Precision phenomenology
with multi-jet final states at the LHC
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Outline

Introduction

Multi-jet observables/event shapes at hadron colliders

The strong coupling constant

NNLO QCD with STRIPPER

* Summary and conclusion
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Status:
July 2021

Standard Model Production Cross Section Measurements

Precision era of the LHC
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Precision era of the LHC

Standard Model of Elementary Particles

three generations of matter

interactions / force carriers

(fermions) (bosons)
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Collider data constrains the various
interactions in the Standard Model.

At the LHC QCD is part of any process!

1) The limiting factor in many analyses is QCD
and associated uncertainties.
- Radiative corrections indispensable

2) How well we do know QCD? Coupling
constant, running, PDFs, ...

The production of high energy jets allow to
probe pQCD at high energies directly

1 v a
ZFCILJJ F,ul/

1) Testing the predicted dynamics

Lqcp = G(YH'Dy —my)q; —

2) Extract the coupling constant
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Jet measurements at the LHC

—
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Incl. jet R=0.6, |y| < 3.0
—lyl < 0.5, pr > 100 GeV
—0.5 < |yl < 1.0, pt > 100 GeV
—1.0 < |yl < 1.5, pt > 100 GeV
- 1.5 < |y| < 2.0, pr > 100 GeV
—2.0 < |y| < 2.5, pr > 100 GeV
—2.5 < |y| < 3.0, pr > 100 GeV
Incl. jet R=0.4, |y| < 3.0
—lyl < 0.5, pr > 100 GeV
—0.5 < |yl < 1.0, pr > 100 GeV
—1.0 < |y| < 1.5, py > 100 GeV
-1.5 < |y| < 2.0, pt > 100 GeV
—2.0 < |yl < 2.5, pr > 100 GeV
—2.5 < |y| < 3.0, pr > 100 GeV
Dijet R=0.6, ly| < 3.0, y* < 3.0
-y* <0503 <m; <43Tev
-05<y*<1.0,0.3 <my <4.3TeV
-1.0<y* <1.5,0.5 <my < 4.6 TeV
-15<y*<2.0,0.8 <my<4.6 TeV
-20<y* <2513 <my <5TeV
-25<y"<3.0,2<m; <5TeV
Dijet R=0.4, [y| < 3.0, y* < 3.0
-y* <0503 <m; <43 Tev
-05<y*<1.0,03 <m; <4.3TeV
-1.0<y* <15,0.5 <my < 4.6 TeV
-15<y*<2.0,0.8 <my < 4.6 TeV
-20<y* <2513 <my <5TeV
-25<y*<3.0,2<m; <5TeV

Inclusive Jet Cross Section Measurements status: July 2021

NLOJet++

[0 criorTe

CT14 (8,13 TeV)
LHC pp V5 =13 TeV
[ | Data 3.2 -3.2fb!
stat
stat © syst
LHC pp V5 =8 TeV
- Data 20.2 —20.2fb™!
stat
stat @ syst
LHC pp V5 =7 TeV

[ ] Data 4.5-45fb!
stat
stat @ syst

ATLAS Preliminary
\s=7,8,13 TeV

1.0 1.2 1.4
data/theory
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Phenomenology with jet observables

Tests of pQCD, a extraction:
R32 ratios, event-shapes

0.0<y <05 05<y" <10

1.0<y <20

= 15 - ATLAS ~ MMHT2014 PDFs - Theory uncert.
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Precision theory required!

100 HERAPDF method (Hessian)
S CcMS HERA I+11 DIS
% 80 mE HERA I+1 DIS + CMS dijets |
= 02=104GeV?
X
60 |
40|
20
£ 0 :
5 84 —
S 00F
S —Q2¢1
< 04l .
o 10—+

PDF determination:
Single inclusive,

Multi-differential dijet

10-3 10-2

—~——
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Direct BSM:
dijet mass
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Multi-jet observables (more than 2...)

