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What is the universe made of and where does it come from?
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What are the fundamental building blocks of matter?

Scattering
experiments

Credit: CERN
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Standard Model Production Cross Section Measurements Status: February 2022
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Theory/Model
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Standard Model of Particle Physics and beyond

Higgs discovery 2012
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* Isthe Higgs a fundamental scalar?
* Whatis dark matter?
BUT: Why is there a matter-anti-matter
asymmetry?

Credit: NASA
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LHC Precision era and future experiments

Hitumi Example:
x‘;\RMLARGE HADRON COLLIDER PrOJeCted H Ig g S cou p l'l ng
LHC HL-LHC measurements
Vs = 14 TeV, 3000 fb! per experiment
[ total
LS2 136 Tev LRIAE 13.6-14 TeV — T ATLAS and CMS
energy ) HL-LHC projection
Diodes Consolidation —— experimental
LIU Installation | theory : 0
inner triplet ; HL LH(_: uncertainty (%)
Civil Eng. P1-P5 pilot beam radiation limit installation 2% 4% tot stat exp th
I's 4 Ky == | i 1.8 0.8 1.0 1.3
azs | s | 2o | zeo | s ] =
5to 7.5 x nominal Lumi
ATLAS - CMS w K7 = 1.5 0.7 0.6 1.2
upgrade phase 1 ATLAS - CMS % I
ALICE - LHCb 2 nominal Lumi . i) I — 25 0908 2.1
d ! ! %)
upgrade 38 = | 3.4 09 1.13.1
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Credit: CERN m integrated 3000 fb™! K ‘ 3.7 131332
P -1
luminosity JEIJIIE{ ) x, E= e
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oA ———— 98 7.2 1.76.4
T T T T T
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expected relative uncertainty
[1902.00134]
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LHC Precision era and future experiments

c HiLumi )
% LAHGE HADHQ,N, (EOLLIDER

LHC ‘ HL-LHC

Example:

Projected Higgs coupling

LS2 13.6 Tev LRIAL 13.6-14

Diodes Consolidation

LIU Installation |
inner triplet ; HL LH(_:
Civil Eng. P1-P5 pilat beam radiation limit installation
ATLAS - CMS
upgrade phase 1 ATLAS - CMS
. . HL upgrade

ALICE - LHCb ) 2 % nominal Lumi ,

upgrade ! !

Credit: CERN m integrate
luminosity
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measurements

Vs = 14 TeV, 3000 fb! per experiment

ATLAS and CMS
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Precision through higher orders

Hadronic cross section:

%—Q’/ Ohihos—X = Z/ / d$1d$2¢z hl(xla:uF)¢j/h2 anluF Uzg—)X g MR MR)MF)
\ Parton distribution functions /
H— = Perturbative expansion of partonic cross section:
A _04(0) 1 (1) 2 A (2) 3
Oab—X — asaab—>X + Qg ab—)X + A0 h—s X _I_O(QS)

A\

=

Y Y Y
— ] Leading order Next-to- Next-to-next-to-

" \ leading order  leading order
N Uncertainty: ~ 29¢°"  O(10%) O(1%)

tud
as(my) =~ 0.118 egniTHEe

Next-to-next-to-leading order QCD needed to match experimental precision!
< In some cases even next-to-next-to-next-to-leading order!
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The NNLO QCD revolution

Hj HH
Caola et al. De Florian et al.
77 MATRIX
Grazzini et al. Grazzini et al.
Zj jj Le.
Gehrmann-De Ridder et al. Currie et al.
VBF v
Cacciari et al. Campbell et al.

First 2 > 3 processes!

Hj
Boughezal et al.

Y
Campbell et al.

Wi
Boughezal et al.

Z pr

Gehrmann-De Ridder et al.

Hj MCFM at NNLOJ
Boughezal et al. Boughezal et al.
Zy Wry WW HH w. top-mas bb ttH (soft-H)
Grazzini et al. Grazzini et al. Grazzini et al. atani et al. Catani et al.
WH tot. jj (partial) tt ZZ+decays Z+b VH+j
Brein et al. Currie et al. Czakon et al. Grazzml et al. Kallweit et al. auld et al. Gauld et al.
H tot. " Nk Z~ Ww Jii Z+c
Ravindran et al. Catani et al. Catani et al. Grazzini et al. Gehrmann et al. Campbell et al. Poncelet et al ncelet et al. Gauld et al.
H tot. H W/Z, tt tot. WH/ZH
Anastasiou et al. Anastasiou et al. Melnikov et al. Ferrera et al. Czakon et al. Ferrerra et al. Campbell et al. Poncelet et al. Poncelet et al. Poncelet et a
W/Z/H tot. H W, W/Z, VBF tot. Hj (partial) tt+decays W+c Wbb
Harlander et al. Anastasiou et al. Melnikov et al. Catani et al. Bolzoni et al. Boughezal et al. Cascwh et al. Boughezal et al. Poncelet et al. Poncelet et al. Poncelet et al.
2002-03 2004-05 2006-07 2008-09 2010-11 2012-13 2014-15 2016-17 2018-19 2020-21 2022-23
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NNLO QCD for 2 » 3 processes

