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@ Jet cross section ratios?
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Motivation

measurements In this presentation

Study of QCD (precision measurements) Run 2 analyses are discussed

@ Extraction of as(mz), running of as(Q)
@ Tune Monte Carlo event generators
o

Constrain Parton Distribution Functions
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Jet measurements

@ Study of QCD (precision measurements)
@ Extraction of as(mz), running of as(Q)
@ Tune Monte Carlo event generators

@ Constrain Parton Distribution Functions

Multijet cross section ratios

@ Determination of the strong coupling constant as(mz)

@ Investigation of as running in TeV scale
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Jet measurements

@ Study of QCD (precision measurements)

@ Extraction of as(mz), running of as(Q)

@ Tune Monte Carlo event generators

@ Constrain Parton Distribution Functions

Multijet cross section ratios

@ Determination of the strong coupling constant as(mz)

@ Investigation of as running in TeV scale
In ratios (R) with
()

@ Numerator: topologies with at least 3-jets (~ a2 ©LO)
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Jet measurements

@ Study of QCD (precision measurements)

@ Extraction of as(mz), running of as(Q)

@ Tune Monte Carlo event generators

@ Constrain Parton Distribution Functions

Multijet cross section ratios

@ Determination of the strong coupling constant as(mz)

@ Investigation of as running in TeV scale
In ratios (R) with

o

@ Numerator: topologies with at least 3-jets (~ a2 ©LO)
Benefits

v/ Cancellation of systematic effects e.g. luminosity
v/ Reduction of theoretical uncertainties e.g. non-perturbative
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ATLAS - TEEC: Observable (1/2)

Transverse Energy-Energy Correlations (TEEC)

1 dy E7
v dcosd NZZ ZkEﬁ d(cos ¢ — cos ¢jj)

Normalised to o
Weighted by Er = coshy
i,j, k: indices over all jets @ 4(x): Dirac function — ¢ = ¢;

¢jj: angle in transverse plane

e N multijet events
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ATLAS - TEEC: Samples and event selection

@ Associated azimuthal (A)symmetries of (A)TEEC
@ Cancel uncertainties symmetric in cos ¢

@ Difference between cos¢ > 0 and cos ¢ < 0 of TEEC:
1d3yem 1 dy 1 dx
odcos¢p o dcos¢¢ o dcos¢

T—¢
@ TEEC and ATEEC sensitive to gluon radiation and as
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ATLAS - TEEC: Samples and event selection

@ Associated azimuthal (A)symmetries of (A)TEEC
@ Cancel uncertainties symmetric in cos ¢

@ Difference between cos¢ > 0 and cos ¢ < 0 of TEEC:
1d3yem 1 dy 1 dx
odcos¢p o dcos¢¢ o dcos¢

T—¢
@ TEEC and ATEEC sensitive to gluon radiation and as

Event selection
@ Select high-pr jets:

Full Run 2 (2015-2018)
— /s =13 TeV, Lj =139 fb*

— Single-jet trigger minimum
threshold: p7 = 460 GeV

@ Phase-space selection:

Jet reconstruction (FASTJET)

— pr > 60 GeV
@ Jet algorithm: anti-kr ~ |yl <24
@ Jet size: R=0.4 — Hr2 = pr1 4+ pr2 > 1 TeV for 2

leading jets, in bins of Hrs
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ATLAS - TEEC: Unfolding and Systematic uncertainties

@ Unfolding using iterative algorithm based on Baeysian theorem

@ Parametrise probability of gen jet in bin i — rec in bin j : Mj; transfer matrix (from
MCQ)

@ Inverse problem: R; = Z,N:l %Mij T;,  &i(Pi): efficiency(purity) corrections

@ Ri(T;): content of detector(particle) level distribution in bin i(j)
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ATLAS - TEEC: Unfolding and Systematic uncertainties

@ Unfolding using iterative algorithm based on Baeysian theorem

@ Parametrise probability of gen jet in bin i — rec in bin j : Mj; transfer matrix (from
MCQ)

@ Inverse problem: R; = ZN S’ M;T;,  Ei(Pi): efficiency(purity) corrections

@ Ri(T;): content of detector(partlcle) level distribution in bin i(j)

Total: 0.5-3.2% JES: 0.5-2.5% Total: 0.5-1.3% JES: 0.4-0.7%
Modelling: 1.5-2%  JER: ~ 0.25% Modelling: <0.5%  JER: <1%
JAR<0.5% JAR<0.5%
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ATLAS - (A)TEEC: Experimental results
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(1/0) dZ/d(cos @)

MC / Data

ATLAS - (A)TEEC: Experimental results

o
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@ Steeply falling distributions by
several orders of magnitude

@ Best description by SHERPA
and HERWIGT

(1/o) d=*™/d(cos @)

MC / Data

@ Two peaks: cos¢p = —1, 1
@ Central plateau: wide-angle radiation
@ Kink: dependence on R

@ Best description:
SHERPA and HERWIGT

ATLAS —e— Data (Stat. O Syst. unc.)