CMS Experiment at the LHC, CERN
4| Data recorded: 2015-Sep-28 06:09:43.129280 GMT

i Run/Event/LS: 257645 / 1610868539 / 1073

Jet-production processes have relatively large theory
uncertainty compared to experimental uncertainties.

* NNLO QCD needed for precise theory-data comparisons
* Restricted precision QCD studies to incl. or di-jet data

* New NNLO QCD three-jet computations give access to
many more observables!

Next-to-Next-to-Leading Order Study of Three-Jet Production at the LHC 006y O Rya, Scale: pg = Hr/2, LHC 13 TeV
Czakon, Mitov, Poncelet [2106.05331] 5 s NNLO _ -
. . . \-N/ 0.004 1
* (From my view point) there are basically two groups: & I N
0.002 I

* Three-to-two-jet ratios gt

; do} (#Ra 2028 PDF) ag 0) ; 5 1

RZ UR, LEF, PDFa aso) = 3 ’ B
( ! ) dO’% (MRa HE, PDF) aS,O) % Lo _-1
. . .

* Event shapes (based on particles or jets) 05

5(‘)0 1()‘()() 15‘()0 2()‘()() 25‘[]() 3()‘()() 35’()[] 4000
HT [GCV]
22.3.23 INFN Torino Rene Poncelet - Cambridge 7



Encoding QCD dynamics in event shapes

ATLAS

|

ATLAS

22.3.23 INFN Torino

N

o
.
g"

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

* Thrust & Thrust-Minor 7o 2P
J_ - — 9
> i 1Pl

* (Transverse) Linearised Sphericity Tensor

ond T — 2uilPTi X ]
" > il

M$yz = Z |—»| Z |—»| Py,iPx,i pz,i Dy.,iPz i
i Pl =7 1P Do iDei Deilui D2
’ ? LY Z,i

* Energy-energy correlators

N-Jettiness

Generalised event shapes > Earth-Mover Distance

Many observables used in jet-substructure

Rene Poncelet - Cambridge



Resummation

Example: 1-Thrust at LEP
[ ]

L e s By I B [ B
ALEPH data NNLO

NLO B
LO —

Q=M,
a, (M) = 0.1189

Anisotropic di-jet topology: Isotropic multi-jets:
trop ) potogy: Sensitive to hard
Sensitivity to resummation, :
, matrix elements
non-perturbative effects
. . Phenomenology of event shapes at hadron colliders,
Nice overview:

Banfi, Salam, Zanderighi [1001.4082]

22.3.23 INFN Torino Rene Poncelet - Cambridge



Resummation & jets

Example: 1-Thrust at LEP
[ ]

R T T T ‘ T T T T [ T T T ‘ T T T ]

ALEPH data NNLO

NLO @ —— ]
LO —

Q=M,
a, (M) = 0.1189

For the result presented we define event shapes in terms of jets
v Suppression of non perturbative effects

v Higher experimental resolution

X But also introduce non-global logarithms

22.3.23 INFN Torino Rene Poncelet - Cambridge



Resummation of non-global logarithms

Example: 1-Thrust at LEP

[ ]

L Y I B s ) B B B B B B B
ALEPH data NNLO

NLO B
LO —

Q=M,
a, (M) = 0.1189

The usage of jet-algorithms implies vetoed phase space regions
- leading to non-cancellation of soft-radiation

; ; . _ ; Resummation of nonglobal QCD observables
> logarlthmlc. enh.:—.mcements..non. gobal logarithms Sl e S [ AT
- Resummation tricky but active field of research

- For complicated observables > PS simulations

22.3.23 INFN Torino Rene Poncelet - Cambridge 1



NNLO QCD three jets meets ATLAS data

22.3.23 INFN Torino Rene Poncelet - Cambridge



NNLO QCD event shapes

Thrust & Thrust-Minor NNLO QCD corrections to event shapes at the LHC
Alvarez, Cantero, Czakon, Llorente, Mitov, Poncelet 2301.01086
1.4 ® 1.4 -
NNPDF30 up = pup = Hr NNPDF30 up = pup = Hr
1.2 1 1.2 o
1.0 1 1.0 1 = === T
0.8 4 0.8 - 7‘ 1
100¢)Ge\/ < Hrj, < 1500GeV;