PP = 7YY

LHC 8 TeV
Scale: Hr/4 PDF: NNPDF31

— L —— NNLO
— NLO —— ATLAS

da/dv_n(’n 72,73) [Pb/GeV]
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ratio to NNLO(Hp/4)
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Chawdhry, Czakon, Mitov,
Poncelet [1911.00479]

Kallweit, Sotnikov,
Wiesemann [2010.04681]
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NNLO QCD for 23 processes - inputs

Two-loop amplitudes

* (Non-) planar 5 point massless [Chawdry"19'20'21,Abreu’20'21'23,Agarwal'21,Badger'21'23]
> triggered by efficient Ml representation [Chicherin'20]

* 5 point with one external mass [Abreu’20,Syrrakos'20,Canko’20,Badger'21'22,Chicherin'22]

* Forthree-jets » LC [Abreu'20'21] (checked against NJET [Badger'12'21])

One-loop amplitudes > OpenlLoops [Buccioni'19]
* Many legs and IR stable (soft and collinear limits)

Double-real Born amplitudes > AvHlib[Bury'15]

* IR finite cross-sections > NNLO subtraction schemes
qT-slicing [Catani'07], N-jettiness slicing [Gaunt15/Boughezal5], Antenna [Gehrmann’05-'08],
Colorful [DelDuca‘05-"15], Projetction [Cacciari“15], Geometric [Herzog"18],
Unsubtraction [Aguilera-Verdugo’19], Nested collinear [Caola’17],
Local Analytic [Magnea'18], Sector-improved residue subtraction [Czakon'10-"14,"19]

22.9.23 Milano-Bicocca
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Precision tests of QCD at the LHC

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)

| I 11 A * Atthe LHC QCD is part of any process!

mass | =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? =124.97 GeV/c? . . . . .
e |1 N " @ a 1) The limiting factor in many analyses is QCD
spin | % .73 / s 0 . . .
' w w v and associated uncertainties.
h J t hi e S
= J charm = ks - Radiative corrections indispensable
- M(Vj' L ij'mg’°2 = 2) How well we do know QCD? Coupling
8 @ |9 | ||| @ constant, running, PDFs, ...
down J strangeJ bottom J l photon . ; ]
o4 | , * The production of high energy jets allow to
=051 Mevic? ~10566Mevic: | (=17768Gevice | [=or19Gevicc | o probe pQCD at h|gh energies direct[y
-1 =il =il 0
: - : = a.(~"*D.,. —m.)g, — — FHY 2
electron || muon tau lZ boson | L2 EQCD = {q; (’7 m mz)%
g LoeorenJ_meon J|_weJ\ztosen ] G2 i e
= | <loevict <0.17 MeV/c? <18.2 MeV/c? ~80.433 Gevict | O 1 1 1
5 ¥ - T | e 1) Testing the predicted dynamics
o | W |I" @ ||I* @ | =] 2) Extract the coupling constant
LLl electron | muon tau ‘I Wboson | < 9
-l neutrino W neutrino )| neutrino | (ORS
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Multi-jet observables

HC, CERN
-28 06:09:43.129280 GMT

/1610868530 / 1073

NLO theory unc. > experimental unc.

* NNLO QCD needed for precise theory-data comparisons

> Restricted to two-jet data
[Currie’17+later][Czakon'19]

* New NNLO QCD three-jet > access to more observables

* Jetratios
Next-to-Next-to-Leading Order Study of Three-Jet Production at the LHC PR Ra)s, Scale: pg = Hy/2, LHC 13 TeV
Czakon, Mitov, Poncelet [2106.05331] = m—NNLO
= 0.004 1 '—l
do—é(“RaﬂFaPDFvaS,O) m;

R g, PDF, _ ‘ 002 P_
(‘uR He aS,O) dO’S (JuRa HE, PDFa 053,0) " I ! ! ! ! ! !