Pythia 8.235

Sherpa 2.1.1

Vs=13TeV; 139fb* s Herwig 7.1.3 (Ang. ord.)
4 Herwig 7.1.3 (Dipole)

Particle-level ATEEC

[ Hp,>1000 GeV o 71,

anti-k, R = 0.4; P> 60 GeV; In|<24
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ATLAS - TEEC: Fixed-order pQCD

2 12 > 1000 GeV
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ATLAS - TEEC: Fixed-order pQCD
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ATLAS - TEEC: Fixed-order pQCD

Data / Theory

Data/Theory ~ Data/Theory ~ Data/Theory — Data/Theory

Data/ Theory

L2ET 4> 1000 Gev
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ATLAS
Particle-level TEEC
Vs=13TeV; 139 fb*

Predictions up to NNLO

anti-k, R=0.4
p, > 60 GeV
nl<2.4

Hep=Pr

us(mz) =0.1180
MMHT 2014 (NNLO)
—— Data

=== L0

=== NLO

= NNLO

Nice Data - Theory agreement

<— Agreement within uncertainties

ifferential dijet
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ATLAS - TEEC: Fixed-order pQCD
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- Cross section ratios: Observable (2/2)

Measurement
@ Differential cross sections of multijet events
@ Ratios between different inclusive jet-multiplicity bins e.g.

__ 3—jet __ 4—jet __ A—jet __ 5—jet
(Rs2 = 2—jet’ Riz = 2—jet’ Ras = 3—jet’ R4 = 4—jet)
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- Cross section ratios: Observable (2/2)

Measurement
@ Differential cross sections of multijet events
@ Ratios between different inclusive jet-multiplicity bins e.g.

3—jet 4— jet 4—jet 5—jet
(Rip = 3t Ryp = 4t Ry, — 4oiet Ry, — S—iety

2—jet! 2—jet! 3—jet! 4—jet

v

Variables sensitive to energy scale

@ Hro=pr1+prpo if 3 jet exists: varying pr.3 thresholds to
understand resummation effects

o p’}""“’: inclusive jet pr in bins of multiplicity
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ross section ratios: Observable

Measurement
@ Differential cross sections of multijet events
@ Ratios between different inclusive jet-multiplicity bins e.g.

__ 3—jet __ 4—jet __ A—jet __ 5—jet
(Rs2 = 2—jet’ Riz = 2—jet’ Ras = 3—jet’ R4 = 4—jet)

A

Variables sensitive to energy scale

@ Hro=pr1+prpo if 3 jet exists: varying pr.3 thresholds to
understand resummation effects

o p/-,\!’"c': inclusive jet pr in bins of multiplicity )

Variables sensitive to topology:

@ Leading jets in the event:

B Ayj: absolute value of rapidity difference
B mj: invariant mass

@ All selected jets in the event:

B Ayjj max: absolute value of rapidity difference
B mjj max: maximum dijet invariant mass

A
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ATLAS - Cross section ratios: Samples and event selection

Full Run 2 (2015-2018)
— /5 =13TeV, L =139 fb!

Jet reconstruction (FASTJET)

@ Jet algorithm: anti-kr
@ Jet size: R=0.4
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ATLAS - Cross section ratios: Samples and event selection
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ATLAS - Cross section ratios: Precision study

@ Jet energy scale calibration:
=» Dominant systematic uncertainty source
@ Precision improvements:

= Jet flavor response dependence
= Single hadron response extrapolation to jets

@ Significant reduction of JES

0.06 e
Data 2015-2017, Vs = 13 TeV ATLAS
anti-k, R = 0.4, PFlow+JES

n=00

0.05

[ Total uncertainty, di-jets
[ Total uncertainty, before precision update, di-jets
— In situ calibration

-+ Flavour generator/shower

0.04

lavour hadronization

Fractional JES uncertainty

0.03 - Flavour shower =
C -+~ Pileup components 7
C = = - Single particle deconvolution |
0.02F =
0.01 J

20 3040 102 2x10% 10° 2x10°
P [GeV]
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ATLAS - Cross section ratios: Jet flavor response