1.2 4 m— N[O ATLAS

NLO ATLAS

ratio to data
ratio to data

[

2000GeV < Hrj B —— 2000GeV < Hrp ey

0‘6 T T T T T T T T T 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

d(T $L7ixJ_7j
z / dz | ;dx | jdcos Ag;; d(cos Ag — cos Agyj)dz 1 dz 1 jd cos Agyj,

lop) d cos A¢

ATLAS
Insensitive to soft radiation through energy weighting Particlo-lovel TEEC

Central plateau contain isotropic events 5 = 13 TeV: 139 1"
To the right: self-correlations, collinear and in-plane splittings

anti-k, R =0.4
* To the left: back-to-back i GtOGeV
>
N
> 1.2
S uR,F=HT
_aCJ 1.1
=1 a(m,) = 0.1180
S 0.9 NNPDF 3.0 (NNLO)
cDU . —— Data
0.8 : = Lo
2 NLO
&= NNLO

22.3.23 INFN Torino Rene Poncelet - Cambridge 14



Double differential TEEC

22.3.23 INFN Torino

Data / Theory Data / Theory Data / Theory Data / Theory

Data / Theory

1200 GeV < Hy, < 1400 GeV

1400 GeV < H,, < 1600 GeV

1800 GeV < H,, < 2000 GeV 2000 GeV < Hy, < 2300 GeV

2600 GeV < Hy, < 3000 GeV

o L

Hy, > 3500 GeV

0.8 06 04 02 0 02 04 06 08 -08 060402 0 02 04 06 08
cos ¢ cos ¢

Rene Poncelet - Cambridge

ATLAS
Particle-level TEEC

Vs=13TeV; 139 fo'

anti-k, R = 0.4
P> 60 GeV
ml <24

uR,F = HT
ag(m,) = 0.1180

NNPDF 3.0 (NNLO)
—— Data

=== LO

= NLO

= NNLO

15



Systematic Uncertainties TEEC

Experimental uncertainties

Theory uncertainties

S
g

] S I B L B AL B I I L B B L L R

- ATLAS TEEC — Total syst. -- JES Z 6~ ATLAS

6 Vs=13TeV; 139fb" - MC Mod. -JER

43_ Unfolding —JAR E 4~ MMHT 2014 (NNLO) — Total syst.

PDF eigen.
- TEEC Vs =13 TeV ~-ag(m ) var. -~ non-pQCD

----Scale e e

Systematic uncertainty [%]

Systematic uncertainty [%]

H,, > 1000 GeV

.

H,, > 1000 GeV

I-lglll

v e b b e by e by e e by s by by Ly
-1 08 06 04 02 0 02 04 06 0.8

IIIIIIIIlI—

_‘TIII|II

1 I 1 1 1 I 1 1 1 | 1 1 1 I 1 1
08 06 04 02 O
cos ¢

v v by by 1y
02 04 06 038

cos ¢

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

22.3.23 INFN Torino
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Extraction of the strong coupling constant

22.3.23 INFN Torino Rene Poncelet - Cambridge



Sensitivity to the strong coupling constant

do-é (MR? HEF, PDF7 aS,O)
dU%(,UR /LF,PDF aSO)

R32 ratio:  R'(ur, pur, PDF, aso) =

2
Using the strong coupling’s running: as(pr, as0) = aso (1 — as,0bo m(u_;;) + O(asp” ))
Z

Absorb running in the perturbative expansion - linear dependence
doy™O (u,

B as,0)
1y as0) = doYNIO

@s,0)
s (d03 (1) + o505 (1) + a502d557 (1) + 0(@5703))

B s (da2 (1) + as0da$? (1) + as02d6 2 (1 )+0(a5,03)) '

