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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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Standard Model of Particle Physics and beyond

Higgs discovery 2012
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Credit: ATLAS .
* Isthe Higgs a fundamental scalar?
* What is dark matter?
BUT: . Why is there a matter-anti-matter
asymmetry?
[ ]
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LHC Precision era and future experiments

HiLumi ,
LARGE HADRON COLLIDER

LHC HL-LHC

LS2 13.6 TeV 13.6-14 TeV

energy
Diodes Consolidation
LIU Installation -
inner triplet ) HL LH(_:
Civil Eng. P1-P5 pilot beam radiation limit installation
'"""M
510 7.5 x nominal Lumi
ATLAS - CMS
upgrade phase 1 ATLAS - CMS
5 inal Lumi HL upgrade
Credit: CERN ALICE - LHCb " X nominal Lumi )
: upgrade ' !

-1 integrated [EIUURIN
450 fb luminosity EUIIE

5.11.24 APCTP - Pohang Rene Poncelet — IFJ PAN



Precision phenomenology

* Populate the tails and corners of phase space to
direct discover new particles/interactions.

* Constraining missing pieces such as Higgs potential
(self-coupling and overall consistency of the Higgs
mechanism) and missing Yukawa model

* Precision test of the EW and QCD theory:

particle masses, (running of ) coupling constants,
PDFs, ...

* Tests of the quantum nature of our universe at the
highest possible energies.

- All these directions need precision theory input!

5.11.24 APCTP - Pohang Rene Poncelet — IFJ PAN

Example:

Projected Higgs coupling
measurements
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Precision era of the LHC

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
| Il 1l
mass | =22 Mevic mrzecevie ) [ =1731cevie csrceve | * At the LHC QCD is part of any process!
charge | % % % 0
wnf« W |+ & ||+ & » H 1) The limiting factor in many analyses is QCD
up charm top J higgs and associated uncertainties.
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Precision predictions

Resummation

Fixed order
perturbation theory Parton-showers
Precision theory predictions
Parametric input:
PDFs, couplings (as), ...
Soft physics:

MPI, colour reconnection, _ o
Fragmentation/hadronisation
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Precision through higher orders

Hadronic cross section in collinear factorisation

P2 /
%Qf/ Ohiha—X = Z/ / dz1dzodin, (€1, 4F) D)y (T2, nF)0ij - x (s (WR), 1k, 1F)
\ Parton distribution functions /
H— = Perturbative expansion of partonic cross section:
- _04(0) 151) 25(2) 3
Tab—X = asaab—>X + P ab—>X + XsO b X +O(&S)

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 magnites

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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Hadronic cross section in collinear factorization — NNLO QCD

[ —
Q
P —

/ . . 1 1
" Hadronic X-section: on,n—x = Z/ / daydzagip,
7 Jo Jo

(3317 M%‘)gbj,’w (56‘2, M%’)(%ij—)X (as (,u%%), :u?%v M%)

Parton distribution functions

i

Perturbative expansion of partonic cross section:

5.11.24 APCTP

- Pohang

~(0) 4+ ~ (1) 4+ ~(2) + (’)(042)

Oab—X = Ogpsx T Oupbsx T OubosXx

~(1)

The NLO bit: o

_ ~R ~V ~C
= Oab + Oab + Oab

Real radiation Virtual correction
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Hadronic cross section in collinear factorization — NNLO QCD

Double real radiation

5.11.24 APCTP - Pohang

Parton distribution functions

/ ) ) 1 1
%Q/ Hadronic X-section: on,n,—»x = Z/ /O Ay dza @i py (21, 15 ) D).y (T2, 1) G x (s (), iy W)

i

Perturbative expansion of partonic cross section:

. . (0 (1 (2
Oab—X = ((lb)—>X + C(Lb)—)X + C(Lb)—>X + O(O‘g)

The NNLObit: 62 = 6RR | 6BV 4 5VV | 502 | 5CI

Real/Virtual correction

Double virtual corrections

A R
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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.

Grazzini et al.

WWwW
Grazzini et al.

Grazzini et al.