o = — T T — T —3 9 = — T T — T ™
£ £ ATLAS Simulation 1 £ £ ATLAS Simulation ]
Il 1.05 Vs=13Tev o Pythia8 (v8.235) + Al4 — el 1.05 Vs=13Tev o Pythia8 (v8.235) + Al4 —
EQ»— = Particle flow jets 4 Sherpa 2.2.5 AHADIC++ B EQ»— = Particle flow jets 4 Sherpa 2.2.5 AHADIC++ Il
a 1 04§ Gluon jets, [n| < 0.7 v Sherpa 2.2.5 Lund e 1.04 Quark jets, |n| < 0.7 v Sherpa 2.2.5 Lund E
- B Sherpa 2.2.11 AHADIC++ (tuned) 48 - 7k Sherpa 2.2.11 AHADIC++ (tuned) B
= C 4 Herwig 7 (v7.1.6) Angular Shower = C 4 Herwig 7 (v7.1.6) Angular Shower
= 1.03 v Herwig 7 (v7.1.6) Dipole Shower —| = 1.03[— v Herwig 7 (v7.1.6) Dipole Shower — —]
LI 1.8 F ]
e 1.02; = 1.02;_ 3
< i P ]
§, 101 48,1007 — E
= E 1< E ™ —— 9
= E & C =i, E il 7
= 1L = 1= D= e ==
1= 1~ et =
- - S &
0.99 . 0.99 -
= L ool L L | | = L ool L TR | |
30 40 10°  2x10° 10°  2x10° 30 40 10°  2x10° 10°  2x10°
pre [GeV] pre [GeV]

Parton that initiated jet determines its internal dynamics

Jet flavor response: uncertainty of actual spectra from data and
relationship with JES

Gluon-initiated jets (left): differences up to 4% with PyTHIA
Quark-initiated jets (right): differences up to 1.8% with PyTHIA
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ATLAS - Cross section ratios: Jet flavor response

ATLAS Simulati‘on
(s =13 TeVv Pythiag (v8.235) + Al4
Gluon jets, || < 0.7 Sherpa22.5 Anapic++
v Sherpa 2.2.5 Lund
Sherpa 2.2.11 AHADIC++ (tuned)
ythia8 (v8.235) + A14 Quark jets

o

I
N}
i
U A LA

OBaryon Energy FractionC
o
N
N

o
T \‘m‘umu‘\ il

MC / Pythiag

0‘87_ .............................................

o
=)
T

30 40 107 2x10°

@ Baryon energy fraction for PYTHIA: shown
to illustrate the size of possible differences
due to jet flavor

@ For SHERPA with cluster hadronisation:
lower energy fraction by baryons
than PyTHIA
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ATLAS - Cross section ratios: Jet flavor response

U E T 3 & E T T T T T T T =
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“ 1.04F E
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3 L o 3
Y- 3 = £ P e
o i —0,0.;E =
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@ Baryon energy fraction for PYTHIA: shown @ Larger baryon energy fractions
to illustrate the size of possible differences —lower response

due to jet flavor @ Most baryons: (anti-)protons and

@ For SHERPA with cluster hadronisation: (anti-)neutrons
lower energy fraction by baryons
than PYTHIA
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ATLAS - Cross section ratios: Jet flavor response

@ Jet flavor response previously taken by plain comparison between PYTHIAS8
and HERWIG++

@ Split into three separate uncertainty components by comparing different
aspects of MC generator setups:
— Flavor generator/shower: PYTHIAS vs. SHERPA 2.2.5 w/ Lund string
hadronisation

— Flavor hadronisation: SHERPA 2.2.11 w/ AHADIC cluster-based
hadronization vs. SHERPA 2.2.5 w/ Lund string hadronisation

— Flavor shower: HERWIG 7.1 w/ angle-ordered PS vs. HERWIG 7.1 w/
dipole PS

@ Uncertainties derived separately for five different jet flavors (u or d, and s,
¢, b and g) and applied according to jet label in simulated event samples

@ Subdominant effect of final uncertainty compared to the initial
leading contribution of jet flavor response
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ATLAS - Cross section ratios: Unfolding and Exp. uncert.

@ Statistical uncertainties arise from finite MC and Data sample size

@ Treated during unfolding:

@ Replicas of measured spectra are created containing Poisson-distributed
fluctuations around nominal distributions

@ Response Matrix is varied using these pseudo-experiments
© Replicas unfolded with varied RM — replicas of unfolded spectra

@ Statistical uncertainty: standard deviation of replicas

2z R ‘ R @ 2D Unfolding (ROOUNFOLD):

l§ i A\\gﬂ;/ﬁmv, 140 fo't Ell(;t:;mons f:gast ] observable bins and exclusive Njets

g . pRT3‘23>60 ce Modeling - JER @ 3D for varied pr1.3: Hro, Njets, p1,3

-% _‘—4_\\ @ Recombination of exclusive

K ) S — T — inclusive Njes distributions
= Tot: 1-45% Stat: < 1%

i ] Cond: <2%  JES: 1-3.5%

s 10 240 Model: <1% JER <1%
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ATLAS - Cross section ratios:

Fixed-order pQCD

Theoretical predictions

@ 2- and 3-jet cross sections
(NLO and NNLO)

@ PDF set: MSHT20
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ATLAS - Cross section ratios: Fixed-order pQCD

Theoretical predictions o’ 7 ATLAS ' Data 1
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e e .
0.2;Ja § E!
0.1; é
I : =
of LERD 0 @@00 e 0aaaoon o g —
88 » .
e o9 ‘ E
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ATLAS - Cross section ratios: Fixed-order pQCD