* Event shapes |

1.5 1

NNLO QCD corrections to event shapes at the LHC
Alvarez, Cantero, Czakon, Llorente, Mitov, Poncelet [2301.07086]

ratio to NLO

—
L - — e ——
B

0 5(I)0 IOIOO 15I00 2()'00 25I00 SOIOO 35I00 4000
HT [GQV]
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Encoding QCD dynamics in event shapes

ATLAS

ATLAS

22.9.23 Milano-Bicocca

. \

Using (global) event information to separate different regimes of
QCD event evolution:

* Thrust & Thrust-Minor T, — 2ilpri-adl T 2l x A
>ilord > i 1Tl
* Energy-energy correlators
agdcos AqS Z/ ern ddc;fjdiés]Agb (cos Ag — cos A¢yj)dz ;dz, jd cos Agy;,

* more computed:
aplanarity, sphericity, C and D variables

Separation of energy scales: Hr o = pr1 + pro

dO’é(:“LRa HE, PDFa 055,0)
dos(pr, pr, PDF, asp)

Ratio to 2-jet: R'(pur, ur, PDF, ag) =

Here: use jets as input > experimentally advantageous
(better calibrated, smaller non-pert.)

Rene Poncelet 14



Transverse Thrust @ NNLO QCD

NNLO QCD corrections to event shapes at the LHC

Alvarez, Cantero, Czakon, Llorente, Mitov, Poncelet [2301.01086] ATLAS [2007.12600]
1.4 2
NNPDF30 pp = pup = Hr - | NNPDF30 pp = pp = Hr
1.2 1 1.2 H————
1.0 1 1.0 4 = o T

1000GeV < Hry < 1500Ge\;

e
NN

1.2 7 = NLO m ATLAS

12 — = NLO m ATLAS

1.0 = x

ratio to data
ratio to data

0.8 ' '
|
1500GeV < HM

=o
=

124

1.09 I E &

L
0.8 1 : |
2000GeV < Hry e 2000GeV < Hry lomy
0.6 T 7I T T T T 0.6 T T T g T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.0 0.1 0.2 0.3 0.4 0.5 0.6
TL Tm
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The transverse energy-energy correlator

do z) 71
Z / T LT L] d(cos Ap — cos A¢;j)dx ;dx | jd cos Ay,

09 dcos Agb dz, ;dz, ;jdcos Ag;;

ATLAS
* Insensitive to soft radiation through energy weighting z; = Er;/ Z Er; Sarticle-level TEEC

* Event topology separation: J Vs =13 TeV; 139 b
* Central plateau contain isotropic events

. . . . ey ti-k, R = 0.4
* Tothe right: self-correlations, collinear and in-plane splitting :”' o ey
* To the left: back-to-back !
M <24
e 1.2 Hy,> 1000 GeV i =Py
Q 1.1
= ’ a(m,) = 0.1180
© NNPDF 3.0 (NNLO)
= 0.9 —— Data
O 08 . . - 10
0.8 —0.6 —0.4 0.2 0 0.2 0.4 0.6 0.8 M NLO
cos (I) =—— NNLO

[ATLAS 2301.09351]
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Systematic Uncertainties TEEC

Experimental uncertainties Theory uncertainties

8||||||l||ll|lllllllllllllllllllllllll

T 0 I L I L I T i L l T 1T 1 l LI I L I T T T I T

< T ] < u N
= - ATLAS TEEC — Total syst. = JES ] \; 6~ ATLAS ~---Scale p - PDF eigen.
£ 6 Vs=13TeV; 139" - MC Mod. --- JER — .:% ~ TEEC Vs =13TeV ~-ag(m_) var. -~ non-pQCD ]
§ . 5 Unfolding —JAR ] § 4~ MMHT 2014 (NNLO) — Total syst. o
5 C — = B ]
0 o E e rorrtricim et srrisezecy i e A | k) 2 T
g - ppas R T I © B
o O e R R s s s _,_._.__Fl E)
2 L 1] o
0 2 B T et et e s et 5”: 1 w
e o R g = S
~4F H,, > 1000 GeV E -
- T2 e ] 4 HT2 > 1000 GeV 1
—| o O S | | T | 11 1 I 1 L1 | | | 11 1 I 11 1 | 11 1 | 11 1 | Ly = R 1 I 1 1 1 I 1 1 1 I 1 | 1 I 1 1 ] | 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 I 1 2
-1 -08 06 04 02 0 02 04 06 08 1 -0.8 06 04 02 O 02 04 06 0.8
cos O cos ¢

Scale dependence is the dominating uncertainty > NNLO QCD required to match exp.
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Double differential TEEC

[ATLAS 2301.09351]