Hj MCFM at NNLOJ
Boughezal et al. Boughezal et al.
Zy Wy HH w. top-mas ttH (soft-H)

bb ][
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 Zy WwW 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 23 processes - inputs

Two-loop amplitudes

* (Non-) planar 5 point massless external states
[Chawdry'19'20'21,Abreu’20'21'23,Agarwal’21'23,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]

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]
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NNLO QCD cross sections for massless 2 » 3 processes

pp — Yy pp — YYJ PP — Vij PP — G737
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Chawdhry, Czakon, Mitov, gt
RP [1911.00479] , 7 [0eV] Czakon, Mitov, RP
ChaWdth. Czakon, MItOV, Badger, Czakon, Hartanto, [210605331]
Kallweit, Sotnikov, RP[2103.04319] Moodie, Peraro, RP, Zoia + Alvarez, Cantero, Llorente
Wiesemann [2010.04681] [2304.06682 ] [2301.01086]
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Multi-jet observables

HC, CERN
-28 06:09:43.129280 GMT

/1610868530 / 1073

Test of pQCD and extraction of strong coupling constant

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
Czakon, Mitov, Poncelet [2106.05331]

dUé(MR, pr, PDF, ago)
dO’S (JLLR? HE, PDFa 053,0)

R'(uup, ur, PDF, ag) =

* Event shapes

NNLO QCD corrections to event shapes at the LHC =
Alvarez, Cantero, Czakon, Llorente, Mitov, Poncelet [2301.07086] 05

500 1000 1500 2000 2500 3000 3500 4000

HT [GQV]
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Encoding QCD dynamics in event shapes

ATLAS

ATLAS

5.11.24 APCTP - Pohang

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

* Thrust & Thrust-Minor Yl

T = and T, Z |pT2 X AL

>oilpral > i |07l

* Energy-energy correlators

do 71 521
Z / 9 S §(cos A — cos Agj)da ;dx ;dcos Agy;,

02 dcos A¢ dz ;dz jdcos Ay

Separation of energy scales: Hr 2 = pr1 + pr2

Ratio to 2-jet: . dot PDF
) R'(pr, e, PDF, g o) = Uf(uR’MF’ 1250)
dUQ(l‘LR: Hr, PDF: 055,0)

Here: use jets as input > experimentally advantageous
(better calibrated, smaller non-pert.)
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Transverse Thrust @ NNLO QCD

NNLO QCD corrections to event shapes at the LHC
Alvarez, Cantero, Czakon, Llorente, Mitov, Poncelet [2301.01086] ATLAS [2007.12600]
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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;;

* Insensitive to soft radiation through energy weighting z; = Er;/ Z Er;
* Event topology separation: j

* Central plateau contain isotropic events

* Tothe right: self-correlations, collinear and in-plane splitting

* To the left: back-to-back

£ H., > 1000 GeV
o 1.1
i
=
©
£ 09
0 08 . .
—0.8 —0.6 0.4 0.2 0 0.2 0.4 0.6 0.8
cos ¢

[ATLAS 2301.09351]
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ATLAS
Particle-level TEEC
Ys=13TeV; 139 fb’

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

Mo =Py
0(m.) = 0.1180

NNPDF 3.0 (NNLO)
—— Data

-- LO

= NLO
— NNLO
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Double differential TEEC

[ATLAS 2301.09351]

1200 GeV < H;, < 1400 GeV

s
o
a8
ATLAS
= Particle-level TEEC
[0]
= Vs=13TeV; 139 fb’
e anti-k, R = 0.4
% 2000 GeV < H, <2300 GeV pT s> 60 GeV
=
©
[m)
MFt,F = HT
> 2600 GeV < H,, < 3000 GeV
S a(m ) = 0.1180
= V4
s NNPDF 3.0 (NNLO)
(m]
—— Data
--- LO
: 895 NLO
£ == NNLO
S
3

08060402 0 02 04 08 08 -08 060405 0 02 04 06 08
cos ¢ cos ¢
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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 5
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,

arXiv:0911.2710

IIIIIIIII|II1|III|III

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

102 10°

[ATLAS-CONF-2020-025]
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Q [GeV]
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NNLO QCD

0-1 6 _I T T T | I T T T T T T T Iv I T . -I v T I_
= vy CMSttm 5 DI Rgipr o D@incl. jet;pf —
B arXiv:1307.1907 arXiv:1207.4957 arXiv:0911.2710 —
0.14— . CMSM;% § CMSRy;t:  CMSincljetpr ]|
) | arXiv:1412.1633 arXiv:1304. 7498 arXiv:1609.05331 |
- o ATLASR,:%  TEEC7TeV;iz o
-~ arXiv:1805. 04691 arXiv:1508.01579 =
0.12— o TEEC8Tev;= ]
| arXiv:1707.02562 |
B TEEC 13 TeV;n,
0.10— -
0.08— _
L ( Z) 0.1175 *;’(;’0135 (TEEC Gilobal) -
0.06— \\ a,(m)=0.1179 +0.0009 (PDG 2022) —
L L L L 1 L I 1 1 L 1 L 1 1 1 I 1 L L L B
102 10°