Theoretical predictions [ ATLAS @ Data
. . T (s =13 Tev, 140 fo* &' NLO ]
@ 2- and 3-jet cross sections oeb P..>60GeV = NLO ]
(NLO and NNLO) T -
o6 QQQEQ“ -
@ PDF set: MSHT20 r ﬂ_@ﬂ
~ 0.4:— ﬂﬂ; B
° Hr = pf = HT = ZiEpartons PT,i isﬂ'i' ]
0.2~ —
_ 3—jet (NNLO) E 1
® R:(NNLO) = 3= xnrof N ‘
. %% 11 0 @@oROREooDDFIoR I Iny
o ,ﬁ* ’ * ** =
& osf 3 @~ o9 E
& E ATLAS S8 Data ] 3102 T 210° 3x10°
07 Vs =13 TeV, 140 fo™* O NLO E H,, [GeV]
06F pT’3>0-10%F;A/NNLO——> Peak dependent on pr 3 cut
0.5 E
0.4t ﬂﬂg QQQQ : - .
ot g_;_ U@gﬂ . E NLO prediction: overestimates Rs;
02 @ ¢ . .-
E E NNLO prediction:
0.1+ 4
2 E 1 3 = Reduced scale uncertainty
_9% 1 @0 000 0gonaHo) 2 w : .
So RS EmeEReEe—— E > Nice agreement between Data
T o par and Theory
H, [GeV]

Argyro Ziaka (University of loannina) Multijet and multi-differential dijet QCDGOLHC 2024 16 /29


https://doi.org/10.48550/arXiv.2301.01086

ATLAS - Cross section ratios: Fixed-order pQCD

B High Energy Jets (HEJ) framework

— Leading logarithmic QCD corrections in §/p%, all orders of
as and SM processes

— Resummation of logarithmic correction and matching to
fixed-order accuracy: pp — 2j, 3j, 4j, 5j, 6j at tree-level

~ e = pr = Ar/2

— PDF set: NNPDF3.1NLO, as(mz) = 0.118

o T T T T g e T e =
@ 08 ATLAS e Data 3 sl ATLAS e Data E
07 Vs=13TeV, 140 fb* 5 HEJ E E Vs=13TeV, 140 ™ 5 HEJ E

E ] 0.7 =

0.6 £ E|

£ 0.6 =

osE . osE . & E

0.4 OO g 5 o 3 F E.W U e 3

g seese ] R 3

03E E 03k E

I E| a8 E

0.2 E 02:3 3

01 E 01F E

2 R S SO [~ -] 1 : : : 1 1 H
o % 11 e s an s E o % 11 _poonoao E
S8 e e I B e -
& 098] DDD\D L I L L 2o | & 0980 L L L L . L L L =
0 1 2 3 4 5 6 7 8 0 1000 2000 3000 4000 5000 6000 7000 8000

A m; [GeV]
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CMS - Ra,: Observable (1/2)

RA¢ =

2-jet topology
P11

Pr2

Ry, (pr) entries
Ap~ T
Numerator: 0
Denominator: 2
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CMS - Ra,: Observable (1/2)

Jets with neighbours within azimuthal separation:

27/3 < A¢p < 7w /8 and pr > 100 GeV (~ o GLO)
3

RA¢ =

Nijet i nbr
Zi;{(pT) lelb)1(A¢7 Y ! )

Tmin

2-jet topology

3-jet topology (all jets with pr > 100 GeV)

pT'l P?vl p'[‘l:lr V“l‘l"‘[r
a9 ag2 a9
A
¢ ng2
"
g2 & 4 &
Ry, (pr) entries
Brz Numerator: 2 + Numerator: 1 + Numerator: 1
. 27/3 < Ap,1 <7m/8 27/3 < Ap,1 <7m/8 27/3 < Ap,1 < 7m/8
Rp4(pr) entries|2n/3 < ap2<7n/8  Ap2<2n/3 Ap2 < 27/3
Ap~ T

Numerator: 0
Denominator: 2

Denominator: 3
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https://doi.org/10.1016/j.physletb.2012.10.003

CMS -Rp4: Samples and event selection

Full Run 2 (2016-2018) — /s = 13 TeV,
Line = 134 fb~!

Jet reconstruction (FASTJET)

@ Jet algorithm: anti-kr
@ Jet size: R=0.7
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CMS -Rp4: Samples and event selection

—~ 0.45 . 134 fb (13 TeV,
EL; Fcvs e Powheg + Herwig++ E
3 E
Full Run 2 (2016-2018) — /s = 13 TeV, o 0 e Powheg + CUETP8M2
Line = 134 fh~1 ok 0 Powheg + CUETP8M1

Jet reconstruction (FASTJET)

F Anti-k; R=0.7
i : i- 2k vl <25
@ Jet algorithm: anti-kr 02 L,
@ Jet size: R=0.7 0.15E- P =100 GeV
v C —e— Data
C 1
ol T
. 8 12 Exp. uncertainty I
Event selection 9

@ Phase space:

— pr > 50 GeV _
- lyl<25 08 . ;
400 500 17000 2000 3000
@ Numerator criteria: p, (GeV)

— (A Pmin, Admay) = (27/3,77/8) Powheg overestimates the measurement

— P — 100 GeV — Fixed-order pQCD needed
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Experimental uncertainties

(Equivalent observable definition)
Nie i nbr
S N (A, pi) _ 3, PN (pr, n)
Niet(pr) >0 N(pr, n)

— where n is the number of neighbours
and pr is jet's transverse momentum.