1200 GeV < H;, < 1400 GeV

Cern Courier 2
[0]
39 March 23 =
&
a8
ATLAS
= Particle-level TEEC
[0]
= Vs=13TeV; 139 fb’
§
e anti-k, R = 0.4
g 2000 GeV < H, <2300 GeV pT s> 60 GeV
=
©
[m)
MFt,F = HT
> 2600 GeV < H,, < 3000 GeV
S o(m.) = 0.1180
= V4
s NNPDF 3.0 (NNLO)
(m]
—— Data
--- LO
: 298 NLO
£ == NNLO
S
3

08060402 0 02 04 08 08 -08 060405 0 02 04 06 08
cos ¢ cos ¢
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Strong coupling dependence

Thrust TEEC

20 - 101 NNPDF30
s NNPDF30 MMHT2014 Ur = pr = Hr Ur=pp = Hrp
15 mmmmm HERAPDF2()  =emmm (CT18

8 1 | | [ | . ‘_'_'_'_,—'—
. p— . 5 ! 1 L | ,
#‘ 41
5 ‘ #
o | . IlOOOGe\{ = HT,2I< 1500(|}eV RNNLO,ﬁt(‘uJ, CYS,O) =¢p + 61(05570 . 0118) un Cz(a570 - 0118)2 £ C3(O{S70 . 0118)3
» NNLO QCD ®

15 1

mostly linear dependence

5 wﬁ Visualisation of &s dependence

1500GeV < Hry < 2000GeV 5 G
20 ' ' | T ' ' '~ RNNLO(qg o = 0.118)

s For comparison:

scale dependence (dominant theory uncertainty)
| | | _ 2000GeV < Hyy * TEEC( Hro > 1TeV) :~2% O (1%)

0.00 0.05 0.10 0.15 0.20 0.25 0.30 ° Th rust : ~3_5 0/0 Sensitivity

TL
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as from TEEC @ NNLO by ATLAS

[ATLAS 2301.09351]

ATLAS

=

i.l.

—#— Fit Uncertainty
Total Uncertainty
------ World Average PDG 2022

ATLAS TEEC Vs = 13 TeV (NNLO)
This analysis

ATLAS ATEEC Vs = 13 TeV (NNLO)
This analysis

ATLAS TEEC Vs = 8 TeV (NLO)
Eur. Phys. J. 77 (2017) 872

ATLAS ATEEC Vs = 8 TeV (NLO)
Eur. Phys. J. 77 (2017) 872

CMS tt production Vs = 13 TeV (NLO)
Eur. Phys. J. C 80 (2020) 658

CMS tt from dilepton events Vs = 13 TeV (NNLO)
Eur. Phys. J. C 79 (2019) 368

CMS W* and Z production Vs = 7 and 8 TeV (NNLO)
JHEP 06 (2020) 018

CMS inclusive jet cross section Vs = 13 TeV (NNLO)
JHEP 02 (2022) 142

PR AN R S N TS SR ST S N SR MO

* NNLO QCD extraction from multi-jets »
will contribute to PDG for the first time

* Significant improvement to 8 TeV
- driven by NNLO QCD corrections

* Individual precision large but comparable
to top or jets-data.

* However: extraction at high energy scales

o

e

-
of="=
i

N
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Running of ag

NLO QCD

— T T T T T I T T T T T T T T I T T T
S ATLAS R
£ ATLAS ® TEEC13TeV % te05040
L CMS M, .
0.14 Preliminary o JEEC8Tev . 0= e
+ TEEC 7 TeV CMSR,,
arXiv:1508.01579 arXiv:1304.7498
0.12 v CMSincl. jet CMS ff
arXiv:1609.05331 arXiv:1904.05237
g D@ incl. jet DI R,

IIIIIIIII|II1|III|III

arXiv:0911.2710

0.1
0.08
A\ ay(m,) = 0.1181+ 0.0011 (PDG 2018)
0.06 ag(m,) = 0.1196 *' % (TEEC global fit)

-0.0106

arXiv:1207.4957

I|III|I]I|II1|III|III

10?

[ATLAS-CONF-2020-025]
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10°

Q [GeV]

NNLO QCD

0-1 6 _I T T T | I T T T T T T T 1
B arXiv:1307.1907 arXiv:1207.4957
i CMSM;% , CMSR,
0 1 4 __ ‘ arXiv:1412.:1363?3 = arXiv:1304. 7498
- o ATLAS R,
0 12 “_ arXiv:1805. 04691
0.10—
0.08—
L ( Z) 0.1175 *;’(;’0135 (TEEC Gilobal)
0.06f— \\ ay(m)=0.1179 +0.0009 (PDG 2022)
L L L L 1 L I 1 1 L 1 L 1 1 1

vy CMSttm 5 DI Rgipr o D@incl. jet;pf

arXiv:0911.2710

% v CMS incl. jet;p{:
arXiv:1609.05331

T .H

»3 0 TEEC7TeV;E
arXiv:1508.01579

o TEEC8TeV;oe

arXiv:1707.02562

TEEC 13 TeV;n,

IIIIIlIIIlIIIlIIIIIIIl

102 1
[ATLAS 2301.09351]
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Using the running of agto probe NP

