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Motivation

@ Test the validity of the SM of particle physics up to unprecedented energy scales.
- Comparison between experimental data and theoretical predictions.

@ High precision measurements of SM QCD processes.
- Determination of the strong coupling, PDF constraints etc.

© Significant background

- Other SM measurements.
- Searches for new physics.
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- Determination of the strong coupling, PDF constraints etc.

© Significant background

- Other SM measurements.
- Searches for new physics.

(Strong coupling constant o)

» Not a physical observable itself.

» The value of s must be inferred
from experimental measurements.
» Usage of observables sensitive to as.
Standard practice:

» Determination of as(Mz) and test
of as(Q) running via the RGE.
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CMS Inclusive jets 8 TeV (JHEP, 03:156, 2017)
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Motivation

Collaboration (year) Observable | T T T T T T
— = H1 multjets at low Q° : EPIC 67:1 (2010)
CDF (2002) Inclus!ve Jet cross section ZEUS Incl. jets In y'p : NPB 88411 (2012)
DO (2009) Inclusive jet cross section L mulljets at high Q£ arXiv 14064708 (2014)
DO (2012) Jet angular correlations H14ZEUS (NC, CC, jets) : EPIC 75:560 (2015)
ATLAS (2012) Inclusive jet cross section Hiincl. & dijet : EPIC 77:791 (2017)
7 CMS (2013) 3- over 2-jet inclusive jet ratio (R3p) CDF Incl. Jets : PRL 88:042001 (2002)
7 CMS (2014) tt production cross section DO incl. jets : PRD 80:111107 (2009)
7 CMS (2015) 3-jet differential cross section DO ang. correl. : PLB 718:56 (2012)
7 CMS (2015) Inclusive jet cross section Walaeseu & Starougiiov (ATLAS Incl. Jets 7TeV)
7 ATLAS (2015) Transverse Energy-Energy Correlations ATLAS Ny, 7TeV : ATLAS-CONF-2013-041 (2013)
8 CMS (2017) Inclusive jet cross section ATLAS TEEC 7TeV : PLB 750:427 (2015)
8 CMS (2017) Triple differential dijet cross section ATLAS TEEC 8TeV : EPJC 77:872 (2017)
8 ATLAS (2017) Transverse Energy-Energy Correlations ATLAS azimuth. decor. 8TeV : PRD 98:092004 (2018)
8 ATLAS (2018) Dijet azimuthal decorrelations (Rag) CMS R, TTeV : EPJC 73:2604 (2013)
13 CMS (2019) tt production cross section NNLO CMS i cross section 7TeV ; PLB 728:496 (2014)
13 CMS (2020) tt multi-differential cross sections CMS 3-Jet mass 7TeV : EPIC 75:186 (2015)
13 CMS (2021) Inclusive jet cross section CMS Incl. Jets 7TeV : EPJC 75:288 (2015)
CMS Incl. Jets 8TeV : JHEP 03:156 (2017)
CMS R, BTeV : CMS-PAS-SMP-16-008 (2017)
NNLO CMS if cross section 13TeV : EPIC 79:368 (2019)
CMS multi-diff tf 13TeV : EPIC 80:658 (2020)
NNLO CMS Incl. Jets 13TeV : arXiv 2111.10431 (2021)
& World Average : Prog. Theor. Exp. Phys. 083C01(2020)
e bl e b e b e b b
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Motivation

Previous determinations of as(Mz) usmg hadrons physics.

+/s (TeV) Collaboration (year) Observable |
1.96 CDF (2002) Inclusive jet cross section
1.96 DO (2009) Inclusive jet cross section
1.96 DO (2012) Jet angular correlations
7 ATLAS (2012) Inclusive jet cross section
7 CMS (2013) 3- over 2-jet inclusive jet ratio (R3p)
7 CMS (2014) tt production cross section
7 CMS (2015) 3-jet differential cross section
7 CMS (2015) Inclusive jet cross section
7 ATLAS (2015) Transverse Energy-Energy Correlations
8 CMS (2017) Inclusive jet cross section
8 CMS (2017) Triple differential dijet cross section
8 ATLAS (2017) Transverse Energy-Energy Correlations
8 ATLAS (2018) Dijet azimuthal decorrelations (Rag)
13 CMS (2019) tt production cross section
13 CMS (2020) tt multi-differential cross sections
13 CMS (2021) Inclusive jet cross section

nalysis goals

Q@ o.(Mz) determination at /s = 13 TeV
using full Run Il dataset
— comparison with the as world average.

Q .(Q) running test for Q > 1.5 TeV
— comparison with the energy dependence
predicted by the RGE.