RA¢ =
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(Equivalent observable definition)

S NO (A, pii,

_ Zn nN(pT’ n)

R =
e Niet(p1)

- Zn N(pT7 n)

— where n is the number of neighbours
and pr is jet's transverse momentum.

(Gev)

> 2D unfolding of N(pr, n) distribution.

e
pT

v’ Migrations among pr and among n bins.

v/ Account for non-trivial numerator-
denominator correlations.

Stat.: 0.18 —10.49 %
JES: 0.65—5.00 %
JER: 0.04-0.77 %
Other: < 1%

A All uncertainties remain
below 1% up to 1.5 TeV

((Probability matrix for the 2D N(pt, n))

2000
1000

200
2000
1000

200§

2000
1000

2000

1000

CMS Simul
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Fixed-order pQCD

Theoretical predictions
@ Fixed-order predictions pQCD NLO
@ NLOJET++ (up to 3 jets NLO)
@ fastNI,Q framework
@ LR = ufF = I:IT/2 with
’:IT = ZiEPartons PT,i

@ Separate calculation for numerator
and denominator
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CMS - Rpy4: Fixed-order pQCD

Theoretical predictions
@ Fixed-order predictions pQCD NLO
@ NLOJET++ (up to 3 jets NLO)
@ fastNI,Q framework
@ ur=pF= I:IT/2 with

134 fb* (13 Te

0.35

RuglP,)

0.3

0.25

0.2 Ar=% .
T 3 PT,i
Data ] lEpartons.
0.15 = @ Separate calculation for numerator
— NNPDF3.1(ag(m,)=0.118) [ NP 0 EW] .
— z E and denominator
0.1=[""] Scale uncertainties %

Theoretical predictions for Ra
@ Corrected for NP and EW

0.05 :_. PDF uncertainties

fa E
9 1l2f
E 1k - @ Data-Theory agreement (within
R S S SN — : uncertainties)

0.9 @ Uncertainties:

0.8F 3

200 500 1000 2000 3000 o Pl A2
p, (GeV) e Scale: 2-8% )

A NNLO predictions not yet available for Rag !
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CMS - Rpay: Fixed-order pQCD

~
o
=
[
=]

Ray sensitive to as:
0.0117

as(mz) = 0.117%4 007

e as(Q) results consistent

with predictions by RGE

e Extended range up to
~ 2 TeV

0.25(—

T
A CMS R,, 7 TeV : EPJC 73:2604 (2013) —
v CMS 3-Jet mass 7TeV : EPJC 15:186 (2015)
+ CMS incl. jets 7 TeV : EPJC 15:288 (2015)
* CMS incl. jets 8 TeV : JHEP 03:156 (2017)
= ATLAS TEEC 8 TeV : EPJC 77:872(2017)
+ ATLAS RAW 8 TeV : PRD 98:092004 (2018)
. CMS R,, 13 TeV

-------- PDG 2023: us(mz) =0.1180+0.0009

0.15— 7 “%’*5}?}\5} —

C ‘M.s}i 4 ]

0af- &WHM,@@ .

. B@ ]

B a DO : Phys. ReV. D 80:111107 (2009) } @ ]

- o DO : PLB 718:56 (2012) 1

0.05— o H1 : EPJC 75:65 (2015) T ]

: < ZEUS : Nucl. Phys. B 864:1 (2012) :

I Ll M| N
10 10° 10°

Q (GeV)
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CMS - Dijet cross sections: Observable (2/2)

Double-differential (2D)

@ Inclusive double-differential dijet cross-section as function of maximum rapidity
and the invariant mass of the two leading jets:

d’c 1 Nesr
dymaxdm1,2 Eint (2A |y| A""’1,2

max )

@ mi2=/(E+ E)?— (Pr+ 52)% Y] mex = max(|ysl, |y2])
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CMS - Dijet cross sections: Observable (2/2)

uble-differential (2D)

@ Inclusive double-differential dijet cross-section as function of maximum rapidity

and the invariant mass of the two leading jets:

d’c 1 Nesr
dymaxdm1,2 Eint (2A |y|max)Am1,2

o ma = EF BV — (B ¥ B, IYly = max(ial, yel) )

Triple-differential (3D) y*

@ Inclusive triple-differential dijet cross- 25 [J 3D bins
section as a function of y*, y, and the A 2D bins
invariant mass or average pr of the 2
two leading jets: 1.5