[ATLAS 2301.09351] Q[GeV]
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Prompt photon production

Direct production

* Test of perturbative QCD

* Gluon PDF sensitivity

* Estimates for BSM backgrounds

5.11.24 APCTP - Pohang

Fragmentation

* Depends on non-perturbative
fragmentation functions

* Separation from “direct” not unique

Rene Poncelet — IFJ PAN
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Why photon plus a jet pair?

}

Q=T

* Non-back-to-back Born configurations
- access to angular correlations between the photon and jets

* Access to different kinematic regimes through distinguishable photon
- enhance direct, high- or low-z fragmentation

* Background process for BSM: pp — v+ Y (— jj)

5.11.24 APCTP - Pohang Rene Poncelet — IFJ PAN
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Photon plus jet pair

Measurement of isolated-photon plus two-jet production in pp collisions
at sqrt(s) =13 TeV with the ATLAS detector [1912.09866]

Requirements on photon E% > 150 GeV, || < 2.37 (excluding 1.37 < |n”| < 1.56)
EiTSO < 0.0042 - E% + 4.8 GeV (reconstruction level)
‘ E° <0.0042 - E7 + 10 GeV (particle level)

Requirements on jets at least two jets using anti-k; algorithm with R = 0.4
P> 100 GeV, [yf*] < 2.5, AR > 0.8
Phase space total fragmentation enriched | direct enriched
jet2 jetl
Et <pr Ei>pp
Number of events / 755270 111666 386 846
/

Modelled with hybrid isolation
2 No fragmentation contribution
( .= Bos(r) )> for 7 < Ryax = 0.1 ‘

EL(r) < Bimax(r) = 01 EL ()| 1= orp— > Purely pQCD through NNLO

+ > focus on “inclusive” and “direct” PS
Ei (r) <Elmax =0.0042 E (7) +10 GeV  for 7 < Rpax = 0.4
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Theory - data comparisons

NNLO QCD

* Describes data well

* Improvements on the shape
* Small corrections

* Small remaining scale dependence

Comment on the SHERPA predictions

* Large NLO scale uncertainties
* The shape is not well described
* > Newer version fix this issue
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Inclusive vs. direct vs. fragmentation
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I L
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e
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Fragmentation
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Five-point amplitude with one mass
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Overview

“Old school” approach:

Projection Integration-by-parts Differential equations

——ny Ty oy

Feynman Scalar Master Pentagon
diagrams integrals integrals functions

q

Automated framework using finite fields
to avoid expression swell based on
FiniteFlow [Peraro’19]
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Projection to scalar integrals

Generate diagrams contrlbutlng to leading-colour) with QGRAF

_ 1%
d Uu
\\8 :E i
S b
e § d b
Factorizing decay: A(™ = A""*D, P M) = Z AQ” A = M{M* D, | PP
spin
Projection on scalar functions (FORM+Mathematica): (L) pv S (L) pv
: . . L MM = a0
- anti-commuting ys + Larin prescription —

o= 0= 3 e((p) 9T((p)
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Integration-By-Parts reduction

(L) D Z ci.i({p}, OZ({p}, ) > prohibitively large number of integrals

d d
L)) = 2, (o = [ G TR H D (b k)

Integration-By-Parts identities connect dlfferent integrals > system of equations
- only a small number of independent “master” integrals

0= [ Gt HD‘”” (b} (k) with 1€ {p} N (k)

LiteRed (+ Finite Fields)
- o7 = d;i({p}, OMI({p}, ¢)

5.11.24 APCTP - Pohang Rene Poncelet — IFJ PAN
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Master integrals & finite remainder

Differential Equations:  dMI = dA({p}, e)MI [Remiddi, 97]
[Gehrmann, Remiddi, 99]
Canonical basis: dMI = ed A({p})MI [Henn, 13]

Simple iterative solution o Chen-iterated integrals

‘ MI,; = Z 6“’1\7[12” with 1\7[120 — Z Ci M "Pentagon”-functions
w j [Chicherin, Sotnikov, 20]
[Chicherin, Sotnikov, Zoia, 21]

Putting everything together (and removing of IR poles):

£ = alP _ poles P =357 ¢ ({p})my + O(e)