LIS B B IR NN
H1 multijets at low Q° : EPJC 67:1 (2010)
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ZEUS incl. jets in y'p : NPB 864:1 (2012)
e H1 multijets at high Q7 : arXiv 1406.4709 (2014)
—a—  HI+ZEUS (NC, CC, jets) : EPIC 75:580 (2015)
NNLO . HLincl. & dijet : EPIC 77:791 (2017)
s CDFincl. Jets : PRL 88:042001 (2002)
- DO incl. jets : PRD 80:111107 (2009)
e . DoOang.correl.: PLB 718:56 (2012)
. Malnescu & Staroysitov (ATLAS Inc. Jets 7Tev)
e ATLASN,, 7TeV : ATLAS-CONF-2013-041 (2013
—%—  ATLAS TEEC 7TeV: PLB 750:427 (2015)
e ATLAS TEEC 8TeV: EPJC 77:872 (2017)
~e—  ATLAS azimuth. decor. 8TeV : PRD 98:092004 (2018)
et CMSR,,7TeV: EPIC 73:2604 (2013)
NNLO —— CMS if cross section TTeV : PLB 728:496 (2014)
CMS 3-Jet mass 7TeV : EPIC 75:186 (2015)
CMS Incl. Jets 7TeV : EPJC 75:288 (2015)
CMS Incl. Jets 8TeV : JHEP 03:156 (2017)
CMS R, 8TeV : CMS-PAS-SMP-16-008 (2017)
NNLO - CMS if cross section 13TeV : EPIC 79:368 (2019)
- CMS multi-diff tf 13TeV : EPIC 80:658 (2020)
NNLO - CMS Incl. Jets 13TeV : arXiv 211110431 (2021)
- World Average : Prog. Theor. Exp. Phys. 083C01(2020)
e e e b e b e b by
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Observable

Rag — ,,.Vfl‘(pT) N,SQ,(A(;&, pieri.) 4~ Topologies Wigh at least 3 jets
Nee(pr) (~ a2)(LO) y
X Nije: : number of inclusive jets in a jet pr bin
~ Inclusive jets N, : jets with neighbours within azimuthal interval (Ag¢)
(~ a?)(LO) and with transverse momentum greater than p2.
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Observable

Rag — ,,.Vfl‘(pT) N,SQ,(A(;&, pieri.) 4~ Topologies Wigh at least 3 jets
Ne(pr) (~ a2)(LO) 7
Nije: : number of inclusive jets in a jet pr bin
Inclusive jets N, : jets with neighbours within azimuthal interval (Ag¢)
(~ a?)(LO) and with transverse momentum greater than p2.

Numerator

b (GeV)

Denominator

p_(GeV)
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Observable

Rag — ,,.Vfl‘(pT) N,SQ,(A(;&, pieri.) 4~ Topologies Wigh at least 3 jets
Ne(pr) (~ a2)(LO)
Nije: : number of inclusive jets in a jet pr bin
Inclusive jets N, : jets with neighbours within azimuthal interval (Ag¢)
(~ a?)(LO) and with transverse momentum greater than p2.

5 (Rag sensitivity to as )
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@ Data Unfolding: correct the measurement for the detector smearing effects.

@ TUNFOLD package: least square minimisation without Tikhonov regularisation,

=(Ax+b—y)"V I} Ax+b—y)

@ Equivalent observable definition using 2D N(pr, n) distribution = %

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

Private work Private work

(CMS simulation) (Pfobab'“ty matrix (Pyth'BS)] (CMS data) | Correlation matrix )
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(Experlmental uncertainties)

134 fb (13 Te'
r\a T T T T i 134 1b" (13 TeV)
> Private work Total experimental E
z 10] (CMS data) | spatistical -
'E E — JES 3
Q — JER
2 [ —— Other
=] r © 1
g
g :
o} E ]
x r ]

107
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@ Statistical (< 11%): from the covariance matrix after unfolding.

@ JES (< 5%): 27 mutually uncorrelated JEC uncertainty sources which are
estimated by varying jet pr: pr = pr(1 & unc. source)

JER (< 0.8%): jet resolution smearing process applied to MC, so that the
reconstructed jet pr resolution matches the one in data.

@ Other (< 1%): Prefiring corrections, PU profile reweighting, modeling, miss/fakes.
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Monte Carlo ev

@ Predictions from MC event generators at particle level using RIVET toolkit.

— For the comparison with experimental data.
— For the evaluation of non-perturbative (NP) effects.
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@ Predictions from MC event generators at particle level using RIVET toolkit.

— For the comparison with experimental data.
— For the evaluation of non-perturbative (NP) effects.