[Llorente, Nachman 1807.00894]

1 2 4
) ) . X Bo=— (11 — snf— _nXTX>
Indirect constraints to NP through modified running: Am 3 3
1 38 Cx
1,0 — 1 [1 S log (logz)] L Q2 B = L [102 — 3 20nxT'x (1 -+ ?)}
3 Bo log z B2 logz ’ Adep
New fermion limits using NLOJet++ & ATLAS daz‘a1
5 20 m T3
@ 0.13— l — 8§
g E e E ATLAS —os d&’
012 -7 7 TEEC@7TeV
C 7 O
0.1 & data 0.6
0.1 ...' ~~~~~~~ = ‘ 0.4
 —— Standard Model TN tee.,, TS 7
— SM + Dirac triplet T ]
IR SM + Di et N _ 7
o0l - S0+ Dt R s ... |
- — - SM+ Dirac decuplet . S — Observed
008~ . . . . | . . , =
5060 107 2107 3102 10° 50 - “1o00 ©
Q[GeV] iy [Gel]
Update with TEEC@13 TeV
. . = hi d bound
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... or 'new’ SM dynamics

& 0.100F -
=z - ATLAS ]
S 0.095F TEEC 13 TeV =
- o MMHT 2014 7

0.090F v NNPDF3.0 ]

- s CT14 3

0.085 -
0.080F- =
0.0751 E

= NNLO pQCD; MMHT 2014 (NNLO) .

0.0701- ( ) 0.1175 *’2 (TEEC Global) =
0.065F |\ ay(m)=0.1179 +0.0009 (PDG 2022) =

2 3

e

4
L= A [TeV]

Systematic slope
- New physics?

22.9.23 Milano-Bicocca
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Possible SM explanations

Residual PDF effects > high x,Q2?
EW corrections?

Maybe effect from LC approximation
in two-loop ME?

R@ (42) = 2Re [Mﬂm;(z)} )+ [ FOP (u

) 2
= R(Q) (812) + Z C; 1I11 (/;TR;)
=1

R(Q) (812) ~ R(Q)l.c. (812)

Experimental systematics?

Resummation?

Either case interesting!
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HighTEA

= 1000 GeV < Hy, < 1200 GeV. 1200 GeV < Hy, < 1400 GeV/

Data/ Theory

e T How to make this more
~100 MCPUh  efficient/environment-friendly/
accessible/faster?

Data/ Theory

g
°
1
kY
g
2
L
°
g
z
g
H
£

Data/ Theory

Data/ Theory

Data/ Theory

08060402 0 02 04 06 08 -08-06-0402 0 02 04 08 08
c0s ¢ cos ¢

HighTEA: High energy Theory Event Analyser
[2304.05993]
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Basic idea

> Database of precomputed “Theory Events”

Not so new idea:

> Equivalent to a full fledged computation LHE [Alwall et al '06],

Ntuple [BlackHat ‘08"13],

> Currently this means partonic fixed order events

> Extensions to included showered/resummed/hadronized events is feasible

> (Partially) Unweighting to increase efficiency

> Analysis of the data through an user interface

> Easy-to-use
> Fast

> Flexible:

22.9.23 Milano-Bicocca

Observables from basic 4-momenta

Free specification of bins
Renormalization/Factorization Scale variation
PDF (member) variation

Specify phase space cuts

Rene Poncelet 25



Factorizations

Factorizing renormalization and factorization scale dependence:

Wy b = 'LUPDF(,UF7$17$2 was MR E ng

PDF dependence:

wppr (1 1, 22) = > fal@, 1) fo(w2, 1)

ab&channel

as dependence:

Wa, (1) = (as(p))™

Allows full control over scales and PDF

22.9.23 Milano-Bicocca Rene Poncelet

J
n\Ug

26



HighTEA interface

-
>

Simplicity

Flexibility

e
<

22.9.23 Milano-Bicocca

3

Web form -&\\\\\\\

Method 2 | hightea
User > . >
libraries
%%é
QZZ CLI

Public

Rene Poncelet

API

Server

Private

27



Available Processes

Processes currently implemented in our STRIPPER framework through NNLO QCD

Currently available through

A ete- - jets
MATRIX /MCFM
> Viow  wH
;E an e Available at Release
L VA ttbar
©
5: | AAA
diff. DIS Some way ahead!
ttbar + decays
Di-jet
V4 jet e
AA+jet
AIV+2 jet Tri-jet
>
*V processes include leptonic decay mode(s) Complexity

22.9.23 Milano-Bicocca Rene Poncelet



The Vision

Provider
, Madgraph,
' NNLOJet, MATRIX,
' STRIPPER,...