J

5.11.24 APCTP - Pohang Rene Poncelet — IFJ PAN 30



Reconstruction of Amplitudes

[Badger'23]
49 lq 4!] 1(1 49 1{1
B N\ 5y V5,
3y 2 3y 2 3y 2
A AG A A, A AL A A
o e o amplitude helicity original stage 1 stage 2 stage3 stage4
New optimizations o
AQ): 44—+ 94/91  74/71  7T4/0  22/18 220
Syzygy's to simplify IBPs A2 444 93/89  90/86 90/0  24/14  18/0
o . : ADUNG 4 90/88  73/71  73/0  23/18  22/0
* Exploitation of Q-linear relations I / / / / /
AW UNE L p 4 90/86  86/82  86/0  24/14  19/0
* Denominator Ansaetze AN 444 9/82  T4/6T  T3/0  27/14  20/0
. .. ADMNe 4 4 85/81  61/58  60/0  27/18 _ 20/0
On-the-fly partial fractioning S L 4 4 ‘ i
AQN w4 58/55 W54/51  53/0 20/ 20/0

Massive reduction of complexity
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Wbb @ NNLO QCD

[Hartanto, Poncelet, Popescu, Zoia 22]

* LHC @ 8TeVin5FS, NNPDF31, scale: Hr = Ex(lv) + pT(b1) + pT(b2)
* Phasespace definition to model [CMS, 1608.07561]: pT(l) > 30 GeV |y(l)| < 2.1 pT(j) = 25 GeV, |y(j)| < 2.4

* Inclusive (at least 2 b-jets) and exclusive (exactly 2 b-jets, no other jets) jet phase spaces
(defined by the flavour-kT jet algorithm [Banfi'06])

* Inclusive :
~+20% corrections
~ 7% scale dependence
* Exclusive:
~+ 6% corrections
~2.5% scale dependence (7-pt)

inclusive [fb] | Kinc exclusive [fb] Kz
4% 4%
oo 220707 - | a2 | -
oxto | 362.0(6)T1371% | 17 | 249.8(4) 50 I0E | 17
oxnLo| 445(5)T3T% | 1.23 | 267(3)T5 5T | 1.067

Compare decorrelated model: [Steward12]

~11% scale dependence

5.11.24 APCTP - Pohang

OWbb,excl. — OWbb,incl. — 9Wbbj,incl.

AUWbE,excl. — \/(AOWbB,incl.)2 + (AO-VVbEj,incl.)2

Rene Poncelet — IFJ PAN
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Differential cross sections

Transverse momentum of lepton

102 —
- — NLO;
T 1073 o
[G] —— NNLOjnc
b
g 1041 —— NLOexc
= —— NNLOexc
= 1075 4
Q
B o]
S
©
1077 5
1.4
£12 = sss .
5 T
9 ;
2 1.0 "
S o8
° ‘
T 0.6 ‘ ‘
o« \ | I
041—— |0 —— NLOjc —— NNLOjnc
1%}
B
o
s |
=
o
e
°
2
©
o
064 = NLOexe ~ —— NNLOgxc
50 100 200 400
pr,. [GeV]

5.11.24 APCTP - Pohang
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Invariant mass b-jet pair

do/dMp; [pb/GeV]
= =
3 3

._.
=
&

=
N
L

Ratio to NLOjnc
o
® o

o 9
> o
\ ,

LO e NLOjse = NNLOjnc

7%
1277

1.0 %

Ratio to NLOegyc

2
©

N \\'\X R QeI N e e

NLOexc —— NNLOexc

IFJ PAN

100 200 500 1000
Mp; [GeV]
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Take home messages

* Precision at collider needs precise predictions
> Higher order QCD corrections are crucial to compare to current and future LHC data

* Very good description of data using perturbative NNLO QCD
> Significantly improved theory uncertainty estimates
> First phenomenological applications: extraction of the strong coupling constant

* Completion of massless 2 » 3 processes at hadron colliders through NNLO QCD
pp — YV pp — YY) pp — 73] PP —J3])

* Most important bottlenecks:
-> Monte Carlo integration of real radiation contributions » improved methods needed!
- Two-loop amplitudes
(including external/internal masses are the current frontier)

5.11.24 APCTP - Pohang Rene Poncelet — IFJ PAN
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Backup
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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
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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!
7 (2) = 6RbR + URJ}/ + OVbV + 65 b + 5051 Tab %/dq}”” <M”+2’M”+2> e
a
v 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)