.Ej Incoming hadrons

® Hard interaction
Parton Shower (FSR)
#=* Hadronization >

. Underlying event

“ Parton Shower (ISR)

‘ MC Matrix Element Parton Shower Hadronization Tune PDF set

CUETP8M1 NNPDF2.3

PYTHIA8 2—2(LO) prt ordered Lund string
CUETP8M2 NNPDF3.0
HERWIG++ 2—2(LO) Angular ordered  Cluster model EE5C CTEQ6.1M
PYTHIAS PYTHIAS CUETP8M1 NNPDF3.0
POWHEG 2 —2(NLO), 2 =3 (LO) PYTHIAS8 PYTHIAS CUETP8M2 NNPDF3.0
HERWIG++ HERWIGH+ EE5C NNPDF3.0
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134 (13 TeV)

(NLO)

o o 13417 (13 TeV)
= . T Herwig++ EESC g . T — Pownheg + Herwig++
3 Private work Pythia8 CUETM2 % Private work Powheg + PBCUETM2
& og (CMS data/ = - Pythia8 CUETM1 [ Y (CMS data/ - - - - Powheg + PSCUETM1
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g e
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& -~ Herwig++ EESC Exp. uncertainty E <]
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Exp. uncertainty
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@ Predictions from Powheg overestimate the measurement by ~5-12%.

® Herwig++ EE5C (Pythia8 CUETP8M1) overestimate Ray by ~ 20% (~12-18%).

@ Nice description from (LO) Pythia8 tune CUETP8M2T4.

ris Gianneios (UOI)

Determination of as at 13 TeV wi

April 07, 2023



Cross section predictions

(Factorisation theorem of QCD)

I

perturbative Opp—X = Za,b f()l andefa/hl (X27 ,LLf) fb/h2 (be ,u‘f) 6—ab—)X (,Llffy ,ur)
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Cross section predictions

(Factorisation theorem of QCD)

I

1
perturbative Opp—X = Za,b fO ande

faym (Xas p05) fomy (X6, fi£)

Gab—sx (£, por)

[PDFs available via LHAPDF]

PDF set Default as(Mz) Alternative as(Mz)
ABMP16 0.1191 0.114 - 0.123
CT18 0.1180 0.110 - 0.124
MSHT20 0.1200 0.108 - 0.130
NNPDF31 0.1180 0.106 - 0.130

+ PDF uncertainties using Hessian/eigenvector methods.
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Cross section predictions

(Factorisation theorem of QCD)

I

1 ~
perturbative Opp—sX = Za,b fO andefa/hl (X27 ,lLf) fb/h2 (be ,uf) OTab—X (/lﬂ Hr)

Fixed Order QCD predictions (parton level)

@ § is calculated with NLOJET++ package
(up to 3 jets @NLO)
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Cross section predictions

(Factorisation theorem of QCD]

perturnge - 237[, fol andef;?/hl (Xa7 /“Lf) fb/h2 (Xb7 )uf) 6-.31:)~>X (,sz./ :LI’I')

Fixed Order QCD predictions (parton level)

@ § is calculated with NLOJET++ package
(up to 3 jets @NLO)

-} fas‘NLO framework for the evaluation of
LO, NLO cross sections (o).
® u, = pr = Hr /2, where AHr =%

@ Scale uncertainties: % < prfps <2

iE€partons PT,i
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(Denominator)

(Numerator)

NNPDF31 +LO

o+ Aa(, 1)

Bo=p = A2 enNo

e

Ratio to LO

o+ Aa(, 1)
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NNPDF31 +LO

uo= 1= A2 eno
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R

bl
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e

400

500 600 700 1000 2000

@ K factors (NLO/LO): 1.30-1.55 for numerator and 1.20-1.35 for denominator.

@ NLO scale uncertainties: 9-17% for numerator and 5-10% for denominator.

Paris Gianneios (UOI)

Determination of as at 13 TeV with CMS

April 07, 2023



NP correction

@ Fixed order QCD predictions are available at parton level only
— they should be corrected for the non-perturbative (NP) effects of multiple
parton interactions (MPI) and hadronization (HAD).

@ NP correction factors:

O,PS+MPI+HAD

oPS

@ A simple polynomial function a+ b - p$ is used for the parametrization of CNP.

@ An envelope is constructed from the predictions of different MC event generators.
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Electroweak correctio

@ To improve the accuracy of theoretical predictions the electroweak (EW)
corrections are also considered.

@ Full NLO corrections to 3-jet production at the LHC
O(aZa™), with n+ m=2and n+ m=4.
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https://arxiv.org/pdf/1902.01763.pdf

Electroweak corrections

@ To improve the accuracy of theoretical predictions the electroweak (EW)
corrections are also considered.

@ Full NLO corrections to 3-jet production at the LHC
O(aZa™), with n+ m=2and n+ m=4.