RNNLO(

In practise using LHAPDF running and perform fit to Taylor expansion around a; = 0.118 :
RNNLO fit (u, as0) = co + c1(ago — 0.118) + ca(asp — 0.118)% + c3(aso — 0.118)"
dependence mostly linear

22.3.23 INFN Torino Rene Poncelet - Cambridge 18



Strong coupling dependence (differential)

10 NNLO NNPDF§O
For visualisation: o4 ur=pr=Hr | TEEC
A | | | .
; c1 G l T - scale unc. ~2%
1= 41
RNNLO (05 = 0.118)
2
0 70‘75 70‘50 70‘25 O,E)O OAI25 0:50 OAI75
20 Cos 20 -
s NNPDF30 MMHT2014 g = pp = Hp (@) === NNPDF30 MMHT2014  pp = pp = Hp
15| e HERAPDF2() e CT18 18 [=—_HRAPDF2y == CT18 P —
10 — : 10 1 ) : .—
5 p— 5§—‘_’
Th t & ) 1000CeV < Hry < 1500GeV o . . 1000GeV < Hr, < 1500GeV
rus 20 NNTO QCD % NNLO QCD

Thrust-Minor

scaleunc. ~3-5% < ﬁad# < = l
5 5'iu

1500GeV < Hry < 2000GeV 1500GeV < Hr,p < 2000GeV

0
20

15 1

—
10 | —— 10 f
2000GeV < Hrpo ol | . | 2000|Ge\/ < {{T,2
00.00 0.05 0.10 0.15 0.20 0.25 0.50 0.0 01 02 0-3T 0.4 0.5 0.6
T m
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os (Q)
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Alphas from TEEC (ATLAS)

0.14

0.12

0.1

0.08

0.06

T T T T T | T T T T T T T T | T T T
ATLAS R
ATLAS TEEC13TeV % 10504001
L CMS M,
Preliminary TREGE LY
TEEC 7 TeV CMS R,,
arXiv:1508.01579 arXiv:1304.7498
CMS incl. jet CMS {f
arXiv:1609.05331 arXiv:1904.05237
D& incl. jet DI R x

\\\\\\\\\

ay(m ) =0.1181+0.0011 (PDG 2018)
ag(m,) = 0.1196 +0.0072 “ (TEEC global fit)

-0.010f

arXiv:0911.2710

arXiv:1207.4957

102

10°

Q [GeV]

S 0.16
5(0
0.14
0.12
0.10
0.08
0.06

T T T 1 I 1 T U 1 1 I T T I U T
» CMS s DIRg 5 D@incl. jet
A TLAS arXiv:1307.1907 arXiv:1207.4957 arXiv:0911.2710
, CMsM, , CMSR,, v CMSincl. jet
arXiv:1412.1633 arXiv:1304.7498 arXiv:1609.05331
o ATLASR,, . TEEC7TeV

arXiv:1805.04691

arXiv:1508.01579

o TEEC8TeV
arXiv:1707.02562

TEEC 13 TeV

NNLO pQCD; MMHT 2014 (NNLO) L ‘
( ) =0.1175" +°-°°35 > (TEEC Global) +
\\\\ -0.1179 + o 0009 (PDG 2022)
1 1 1 1 I 1 L 1 1 1 L L 1 l L L
107 10°
] Q [GeV]
20
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Comparison against other measurements

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

* NNLO QCD extraction from multi-jets »
Ty eV N0 will contribute to the PDG average for the
ATLAS ATEEC Vs = 13 TeV (NNLO) ﬁrst tlme

This analysis

1
1
——
1
1
1
1
; ATLAS TEEC Vs = 8 TeV (NLO)
L E— Eur. Phys. J. 77 (2017) 872
1
1
—

ATLAS ATEEG 15 -5 ToV (NLO) * Significant improvement to 8 TeV result
Eur. Phys. J. 77 (2017) 872 mainly driven by NNLO QCD Corrections

CMS 1t production Vs = 13 TeV (NLO)
Eur. Phys. J. C 80 (2020) 658

OMS i rom dicpton events 15 = 13 TeV (NNLO) * Individual precision comparable to other

—— Eur. Phys. J. C 79 (2019) 368

i CMS W* and Z production Vs = 7 and 8 TeV (NNLO) measurements which include DIS and top

- JHEP 06 (2020) 018

CMS inclusive jet cross section ¥s = 13 TeV (NNLO) O r J ets - d a ta .