~C2 .
> Laurent expansion: Z cie + O(e 6., = (double convolution) F,,

1=—4
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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
@]

5.11.24 APCTP - Pohang Rene Poncelet — IFJ PAN 38



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:
N 0
= 3(1—cosfiy) €[0,1] & = 5 €0,1]

A

i

- 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
Il N2 — M2M1
2 > "2
no — 5 M2
111

S1 Sy

Soa3

2> &1

n1 > N2

N2 — M2M1

1
771>§1
n1 — 1— 5m

5.11.24 APCTP - Pohang Rene Poncelet - IFJ
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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@ ;L dﬂ({xz})HZEi i <Mn+2|Mn+22Fn+2

sub-sec. ~ ~~
smgular regular
Regularization of divergences:
—1
—1—be —1—be 1
T = — 4|z —1-b f(z
be \[ LD / dz [@ ‘] / l—l—be

pole term reg. + sub.
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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 — IFJ PAN
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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
5.11.24 APCTP - Pohang Rene Poncelet — IFJ PAN
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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

o
~
3

* 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

5.11.24 APCTP - Pohang Rene Poncelet — IFJ PAN
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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: ¢ =q, §=P— Z
Main steps: 7=l

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

o
~
3

* 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,rj, ur} ng,
- e * Preserve Born invariant mass: ¢ =q, §=P— Z
Main steps: 7=l

] Uz

* Generate Born configuration

uq

* Generate unresolved partons  w;

* Rescalereference momentum , _ .5

* Boost non-reference momenta of the Born configuration

5.11.24 APCTP - Pohang Rene Poncelet — IFJ PAN
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Systematic Uncertainties TEEC

Experimental uncertainties Theory uncertainties

°\|_°| 8 ‘_I I § | L I 1T I T T | S A I L l L l LI T § | T T 7T l T l_ OE! _| T I T T 1T I T T 1 : [ T i T 1 71 l N N l T 1 1T I T 1 71 I E T ¥ I T l_
= - ATLAS TEEC — Total syst.  --- JES ’ o~ 6~ ATLAS -+ Scale p .~ PDF eigen. ]
£ 6 Vs=13TeV; 139" - MC Mod. --- JER — .:% ~ TEEC Vs =13TeV ~-ag(m_) var. -~ non-pQCD ]
§ 4:_ Unfolding —JAR ] § 4~ MMHT 2014 (NNLO) — Total syst. o
5 n — = , . ]
Q - Tl i o | © — T
g : B e ':':"; 1 '.(-U' LML L P VRSP PTRET S O D ST SRy ._;.-_r"_rll'{
o 0 e oo eieioioieieisioieiioisieicisisiioin.os _,_._.__Fl E) s _,
g - 1 g cr - ]
0%) C 2 :s":: ) b ireiasesamin e e s
-2 "'""“""""""-"-"-"-”-"-"-"-"-"-"-"-"-".".".".':".“_';';';';-;-;'-_-;--_'-_--_-‘_~;;-;--_‘-_-x_--_--_--_v-_-:-_--_--_-' """ 7 [oemee . e 1]
- TT— T =] -2 :_r.r":"_‘;t:: ---------------------------------------- i
= — B '.—.
- H,,> 1000 GeV - 4 Hy, > 1000 GeV L
— _—r v v e by by v e by b b by by 1—_ L e v by e b b by e b Ly gy 1y N

-1 -08 06 04 02 0 02 04 06 08 1 08 06 04 02 0 02 04 06 038
cos O cos ¢

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

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

ATLAS

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

ATLAS ATEEC Vs = 13 TeV (NNLO)
This analysis

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

1
——
1
1
1
: ATLAS TEEC s = 8 TeV (NLO)
—h— Eur. Phys. J. 77 (2017) 872
1
1
—-i—

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

St pdodions 45T (o) * Individual precision large but comparable
—. g i et to top or jets-data.
CMS W* and Z production Vs = 7 and 8 TeV (NNLO)

[ B ECOR{EIR0T * However: extraction at high energy scales
il

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

1

1
v e v b e by e by oy by b by
0.11 0.12 0.13 0.14 0.15 0.16 0.17

og(m,)
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Using the running of agto probe NP

[Llorente, Nachman 1807.00894]