P 1 Nerr !
dy*dysdx " Line Ay*Ayp,Ax 0.5
° vy =szln-ylye=;lntyl 20 a5 1 15 z 25 Yo

1
3|
@ x=muor (pr);, =5 (pr,1 + p1,2)
v

QCDG@LHC 2024 23/29
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CMS - Dijet cross sections: Samples and event selection

Jet reconstruction (FASTJET)
Data: 2016 o Jet algorithm: anti-kt

— /s=13TeV, Lin =363 fb" .
@ Jet sizes: R=0.4 and R=0.8
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CMS - Dijet cross sections: Samples and event selection

Jet reconstruction (FASTJET)
Data: 2016 o Jet algorithm: anti-kt

— /s =13 TeV, L =363 fb~"

@ Jet sizes: R=0.4 and R=0.8

Event selection
@ Double-differential:
— p1,1 > 100 GeV , pr2 > 50 GeV
- |y1| <25, |y2] <25
@ Triple-differential:

— pra > 100 GeV , pr2 > 50 GeV
- 1] <3.0, |y| <3.0

v

A Events from one measurement are not necessarily

included in the phase space of the other!
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CMS - Dijet cross sections: Unfolding

e Detector level — Particle level spectrum

e Least-square minimisation: x*> = (Ax + b —y)"V, ' (Ax + b — y) (same method
for RA¢)
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CMS - Dijet cross sections: Unfolding

e Detector level — Particle level spectrum

e Least-square minimisation: x*> = (Ax + b —y)"V, ' (Ax + b — y) (same method

for RA¢)
10000 L#5<05  O05<bh<1 1<lBi<15 15<bifif<2 2<li<25 . 00
% 5000f CMS : Y = . .
S 2000 Simulation 5 € 2-D Unfolding with TUNFOLD
g~ 1000 Condition: ¥ E S .
& s 3_‘;’;’"”" ‘ ‘ & |18 Correct:
5000] ' ' ' z B ]
2000 g = = Background (Fake jets)
& g
1000 23 2.2
500 olEE < Unsmear detector effects
5000 ~ L .
2000 0 = Inefficiencies (Miss jets)
1000 g 10°
500 Y .
5000] @ B Matrix structure
2000 g 10 @ x axis: generator-level mj;
1ggg g8 e y axis: reconstructed-level mj;
g A . . s
5000 ; . ; - e inner cells: different |y|max bins
2000 feTevis  R10° ;
000 ] el | W Condition Number: CN = | 222k |
drd A y
500 R=08)] ¢ .
091" M« CN<10 — Acceptable unfolding
PO . 0L O R . N D, DL D
BIP SHPH EHPS SHSSS 6%91,0@@30@ performance

mi% (GeV)
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Ratio to NNLO (CT18 x NP x EW)

CMS - Dijet cross section

CMS

33.5f™" (13 TeV)

F T
I —+ Data + stat. unc.

[

It
o

Total exp. unc.

[

05<ly},,, <10
,

et
o

ABMP16

[

T MSHT20

— NNPDF3.1

15<|y| <20
f

'max

anti-k, (R=0.8)

05F 20<ly| <25

——e———o—
—e—————
s e A

300 1000

Argyro Ziaka (University of loannina)

2000

Multijet and multi-differential dijet

Fixed order pQCD

29.6 b (13 TeV)

y'<0.5
<05

Data + stat. unc. ]
Total exp. unc. E
NP uncertainty ]
. PDF uncertainty ]
Scale uncertainty B
ABMP16 ]
- MSHT20 N
NNPDF3.1 pp:

Il

d

¥

Ratio to NNLO (CT18 x NP x EW)

Ll

200 500 1000 2000

(pr)1,2 (GeV)

@ Theory corrected for NP and EW effects

Nice description of Data from
CT18 (10%)

@ Better Data-Theory agreement
for AK8

@ Comparison with other PDF sets

QCDGOLHC 2024



CMS - Dijet cross sections: Fixed order pQCD

CMS
e L S B B Impact of measurement on PDFs
Y 777 HERADIS _ o
X 100 HERA DIS + CMS 13 TeV dijets (2D) { M Using HERA parametrisation
[ A HERA DIS + CMS 13 TeV dijets (3D) i ..
x m‘\ B Higher energy range of dijet mass
7sr 1 = included in fit
50- | M R =0.8 (better Data-Theory
agreement)
25

7 M Shown here: gluon PDF

2
= m . . .
He=m B Reduced uncertainties especially

O i e L .
A — (HEIRA+2D)/HEII:{A '//3 in high x region
0 :
9F ——- (HERA+3D)/HERA ]

Lol Lol Lo Lo
104 1073 102 10-1
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CMS - Dijet cross sections: Fixed order pQCD

CMS
~ LA | L L
5 777 HERADIS
X 100 HERA DIS + CMS 13 TeV dijets (2D)
2 \‘ HERA DIS + CMS 13 TeV dijets (3D)
751 \ .
50 b
25r b
g = m?
. oF e
8}
= 1.1 —— (HERA+2D)/HERA /S
-~ 1.0 :
GG:J 09+ ——- (HERA+3D)/HERA o
Lol Lol Lol L
104 10-8 1072 10"
X
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Impact of measurement on PDFs
Using HERA parametrisation