1
L
nl JHEP 02 (2022) 142
1
[ ]
0

| 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1
12 0.13 0.14 0.15 0.16 0.17

ocs(mz)
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Using the running of alpha$S to probe NP

[ ! 1 2 4
) ) . ) Bo = o (11 —Sng — —TLXTX>
Indirect constraints to NP through modified running: Q 3 3
1 38 Cx
as(Q) = e A R2 . (47) 3 5
Bo log 2 By logz Adep
New fermion limits using NLOJet++ & ATLAS dat._a1
g 0.13F ' ] & 20 . K,
8” C // i ATLAS \§
__ 7 _ —08 A
.12} - | TEEC @7 TeV 3
- ] &
0.11— ] data 0.6
o :, "" STt - ‘
 —— Standard Model LT ] 0.4
SETLEE SM + Dirac triplet TN Tt .
0.09— - SM + Diracoctet = — ,
=== SM+ Dirac sextet I ’ - - Expected
- — - SM+ Dirac decuplet 7 o — Observed o2
0.08—~ . . .| , , T
50 60 10° 2x10? 3x10° 10° A A
Q[GeV] 0 500 my [GeV]
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Or 'new’ SM dynamics

;m 0.100
S 0.095
0.090

0.085
0.080
0.075
0.070

0.065

NNLO pQCD; MMHT 2014 (NNLO)
+0.0035

- ay(m,) = 01175 70 (TEEC Global

\\\ 0g(m ) =0.1179 £ 0.0009 (PDG 2022)

TEEC 13 TeV
e MMHT 2014
v NNPDF 3.0
4 CT14

—_—

22.3.23 INFN Torino

2

3

u_ = A [TeV]

Residual PDF effects » very high Q27
EW corrections?

Maybe effect from LC approximation
in two-loop ME?

R® (%) = 2Re | MIOF® | (1) + |FO|*(u)

4 , 2
= R(Q) (812) + Z C; 111z (M—R)

i=1 512
R(Q) (812) ~ R(Q)l.c. (812)
Experimental systematics?

Resummation?

Either case interesting!

Rene Poncelet - Cambridge 23



NNLO QCD cross sections with the
Sector-improved residue subtraction

22.3.23 INFN Torino Rene Poncelet - Cambridge



Hadronic cross section

L . . bt .
%Q/ Hadronic X-section: on,n,—x =Z/ /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)
I5V51
o The NNLO bit: 62} = gRR 4 GRV 4 5VV 4 502 4 5CI
” \ 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

22.3.23 INFN Torino Rene Poncelet - Cambridge 25




NNLO QCD prediction beyond 2 > 2

2 » 3 Two-loop amplitudes:

* (Non-) planar 5 point massless ‘pheno ready’

[ ]
> triggered by efficient Ml representation [ ]

* 5 point with one external mass [

* For three jet we use the implementation from [ ] checked against NJET

Many leg, IR stable one-loop amplitudes » OpenLoops |

Combination with double real radiation

* Various NNLO subtraction schemes are available:

qT-slicing [ ], N-jettiness slicing [ ], Antenna
[ ], Colorful [ ], Projetction [ ], Geometric
[ ], Unsubtraction [ ], Nested collinear [

Local Analytic [ ], Sector-improved residue subtraction [Czakon'10-"14,'19]

22.3.23 INFN Torino Rene Poncelet - Cambridge



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:

R _ 1 ORIVO!
A(2) _ ~RR ~C1 ab = _/dq)n+2 Moo Mn+2> n+2
= Ogb + Uab + Uab + Uab + Tab ’
1
Y oA = [ a0 e (M, M o
Each term separately IR divergent. But sum is: )
svv _ 1 )| p@ W
> finite Tab = 2§/dq’" (2me (0 ‘Mn )+ (M ‘M" ) Fn
> regularization scheme independent 551 — (single convolution) Fyy,
Considering CDR (d = 4 — 26) ,

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

- Laurent expansion:
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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 Si;,1/Si k5, has simpler divergences.

appearingas 1/sijx  1/sik/5ji
Soft and collinear (w.r.t parton k,l) of partonsiandj

- Parametrization w.r.t. reference parton:

. C W
i = 5(1—cosbi) €[0,1] &=t €[0,1]

max

- Subdivide to factorize divergences
0

2 A 0, A 0, ~ 0
Surusk = (Pk + U1 + u2)” ~ Niuy + Noug + 7317 Us

/

> double soft factorization:
0(u) — uy) + 0(uy — ul)

> triple collinear factorization

&1 > &2
I £2 — £2£2max£1

n1 > N2

2> &1

n1 > N2

22.3.23 INFN Torino
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Sector decomposition Il

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})nxi i <Mn+2|Mn+2an+2

sub-sec. 1 ~~
singular regular

Regularization of divergences:

1 —1 1 1
T 1—be _ — 4z 1—be B 6 f
\bf_/ \[ g }-l; /0 dx [SE 1=0 / xl—l—bG

pole term reg. + sub.
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Finite NNLO cross section

. ]_ ~Cl __ . .
GRR — R /dCIJn+2 <M510422’M;04)rz> Foio G, = (single convolution) Fy, 44

652 = (double convolution) F,,

. 1
o = o= /d¢n+1 2Re <M§L°+)1’MS+)1> Frit

GYV — % /d(I)n <2Re <M£?> ‘M$3>> + <M$}>(M,§>>) F,

i ~1 L

. i 1—be = b_ + |:x 1 b€]+

sector decomposition and master formula € - %
pole term reg. + sub.

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

1 re-arrangement of terms > 4-dim. formulation [ ]

(07") (o8") (or") (050 05v.050) (o00,000,0h0.000,900) (0FR: OrR:0FR)

separately finite: € poles cancel
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Improved phase space generation

Phase space cut and differential observable introduce
mis-binning : mismatch between kinematics in subtraction terms
> leads to increased variance of the integrand
- slow Monte Carlo convergence

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

22.3.23 INFN Torino Rene Poncelet - Cambridge
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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,rj, ur} ng,
r * Preserve Born invariant mass: =7, =P- Z T
Main steps: j=1

gz

* Generate Born configuration
o * 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,rj, ur} ng,
r * Preserve Born invariant mass: =7, =P- Z T
Main steps: j=1

uz qz
* Generate Born configuration
U

o * 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,rj, ur} ng,
rex 7 * Preserve Born invariant mass: =7, =P- Z T
Main steps: j=1

uz qz
* Generate Born configuration
U

o * 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,rj, ur} ng,
rex 7 i * Preserve Born invariant mass: q Cf q= P— Z T
Main steps: j=1

] Uz

* Generate Born configuration

uq

* Generate unresolved partons  w;

* Rescalereference momentum , _ .5

* Boost non-reference momenta of the Born configuration
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Further technical developments

* Narrow-width-approximation and Double-Pole-Approximation for resonant particles:
* Top-quark pairs + decays [ ]

* Polarised vector-bosons | ]

Automated interfaces to OpenLoops, Recola and Njet

Implementation of state-of-the-art twoloop matrix-elements:
* 2> 2(1):pp > VV, pp>Vj, pp > H(j), ete- > jets, DIS
* 2>3:pp~>3y,pp>2y+j pp-> 3

Fragmentation of massless partons into hadrons

* First application to pp » tt +X > [+l- vv~ B + X (NWA) [ ]