1 2 4
: : . . Bo= (11 —nf - —nXTX>
Indirect constraints to NP through modified running: Am 3 3
1 38 C
° Bo log z B2 logz ’ Adep
New fermion limits using NLOJet++ & ATLAS daz‘a1
5 20 . IR "
@ 0.13— l — g
g E e E ATLAS —os d&’
012 -7 TEEC@7TeV
B i O
0.1 & data 0.6
0.1 ...' ~~~~~~~~ - ‘ 0.4
= Standard Model TN\ vel,, T h
I SM + Dirac triplet Mler,, ]
o SM+ Diracoctet - . -
008 o gD R e ... 1.
- — - SM+ Dirac decuplet . P — Observed
008~ . . . . | , , T
50 60 10 2x107 3x10 10° e T T T
Q[GeV] my [GeV]
Update with TEEC@13 TeV
S .
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... or 'new’ SM dynamics

= 0.100
3 0.095
0.090
0.085
0.080
0.075
0.070
0.065

II|IIII|IIII|IIIIIIIIIIIIIIIIIII'IIII'

NNLO pQCD; MMHT 2014 (NNLO)

+0.0035
( ) 0.1175 *"%* (TEEC Global)

=0.1179 £ 0.0009 (PDG 2022)

[

TEEC 13 TeV
e MMHT 2014
v NNPDF 3.0
s CT14

II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|

2 3

e

4
L= A [TeV]

Systematic slope
- New physics?

5.11.24 APCTP - Pohang

Rene Poncelet —

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!

IFJ PAN 51



Photon isolation

Hard cone
* Experimental hard cone:

E (r) <Elmax =0.0042FE (7) + 10 GeV  for 7 < Rpax = 0.4
* Theory perspective:

Not collinear safe in perturbative QCD
due to q » qy splittings

Credit: Marius Hoefer (talk@SM@LHC22)

- Non-vanishing fragmentation contribution
(NNLO QCD with frag. [2201.06982][2205.01516])

5.11.24 APCTP - Pohang Rene Poncelet — IFJ PAN
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Photon isolation

Smooth cone
* by Frixione [hep-ph/9801442]

1 — cos(r)

2
f < Rpax = 0.1 f e
1-— cos(RmaX)) o= R

EJ_(T) S Elmax(r) =0.1 E_]_("y) (

- Theoretically convenient ‘ [
- Removes fragmentation contribution
-> Experimentally limited by detector resolution

Hybrid cone
* [16711.07226][2205.01516]

* Combines smooth & hard cone

* Fair approx. to hard cone [2205.01516]

Credit: Marius Hoefer (talk@SM@LHC22)
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Fragmentation contribution

* ATLAS photon requirements
(same as for pp — v+ 25 )

* Comparison between:

* "default” NNLO with fragmentation
* "hybrid” NNLO with hybrid isolation

* Fragmentation contr.
* ~5% atsmall Ex(y)
* ~<1% at high Er(7v)

5.11.24 APCTP - Pohang

[2205.01516]
NNLOJET PPy *fjet VE=13 Tev
10t NNLO default
1001 NNLO hybrid

NNLO democratic
NNLO loose
NNLO no iso

NNPDF40_nnlo_as_01180

do/dp} [pb/GeV]

10°5 uF:PR:P¥: pa:mconetP'\["

py>125 GeV, [n,1<2.37, [1.37,1.56] excl.

10—6 N
p**>100 GeV, |yjerl<2.37, ARyjer=0.8
10-7
1.2
1.1
| —\i
1.0
200 300 400 600 1000

py [GeV]

Rene Poncelet — IFJ PAN
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Missing effects

_ppoy+X at+s =8Tev ; yl<0.6 [1509.01967]

Electro-weak corrections

* EW Sudakov logs at high E | (v) \
» ~O(-10%) above 1TeV g™ |

* Further improvement of theory/data -20/
Fragmentation _a0]
* More relevant at small EJ_ (’Y) 200 400 600 800 1000 120\ 1400
: poieh) Inclusive
* For pp - ~v+ X : o(hybrid) > o(frag.) BTN T e ———
* Inclusion might cure slightly high S
normalisation < 1
S 0s
E
0.6 o

E1(7) [GeV]
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Missing effects

e === [2205.01516]

Electro-weak corrections o
* EW Sudakov logs at high E, (v) % =

* ~O(-10%) above 1 TeV i b

* Further improvement of theory/data | BRI
Fragmentation

* More relevant at small E1(v) . =

000000

—
S 7
s
ksl
B
S

Inclusive

* For pp - ~v+ X : o(hybrid) > o(frag.)

* Inclusion might cure slightly high
normalisation
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