Higher energy range of dijet mass
— included in fit

R = 0.8 (better Data-Theory
agreement)

Shown here: gluon PDF

Reduced uncertainties especially
in high x region

Extraction of as:

: as(mz) = 0.1179 & 0.0019 (tot.)
: as(mz) = 0.1181 =+ 0.0022 (tot.)
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Summary & Conclusions

e (A)TEEC!:
v Precise determination of as(mz) and running of as(Q) in TeV scale

e Jet cross section ratios?:

ATLAS

v/Improvement of JES uncertainty

v'Is eligible for determination of as(mz)

' JHEP 07 (2023) 85
2arXiv:2405.20206, submitted to PRD
3EPJC 84, 842 (2024)

* arXiv:2312.16669, submitted to EPJC
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Summary & Conclusions

e (A)TEEC!:
v Precise determination of as(mz) and running of as(Q) in TeV scale

Jet cross section ratios?:

ATLAS

v/Improvement of JES uncertainty

v'Is eligible for determination of as(mz)

e Azimuthal correlations (Rag) 3:

v Small experimental uncertainties—appealing for as(mz)
determination using NNLO

v Investigation of as(Q) running in the TeV region, expanding
the range of the running

CMS

o Multi-differential dijet cross sections*:

v/Improved determination of PDFs compared to fits from HERA data alone

v/Precise determination of as(mz) value
' JHEP 07 (2023) 85
2arXiv:2405.20206, submitted to PRD
3EPJC 84, 842 (2024)
* arXiv:2312.16669, submitted to EPJC
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THANK YOU FOR YOUR
ATTENTION
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BACK UP
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(A)TEEC: Systematic uncertainties

@ Jet Energy Scale(JES): restores energy of rec. jets by scaling pr, energy, mass

@ Jet Energy Resolution (JER): differences in response in Data and MC by
imperfect simulation — smearing energy of jets in MC: ¢ = R¥%2, /RMC.

@ Jet Angular Resolution (JAR): smearing ¢ by resolution in MC (pr constant)

@ Unfolding: mismodelling of data by simulation, difference between unfolded and
generator level MC distribution

@ Modelling: difference between unfolded cross sections of MC samples
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(A)TEEC: Patricle level measurement

= e R e e e = T
A 2 g 0E 3
S ATLAS ~e- Data (Stat. U Syst. unc.) 8 ATLAS ~e- Data (Stat. O Syst. unc.)3
5 [ . | 5 C . ]
2 195 Pparticledevel TEEC ~ * Pythia8.235 E| = [ paticlelevel aTEEC " PYtia8.235 ]
E C . o Sherpa2.1.1 i :i N o Sherpa2.1.1 _
g [ (s=13TeV; 139" | henwig7.1.3 (Ang. ord.) 2] s=13Tev: 139107 | |yorig 7.1.3 (Ang. ord.) 3
=~ [ 2 Herwig 7.1.3 (Dipole) § 2 Herwig 7.1.3 (Dipole) 7
F - -

1 - 3

E 3000 GeV < H,, < 3500 GeV E E + 3

F ] r == ]

H antik R=0.4; p_>60GeV; | <24 — - R

—L+

C —
[ S—
E 3000 GeV < H,, <3500 GeV 3
[ anti-k R=04 p,>60GeV; o <2.4 ]
10 —
N ST FFNUN ST I TUE U UL I
1.5+ B
L A 1 ]
< o] [ 4 ]
8 - ]
A
= = kg =
o o Fe
s = L .
05, .. . , , ,
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(A)TEEC: Theoretical uncertainties

T B T ) R R e R e e R e
= 6~ ATLAS ---Scale y__ - PDF eigen. | ; 10; ATLAS ---Scale p_ - PDF eigen.
% [ TEEC Vs=13TevV -- ay(m,) var. -~ non-pQCD ] £ 8? ATEEC {s=13TeV -- ag(m,) var. - non-pQCD *;
§ 4" MMHT 2014 (NNLO) — Total syst. . § 6 MMHT 2014 (NNLO) — Total syst. E
S ] 5 af E
L C il L2 = 3
] L. R _.F‘ kS| 2 =
§ 5 =
A s 2
2 L @ -2 —
T -4 E
_al_ Hy,> 1000 GeV =6F- H_, > 1000 GeV E
PO P R AN AN A UAVN VAT I I B ] = T T I W I B WA W e
-08 06 04 02 0 02 04 06 08 -09 -08 0.7 06 05 04 03 02 -01 O
cos @ cos @
Total: 1.0-3.5% Scale: 0.5-3.3% Total: 1.0-4.2% Scale: 0.5-4%
as var.: 0.8-1% PDF~0.8% as var.: 0.5-1% PDF: ~1%
NP: 0.3-1.8% NP: 0.5-1.5%