\

Request
q The User

- ‘ Experimentalist,
Phenomenologist,

theorist, student,

Provides 'Use

22.9.23 Milano-Bicocca Rene Poncelet 29



Hadronic cross section

s . . bt .
%Q/ Hadronic X-section: on,n,—x 22/ /0 dzydzadip, (T1, 13)0j hy (T2, 1F)Gij— x (s (WR), 1Ry 1F)

N Parton distribution functions /

O_,_—'— * Perturbative expansion of partonic cross section:

. 5(0) (1) .(2) 3
Oab—X = Ogpyx T Ogpyx T Ogpsx T+ O(O‘s)
L1
ot The NNLO bit: 62} = gRR 4 GRV 4 5VV 4 502 4 5CI
pi \ ab ab
Double real radiation Real/Virtual correction Double virtual corrections
A = 55 [ A (ML M) B [ Jo8 = 5 [ ahn2Re (MO M) s o = 52 [ ao, (2Re (MOt ) + (M |0

22.9.23 Milano-Bicocca Rene Poncelet 30




Partonic cross section beyond LO

Perturbative expansion of partonic cross section:

(0 . (1) ~(2) 3
Tab—X = O-C(Lb)—>X T 0o x T O0gpsx T O(O‘s)

Contributions with different multiplicities and # convolutions:

1

~RR ©0) | ()

A(2) ~RR ~C1 Oab = 2A/d‘1>n+2 <Mn+2!Mn+z> n+2
Gab +Jab +0ab +Jab +0ab s

Y A = [ a0, 2 (MO M o
Each term separately IR divergent. But sum is: )
vy b (0) (2) (1) (1)
> finite Tab = 2§/dq’" (2me (0 ‘Mn )+ (M ‘M" ) Fn
- reqularization scheme independent 51 _ (single convolution)

Considering CDR (d = 4 — 26) ,

Z cie' + O(e 652 = (double convolution) F,,

- Laurent expansion:

22.9.23 Milano-Bicocca Rene Poncelet 31



Sector decomposition |

Considering working in CDR:

- Virtuals are usually done in this reqularization

> Real radiation:

- Very difficult integrals, analytical impractical (except very simple cases)!

-> Numerics not possible, integrals are divergent: e-poles!

l How to extract these poles? » Sector decomposition!

Divide and conquer the phase space:

. 1 0
1= | E St T Ses | = o0 T | S ] (2
ij | & k.l
k k.l

0
@]
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Sector decomposition |l

Divide and conquer the phase space:

> Each S, x/Sikj. has simpler divergences. |- - - _ _ _ _ _ _ _ _ __

appearingas 1/sijr  1/sik/sji e .
Soft and collinear (w.r.t parton k,l) of partons i and j I 2 7 Safomaxy
- Parametrization w.r.t. reference parton. |- - - _ _ _ _ _ _ _ _
~ 11 ' c u? n > N2 n > N2
i = 5(1 —costy) € [0,1] & = w— € 0, 1] I v s b
- Subdivide to factorize divergences |77~~~ ~—
2 ~ 0 ~ 0 ~ 0 0 §>7172 ”2>%1 %>;71 771>%1
Surusk = (Pk + w1 + u2)” ~ fiug + faug + Naujuy "2 7 g2 n2 = 1= gm2 M gm m == gm

> double soft factorization:

O(ud —u)) +0(ud—u) el -
(up — ug) +0(uy 1) / s, s, s, s,

> triple collinear factorization

[Czakon'10,Caola’17]
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Sector decomposition lli

Factorized singular limits in each sector:

1 0 0 € a;
2_§/dq)”+28kl,m <M£L-I)-2‘M7(’L—|)-2> n+2 — Z /d(ID de@ A dﬂ({xz})HZEi i <Mn+2|Mn+22Fn+2

sub-sec. ~ ~~
smgular regular
Regularization of divergences:
—1
—1—be —1—be 1
x = — +|z ~1-be) " f(
be \[ LD / dz |z l—l—be

pole term reg. + sub.