Countless small improvements in terms of organization and efficiency

22.3.23 INFN Torino Rene Poncelet - Cambridge
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Closing the loop

T T

1000 GeV < Hy, < 1200 GeV 1200 GeV < H;, < 1400 GeV

s ATLAS
- wersn iU Particle-level TEEC
z 1400 GeV < Hy, < 1600 GeV 1600 GeV < Hy, < 1800 GeV Vs =13 TeV: 139 fo'
c
g anti-k, R = 0.4
[a)] .
e p. > 60 GeV The technical developments
2 1800 GeV < H,, < 2000 GeV 2000 GeV < H,, < 2300 GeV ml < 2.4 have been Crucial for
S " B applications like event
= o g S S R(’F s shapes @ NNLO (O(10 M)
e e og(m,) = 0. . .
> 2300 GeV < H;, < 2600 GeV 2600 GeV < H;, < 3000 GeV E z CPUh) Without not feasible!
é NNPDF 3.0 (NNLO)
3 —— Data
s - LO
£:= NLO
— NNLO

Data / Theory

0.8 06 04 02 0 02 04 06 08 -08 060402 0 02 04 06 08
cos ¢ cos ¢
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Summary & Outlook

* Three jet NNLO QCD predictions allow for precision pheno with multi-jet final states
* First predictions for R32 ratios and event shapes
* Extraction of the strong coupling constant from event shapes by ATLAS - will contribute to PDG ave.

* Relatively costly enterprise
- effective NNLO QCD cross section tools needed
- optimized STRIPPER subtraction scheme

Outlook

* Many more observables are accessible: azimuthal decorrelation, earth-mover distance based event
shapes, ...

* Stillimprovements to be made on subtractions schemes:
* Better MC integration techniques » ML community has developed a plethora of tools
* Technical aspects like form of selector function and phase space mappings

“three factors of 2 are also a order of magnitude” - difference between “doable” and “not doable”!
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Backup
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More event-shapes |

— 1.4 -
NNPDF30 pur = pr = Hr NNPDF30 pur = pr = Hr
1.2
1.0 1
0-8 1 — === - 0.8 1
1000GeV < : 00GeV
I ! '
< @ m— [,0 s NNLO
= w12 m— NLO ATLAS
o . | . g
2 S8 [ I E—
.9 S
E E
1.2
1.0 4= = - = 1}
R
8 0.8 =
2000G6V S HT,Q I 2000Ge ~ 2
06 T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0'60.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
S| A
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More event-shapes Il

ratio to data

0.8 1

0.6

NNPDF30 pp = pp = Hr
N00GeV < Hpy < 1500CeV
O = NNLO
= NLO ATLAS
JiObGeV < HT’Q < 2000GeV
|
2000GeV S HT’Q
0.0 Of2 014 016 0.8 1.0
C

22.3.23 INFN Torino

ratio to data

NNPDF30 pp = pr = Hr

|ﬁ;\—\;

—

= NNLO
ATLAS

[r—

1500GeV < Hipeg 2000GeV
- Dl T
- .ﬁ_r
2000GeV = 5
0.0 012 Of4 OTG 018 1.0
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Event shapes as MC tuning tool

_— LI I LILELEL I LI I LI I LI | LI L | LI
4 —_—
‘_5 1 06 ATLAS [ Syst uncert. 4= Total uncert. ™
, ~ Al
B 5 o >3[x10°] Vs=13TeV, 139 fb" -
o) 1 0 ) .Qc
~ 10t mn®>4[x10'] 1.0<H_,<15TeV =
o 3 Aniet >5[x%10°] :gcﬁlrigaazég; 1.2
AN10 Y >6[x10"] —MG5_aMC 2.3.3 N
k! 2 — Herwig 7.1.3 (ang. ord) = 1
£ 10 — Herwig 7.1.3 (dipole) "t 08
2 10
Z

n® >5)

10

10%F

MC /Data MC/Data MC/Data MC/ Data

L
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10 e T A s Vit vy gy ] O
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i by by by g by v by 1y . . : \ . A 3
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U
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