@ Scale: calculated by considering independent variations of pr and g,

@ PDF: obtained by considering the set of eigenvectors/replicas provided by each
PDF gtoup

@ Non-perturbative: extracted from the envelope of the differences from different
MC predictions

@ s variation: effect of varying as(mz)=0.117-0.119
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(A)TEEC: Fixed-order pQCD

Data / Theory

Data / Theory Data/Theory ~ Data/ Theory Data / Theory

Data / Theory

Argyro Ziaka

14E Hy,>1000 Gev

ATLAS

208 07 06 05

~04 03

202

14F 1000 GeV < H,, < 1200 GeV/

1200 GeV < H,, < 1400 GeV E

Particle-level ATEEC .
-137ev. 130 Nice Data - Theory agreement

within uncertainties

14E 2300 GeV < H,, < 2600 GeV
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MMHT 2014 (NNLO) MC event generators
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== NNLO unity
< .,
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Data/ Theory

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

Data / Theory

A)TEEC: Data Ratio to fitted Theory
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Cross section ratios: Precision stu
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Parton Shower model in HERWIG models
does not affect the distribution much
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Cross section ratios: JES
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Cross section ratios: Comparison to MC

Ratio to Data
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Cross section ratios: Fixed-order pQCD
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(Statistical correlation matrix for Rag after unfolding)

CMS 134 (13 Tev)

@ Statistical: from the covariance
2000 ! matrix after unfolding

@ JES: Jet Energy Scale uncertainty

sources
— pr = pr(1 £ unc. source)

1000

@ JER: Jet Energy Resolution
smearing process applied
to MC samples

@ Other: Prefiring corrections, PU
profile reweighting, MC modeling

400 500 600 1000 2000 3000
P, (GeV)

Statistical: from the covariance matrix after unfolding

Diagonal elements: unity by construction (a bin is fully correlated with itself)

(]
@ Correlations are considered in statistical uncertainty
°
@ Off-diagonal elements: bin-to-bin (anti-correlations)
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;. NP corrections
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Rpe: ElectroWeak corrections

Full NLO corrections to 3-jet production and Rs2 at the LHC

M. Reyer, M. Schénherr, S. Schumann
n+m=2and n+ m=24.

Combination of QCD and EW corrections

Pure NLO EW corrections for n-jet:

NLO EW __ ANL01
O pj - nj +

ANLO;: virtual and real EW corrections.
Combination to QCD process:

© Additive: a,“,}LO QEREW

LO ANLO ANLO
Onj 0, oy, !

ANLOg: virtual and real QCD corrections.

@ Multiplicative: o-'\;LO QCDXEW

ANLOg ANLO;
) . :
o (14 2| [1+ 25—
(o 2y O'I_U-
n

EW corrections (to QCD NLO)

— O(aga™), with

CMS Simulation

13 Tev

'w) i T

L p— ZN(L,(AW""'")
Niet(Py)

1.0
Rag(P,)

0.95]

xxx NLO QCDxEW
0.9

== NLO QCD+EW

B
|||||||||||||||||||||||

. -
«

L L L L PRI |
400 500 600 1000

20IOO 30‘00
P, (GeV)

EW corrections for Ragy < 5% and
EW correction uncertainties < 0.6%.
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CMS - Rpay: Fixed-order pQCD

B 4 NLO PDF sets (LHAPDF)
B PDF uncertainties: 68% CL Hessian/MC methods

B Scale uncertainties: difference between prediction for varying 35 L<propr <2
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Numerator  (3-jet): 9-17%
Denominator (2-iet): 5-10%
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Rag: Sensitivity of Ay to as(myz)
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Ras: Determination of ag(m,)
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Djet cross sections: Experimental uncertainties

CMS 33.5fb™ (13 TeV)
Vo < -5 _ Stat. Total
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Unfolding: ~ 1%
in forward region: 3-6%
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(quadratic sum of contribution from
all uncertainty sources)
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Dijet cross sections: NP and EW corrections

13TeV 13 Tev
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(Up to 15%)
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mitigate fluctuations

@ Large correction values in lowest

1.5 bins (up to 20%) @ Forward |y|max regions:

negative EW factors
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Dijet cross sectio

Fixed-order pQCD

Theoretical predictions

@ Up to NNLO in pQCD with
NNLOJET (interfaced to
FASTNLO via APPLFAST)

Q@ LR = HF = M2

@ PDF set: CT18 NNLO

@ Band from NNLO corrections
mostly lies within the NLO,

showing good perturbative
convergence.

Ratio to LO
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Dijet cross sections: Fixed order pQCD
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@ Fixed-order pQCD predictions at NNLO corrected
with NP and EW

@ Shown here: Data and CT18
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Dijet cross sections: Data - Theory comparison (2D)
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Dijet cross sections: Data - Theory comparison (3D)
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Dijet cross sections: HERA fits
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