22.9.23 Milano-Bicocca Rene Poncelet 34



Finite NNLO cross section

. ]_ ~Cl __ . .
GRR — R /dq)n+2 <M;012’M;012> Foio G, = (single convolution) Fy, 44

652 = (double convolution) F,,

1 0 1
= /d¢n+1 9Re <M§L+)1’M,S+)1> Fpis

Q>

sl [4s, (2Re (M ‘M,(f)> + <M$}>(M,§>>) F,

ab " 23 1
- x_l_be = b_ + [x—l—be:l—i_

sector decomposition and master formula € - %

pole term reg. + sub.

(ov" 050", 000) (08 ,o50,0p0) (oF".opu,0rr) (050,000) (0h0:0FnR)

re-arrangement of terms > 4-dim. formulation [Czakon'14, Czakon'19]

RR _RV _VV _Cl1 _C2 RV _VV _C2
) (UDUaUDUaaDUaUDU7UDU) (UFR’O-FR7JFR)

(07") (08") (or") (050050 050

separately finite: € poles cancel
Rene Poncelet
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C++ framework

* Formulation allows efficient algorithmic implementation
* High degree of automation:
* Partonic processes (taking into account all symmetries)
* Sectors and subtraction terms

* Interfaces to Matrix-element providers:
AvH, OpenlLoops, Recola, NJET, HardCoded

- Only two-loop matrix elements required
* Broad range of applications through additional facilities:
* Narrow-Width & Double-Pole Approximation
* Fragmentation
* Polarised intermediate massive bosons
* (Partial) Unweighting » Event generation for HighTEA

* Interfaces: FastNLO, FastJet
22.9.23 Milano-Bicocca Rene Poncelet
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The NNLO QCD revolution

Hj HH
Caola et al. De Florian et al.
77 MATRIX
Grazzini et al. Grazzini et al.
Zj jj Le.
Gehrmann-De Ridder et al. Currie et al.
VBF v
Cacciari et al. Campbell et al.

First 2 > 3 processes!

Hj
Boughezal et al.

Y
Campbell et al.

Wi
Boughezal et al.

Z pr

Gehrmann-De Ridder et al.

Hj MCFM at NNLOJ
Boughezal et al. Boughezal et al.
Zy Wry WW HH w. top-mas bb ttH (soft-H)
Grazzini et al. Grazzini et al. Grazzini et al. atani et al. Catani et al.
WH tot. jj (partial) tt ZZ+decays Z+b VH+j
Brein et al. Currie et al. Czakon et al. Grazzml et al. Kallweit et al. auld et al. Gauld et al.
H tot. " Nk Z~ Ww Jii Z+c
Ravindran et al. Catani et al. Catani et al. Grazzini et al. Gehrmann et al. Campbell et al. Poncelet et al ncelet et al. Gauld et al.
H tot. H W/Z, tt tot. WH/ZH
Anastasiou et al. Anastasiou et al. Melnikov et al. Ferrera et al. Czakon et al. Ferrerra et al. Campbell et al. Poncelet et al. Poncelet et al. Poncelet et a
W/Z/H tot. H W, W/Z, VBF tot. Hj (partial) tt+decays W+c Wbb
Harlander et al. Anastasiou et al. Melnikov et al. Catani et al. Bolzoni et al. Boughezal et al. Cascwh et al. Boughezal et al. Poncelet et al. Poncelet et al. Poncelet et al.
2002-03 2004-05 2006-07 2008-09 2010-11 2012-13 2014-15 2016-17 2018-19 2020-21 2022-23

22.9.23 Milano-Bicocca
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Research context

Techniques

>

Amplitudes
-

--

/

LHC
phenomenology

”
”

22.9.23 Milano-Bicocca
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Research network

Techniques Amplitudes

LHC
phenomenology
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Experimental collaborations

NNLO QCD computations

* Top-quark pair production and leptonic decays
[1901.05407] [2008.11133]
+ b-quark fragmentation: [2102.08267] [2210.06078]

* Vector + jets

W + charm-jet [2011.01011] [2212.00467]
Z + b-jet [2205.11879]

* Polarised vector-bosons
W W [2102.13583]
W-et [2109.14336] [2204.12394]

* Inclusive jets
[1907.12911]

* "2 53" processes
pp = yyy [1911.00479]
PP > yj [2105.06940]
pp > jjj [2106.05331] [2301.01086]

Exp. collaborations

DESY CMS top-quark group
(Behnke, Aldalya Martin )
- [CMS-PAS-TOP-20-006]

Top spin-correlations in ATLAS
(Howard) - [1903.07570]

/

W+charm CMS measurement
(Hernandez) -» [2308.02285]

Approved COST network
COMETA

)/

pp > vjj [2304.06682]
pp > W + 2 b-jets [2205.01687] [2209.03280]

