438
(semileptonic BR of the tt pair) times 2/3 (only electrons and muons)



Top-pair production

pp —tt CMS @ 13 TeV (35.8fb™ 1)

p—
-
L

10_2§

do /dmyz [pb/GeV]

pr=pr = Hp/2 |

ratio to NNLO
g i

300

500 1000
(g [GGV]

2000

Good description of the data except in
the first bin

[ssues 1n extrapolation ? Smaller m; ?

A smaller m¢ (Just by about 2 GeV)

leads to a higher theoretical prediction
in this bin and to small changes at

higjner Mt

CMS-TOP-18-004: leptonic channel: a
fit with the same PDFs leads to
m=170.81 = 0.68 GeV



Top-pair production

pp — tt (my = 173.3 GeV) e/p + jets pugr = pr = Hr/2 CMS @ 13 TeV (35.8fb™1)
1L 300 < myz < 450 GeV 450 < myz < 625GeV | 625 <myz <850GeV | 850 < myz < 2000 GeV
-%- [ [ I LO
O - —=a NLO
S 107t —=a NNLO
2 | ot CMS
é 1072 ¢
'g i
o
~
L 1073
o =
¢
o qgF————— L . <
— IRREE b1 g T
Z. 1 § F 5 = % (. ® |
Z i i = T 3 SE 2= j}ﬁ 1 I
o 0.8 T [ o T I T
06} 1 I -] i
9 L 1 I 1
2 8-‘21 : T T T :
0 0.5 1 1.5 2 0.5 1 1.5 2 0.5 1 1.5 2 0.5 1 1.5 2

The hirst m¢ interval now extends up to 450 GeV msp better agreement with
the data



ratio to NNLO

do /dpr. .. [Pb/GeV]

—_
3
w

1.2

0.8

0.6}
0.4+

Single-ditferential distributions

pp = tt CMS @ 13 TeV (35.8 fb~h)
- e/p+jets  pp=pr=Hrp/2 |

As noted 1n various previous

analyses the measured pPT

distribution 1s shightly softer than
the NNLO prediction

Perturbative prediction relatively

stable when going from NLO to

== NNLO ] NNLO

F —e— CMS

_‘ | | | T - Data and theory are consistent
% +—— t within uncertainties

5y T : i
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NNLOPS

Mazzitelli, Monni, Nason, Re,
Wiesemann, Zanderighi (2020)

NNLO calculation recently deployed into the first NNLO calculation matched

to parton shower for this process

All-order radiative contributions implemented through

the shower using the MiNNLOPS method

pp — tt Q 13 TeV

Monni, Nason, Re, Wiesemann,
Zanderighi (2019)
Monni, Re, Wiesemann (2020)

pp — tt Q 13 TeV

— MINNLOps -
...... MINLO/ 1
--- NNLO

¢ CMS

101 ]
F —— MINNLOpg 101
D [ MINLO, e
= N --- NNLO = -
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E R ol B
s 7 T =
5 10_1 ........ '3,10_1
sy = S
~ A E
S 3
1072} ] 107
1
S [
2 1.2 + el S 1.2 it
% - Qg e ey i g e e e S IS RS RS S % -2
SR | Z 1.0
P ;i .......................... | | o
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Example: Vet
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Example: Vet
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Example: V+jet
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Prec

Example: V+jet
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Prec

Example: V+jet
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p rec

Example: V+jet
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Example: V+jet
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p rec

Example: V+jet
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Example: V+jet
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p rec

Example: V+jet
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Example: V+jet

Prec
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Example: V+jet

When N + 1 protojets are left we
still evaluate all the d; and d;

If the minimum 1s a d; we set

k> = min(d;;)

/\
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Example: V+jet

When N + 1 protojets are left we
still evaluate all the d; and d;

If the minimum 1s a dz add the

recoll to p; and set k3° = p,
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NLO ingredients

We have computed the singular behavior of the cross section for the production of
a colourless system accompanied by an arbitrary number of jets as £} — 0

The computation starts by organizing the terms relevant in each singular region
and removing the double counting

The results are used to construct a subtraction formula

F+Njets+X _ F+N jets F+NJets F+(N+1)jets CT,F+Njets
do NLO %NLO ® do LO [dGLO do NLO

The counterterm 1s particularly simple

initial- and final-state partons _l r final-state partons
dkhess 2p,-p
~CT,F+Njets __ Qg dkr 2 a Fp
do ONLO ab N ness In ness)2 Z Z Vo™ Z C In D Z <T Tﬂ)ln X
e (k ) =~ 0’

0,001 — 21)6(1 — 25) + 26(1 — Z2)5bd (Zl) + 256(1 — z;)6 P(l)(Zz)} ® deFrNets

ac db LO cd

initial-state collinear contributions
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NLO ingredients

The hard-virtual term reads

collinear (beam) functions 3 l_ jet functions
F+N jet
prosr = 19,.0,0 T
i=1,....N

Soft function _l

(M ;S| ., as(Up)
[—] — _ (1) 2

The soft contribution 1s expressed in terms of one- and two-fold integrals that are
evaluated numerically

o1



Sample NLO results: Z+2jets

Next we consider Z+2jets: we require a dilepton pair with 66 GeV < m; < 116 GeV

The leptons have p;; > 20GeV and |#;| < 2.5 with AR, > 0.2 and AR, > 0.5

We require at least two

jets with pr > 30GeV and 0.3 F Ao (ru) /Aonrd — 1] | — ]
0.2 —1 m— D=0.1"]
7l <25 g E——— :
0.0 p=
—0.1 = | | | qg +|cig n
! 2 — e I ]
0.
Our results for the 0.00 F==4
: - —0.05 . | | | 99 | n
fiducial cross section 0.3 | | | | I E—
nicely converge to the 02 [ I — |
: 0.0 ==
benchmarl.i result in all —01 | | | | B
the partomc channels 0.05 0.2 0.4 0.6 0.8 1.0

Tcut [%]
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Sample NLO results: Z+2jets

Next we consider Z+2jets: we require a dilepton pair with 66 GeV < m; < 116 GeV

The leptons have p;; > 20GeV and |#;| < 2.5 with AR, > 0.2 and AR, > 0.5

We require at least two
jets with p; > 30GeV and
In| < 2.5

Excellent agreement
observed also at the level
of the distributions

do /dplt [fb/GeV]

600

500

400
300
200 |

100

1.01

1.00 m==

0.99
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