NLO EW corrections formulation

Pure NLO EW corrections for n-jet production:

NLO EW ANLO;
Onj (J‘,,J + 0, (1)

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

NLO QCD+EW __

ANLO, ANLO
O pj = IU +O' °+o % (2)

ANLOg: virtual and real QCD corrections. Multiplicative
combination to QCD process:

O_ANLOO SANLOL
NLO QCDxEW nj
Onj ¢ = oy | Ttk = 1+ 2| (3
o o
v,
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https://arxiv.org/pdf/1902.01763.pdf

Electroweak corrections

@ To improve the accuracy of theoretical predictions the electroweak (EW)
corrections are also considered.

@ Full NLO corrections to 3-jet production at the LHC
O(ala™), with n+m=2and n+ m = 4.

(13 TeV)
— - N Nato) |
Private work e 0 o
* N, (A
(CMS simulation) Z o (B0, PT )
—— Na(p)
1.05 RAw(pT) .

— —_—

EW corrections (to QCD NLO)

0.95—
I« x NLO QCDXEW -
C . ]
09— == NLO QCD+EW o —
C «
200 500 600 700 800 1000 2000 3000

P, (GeV)

@ EW corrections for Rag < 5%, EW uncertainties < 0.6%.
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@ Good agreement between data and theoretical predictions for all the PDF sets.

@ PDF uncertainties are of the order of 1-2%.

@ Scale uncertainties are dominant: 2-8%.
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and theoretical predictions T; (corrected for the NP & EW effects).
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and theoretical predictions T; (corrected for the NP & EW effects).
The covariance matrix Cj; is composed as:

Experimental uncertainties

4 A
C= Cstat + Cuncor - ( Z CJES) + Cunfold . Cpref + CNP i CPDF -1 CEW
/)

100% correlated among p_. bins & treated as multiplicative
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Determination of as(My)

134 fb (13 TeV)
T

N [T
Private work —+ ABMP16
(CMS data) —~-CT18
100l —+— MSHT20 n
0 —~ NNPDF31 ]
8o f B
70 B
60f B
50 B
40t B
30f B
20f B

coa o b Ly b L u o |
011

0.115 0.12 0.125 013
aS(MZ)
PDF set as(Mz) Exp NP PDF EW Scale Total  x2/Ngof
0.0043 0.0045
ABMP16 0.1197  0.0008 0.0007 0.0007 0.0002 ‘%35 FO005  16/16
CT18 0.1159  0.0013 0.0009 0.0014 0.0002 %90  FOOL  19/16

MSHT20 0.1166  0.0013 0.0008 0.0010 0.0003 %2 00U 17/16

+0.0114 +0.0116
NNPDF31 | 01177 00013 0.0011 00010 0.0003 ‘9%l +00le  p/16

@ Scale uncertainties by far the dominant: 4-10%.

@ All the as(Mz) are compatible among each other.
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20

Private work —+ ABMP16
(CMS data) —~-CT18

—— MSHT20
—*= NNPDF31

L

134 fb (13 TeV)
T

LA L BN S S S

L

PRI BT B SRR
011 0115 0.12

|
12!

0.13

aS(MZ)

CDF 1.96 TeV (1j)
ZEUS 320 GeV (1))

DO 1.96 TeV (1j)
Mal.&Star. 7 TeV (1j)
H1 319 GeV (1))

CMS 7 TeV (1j)

CMS 8 TeV (1))

Britzger (1j)

CMS 8 TeV (2))

ZEUS 318 GeV (R32)
DO 1.96 TeV (RdR)
CMS 7 TeV (R32)

CMS 7 TeV (m3j)
IATLAS 7 TeV (TEEC)
IATLAS 7 TeV (ATEEC)
H1 319 GeV (nj)

ATLAS 8 TeV (TEEC)
IATLAS 8 TeV (ATEEC)
IATLAS 8 TeV (RAQ(HT))
CMS 13 TeV (RAQ(PT))

s1al anisnjoul

s1alip

syal-njnw

/\‘HH‘HH‘HH‘

0.09 0.095 0.1 0.105 0.11 0.115 0.12
Preliminary result

PDF set as(Mz)

Exp

NP

PDF

EW Scale

Total

X2 /nao

ABMP16 0.1197

0.0008

0.0007

0.0007

+0.0043
0.0002 " o040

+0.0045
—0.0044

16/16

CT18 0.1159

0.0013

0.0009

0.0014

0.0099
0.0002 t0.0067

+0.0101
—0.0070

19/16

MSHT20 0.1166

0.0013

0.0008

0.0010

0.0112
0.0003 t0.0063

+0.0114
—0.0066

17/16

NNPDF31 0.1177

0.0013

0.0011

0.0010

+0.0114
0.0003  Zo o068

+0.0116
—0.0071

20/16

y
0.125 0.13

12
o)

@ Results also compatible with the world average: as(Mz) = 0.1179 + 0.0009.
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