22.9.23 Milano-Bicocca Rene Poncelet

ATLAS multi-jet group at CERN
(Llorente, Roloff, LeBlanc)
>agfrom TEEC [23071.09351]

-> More to appear
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Future directions

The provider for

precision QCD predictions

- extending process portfolio
- branching out to other colliders

- development of public tool like HighTEA

- towards full higher-order event simulations

;

Experimental communities
LHC, EIC, RHIC, FCC (-ee,-hh,-eh)

22.9.23 Milano-Bicocca

Rene Poncelet

\

Theory/Amplitudes
community
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Near future projects

Modern MC integration/sampling

* Interdisciplinary work with
Steffen Schumann (Gottingen) & David Yallup (Kalvi Institute Cambridge)

* 1) “Nested sampling” - phase space explorations
2) "Normalising flows"” - phase space sampler using Neural Networks

NNLO with massive bosons: V + 2-jet, VV + 1-jet

* Alot to do: amplitudes + cross sections - rich phenomenology!

N3LO QCD for 2 » 2 processes

* First with slicing methods then towards local N3LO subtraction schemes
(> Sebastian Sapeta (Cracow))

22.9.23 Milano-Bicocca Rene Poncelet
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Summary

Techniques

|

Amplitudes

LHC
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Backup

Rene Poncelet
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(Partially) Unweighting

The hadronic cross section 1 A
in collinear factorization: do(Py, Pp) = zb://() dl’ldl’zfa(wlaM%)fb(xz,/L%)d%b(%PhSEQPz)
‘ . (0) (1) - (2)

) B 3
Gab—+X = gyl sx T Ogpx + s x +O()

Using MC method for integration: Beyond LO events might

1 n m;
Otot = — E E wi’j correspond to more than
n = F one kinematic:

Hit-And-Miss Algorithm: Subtraction events!
S
A N
Accept each event i with probability: Z we? | /Wmax

. . ,J 1,
Store each sub-event with weight: % / Zws

22.9.23 Milano-Bicocca Rene Poncelet 45



The server

22.9.23 Milano-Bicocca

Server | HPC?
A 4 N
Uvicorn server Server CPU
running App » DASK - I?\L':;ll-g':)t)l(ion(R) CPU ES5-
with OpenAP| scheduler
+ 64 GB RAM

Database containing
compressed event
files

Rene Poncelet




Improved phase space generation

New phase space parametrization:
Minimization of # of different subtraction kinematics in each sector

Mapping from n+2 to n particle phase space: {Prj,u} — {15, fj}

Requirements:

P1

* Keep direction of reference r fixed

* Invertible for fixed : wu; {P ijuk} — {P, 1), ug}
r * Preserve Born invariant mass: ¢ =q, G= P
Main steps: J

gz

* Generate Born configuration
% * Generate unresolved partons  w;

* Rescalereference momentum , _ .5

* Boost non-reference momenta of the Born configuration

22.9.23 Milano-Bicocca Rene Poncelet
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Improved phase space generation

New phase space parametrization:
Minimization of # of different subtraction kinematics in each sector

Mapping from n+2 to n particle phase space: {Prj,u} — {15, fj}

Requirements:

P1

* Keep direction of reference r fixed

* Invertible for fixed : wu; {P ijuk} — {P, 1), ug}
r * Preserve Born invariant mass: ¢ =q, G= P
Main steps: J

uz qz
* Generate Born configuration
U

% * Generate unresolved partons  w;

* Rescalereference momentum , _ .5

* Boost non-reference momenta of the Born configuration
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Improved phase space generation

New phase space parametrization:
Minimization of # of different subtraction kinematics in each sector

Mapping from n+2 to n particle phase space: {Prj,u} — {15, fj}

Requirements:

P1

* Keep direction of reference r fixed

* Invertible for fixed : wu; {P ijuk} — {P, 1), ug}
g * Preserve Born invariant mass: ¢ =q, G= P
Main steps: J

uz qz
* Generate Born configuration
U

% * Generate unresolved partons  w;

* Rescalereference momentum , _ .5

* Boost non-reference momenta of the Born configuration
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Improved phase space generation

New phase space parametrization:
Minimization of # of different subtraction kinematics in each sector

Mapping from n+2 to n particle phase space: {Prj,u} — {15, fj}

Requirements:

P1

* Keep direction of reference r fixed

* Invertible for fixed : wu; {P ijuk} — {P, 1), ug}
g %2 * Preserve Born invariant mass: ¢ =q, G= P
Main steps: J

] Uz

* Generate Born configuration

uq

* Generate unresolved partons  w;

* Rescalereference momentum , _ .5

* Boost non-reference momenta of the Born configuration
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