Determination of axs from azimuthal correlations

among jets
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@ Motivation: as from angular/azimuthal correlations among jets
@ DO — Rar observable, (2012) /s = 1.96 TeV (10.1016/j.physletb.2012.10.003)
@ ATLAS — Ra, observable, (2018) /s = 8 TeV (10.1103/PhysRevD.98.092004)
@ CMS  — Rag observable, (2024) /s = 13 TeV (CMS-PAS-SMP-22-005)

© CMS results: determination of as using Rag observable
@ Measurement
@ Theoretical predictions
@ Determination of as(Mz)
@ Investigation of as(Q) evolution
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Multijet cross section ratios

Goals
© Determination of as(Mz).
@ Investigation of as(Q) running. 7
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Goals
© Determination of as(Mz).
@ Investigation of as(Q) running.
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Jets with neighbours within azimuthal separation:
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Experimental data

@ Full Run 2: L = 134 b1

Results from:

@ Event sample with jets:

— anti-kr with R = 0.7

- pr > 50 GeV, |y| < 2.5
@ Numerator selection criteria:

- (A¢min, A(l)max) = (277/3, 771'/8)
— pir. =100 GeV

v
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Experimental data

Full Run 2: Line = 134 b}

Event sample with jets:

— anti-kr with R = 0.7

- pr > 50 GeV, |y| < 2.5
Numerator selection criteria:

- (A¢min, Ad)max) = (277/3, 771'/8)
— pir. =100 GeV

v

Theoretical predictions
Fixed-order predictions pQCD @NLO.
NLOJet++ (up to 3 jets @NLO)

Using the f“s‘NLO framework.

pr = pr = Hr/2,
with Ar =

iEpartons PT,i
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Experimental data

Full Run 2: Line = 134 b}

Event sample with jets:
— anti-kr with R = 0.7
- pr > 50 GeV, |y| < 2.5

Numerator selection criteria:

- (A¢min, Ad)max) = (277/3, 771'/8)
— pir. =100 GeV

v

Theoretical predictions
Fixed-order predictions pQCD @NLO.
NLOJet++ (up to 3 jets @NLO)

Using the f“s‘NLO framework.

pr = pr = Hr/2,
with Ar =

iEpartons PT,i
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Ra¢ observable has large 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:

X' = (Ax+b—y) VT (Ax+b—y)

February 06, 2024
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@ Data Unfolding: correct the measurement for the detector smearing effects.

@ TUnfold package: least square minimisation without Tikhonov regularisation:
X' = (Ax+b—y) VT (Ax+b—y)

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

nbr(A(i)? p"ll"r,rrvin _ Z,?:O nN(pT9 n)

ZNjet(PT) N(l)
R — i=1 — 1=
oo Njet (pT) Yoo N(pr, n)

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

February 06, 2024
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@ Data Unfolding: correct the measurement for the detector smearing effects.

@ TUnfold package: least square minimisation without Tikhonov regularisation:
X' = (Ax+b—y) VT (Ax+b—y)

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

Nje, i nbr oo
RA — Zizjlt(pT) NI(IIJ)’(A¢7 pT‘r,nin — Zn=0 nN(pT, n)
i Niet (PT) aco N(pr, n)

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

> Multidimensional unfolding of the N(pr, n) distribution.
v/ Account for migrations among pr bins and among n bins.

v/ Account for non-trivial correlations between the numerator and denominator.

February 06, 2024
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((Probability matrix for the 2D N(pr, n) )

13 TeV

S 30 77 3 neighbours

107t
@ Probability matrix built using Pythia8.

102 — x axis: generator-level pr.
— y axis: reconstructed-level pr.
— inner cells: neighbouring jet bins.

@ Model uncertainties (< 0.01%)
investigated using alternative MC
0*  models (Madgraph).

10

inoqusiau o

1000 200 1000
e (Gev)
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((Statistical correlation matrix for Rae after unfolding)
CMS Preliminar|

134 fb (13 TeV)
3000
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Statistical (< 11%): from the covariance matrix after unfolding.

JES (< 5%): Jet Energy Scale uncertainty sources — pr = pr(1 & unc. source).
JER (< 0.8%): Jet Energy Resolution smearing process applied to MC samples.

Other (< 1%): Prefiring corrections, PU profile reweighting, MC modeling.
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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.
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Monte Carlo predictions

@ 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 fb™ (13 TeV. 134 fb* (13 Te
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=3 . =3 . s
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035F 0.35F~
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—e— Data
1 1
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o
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Iyl <25 — lyl <25
213 < Ap< 718 m 213 < Ap< 78
nbr _ . nbr —
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@ Predictions from Powheg overestimate the measurement by ~5-12%.
@ Herwig++ EE5C (Pythia8 CUETP8M1) overestimate Rag by ~ 20% (~12-18%).
@ Nice description from (LO) Pythia8 tune CUETP8M2T4.
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@ Fixed-order pQCD predictions @NLO [PDFs P R A LHAPDF]
— 4 different PDF sets. PDF sct  Default as(Mz) Alternative as(Mz)
@ PDF uncertainties ABMP16 0.1191 0.114 - 0.123
i CT18 0.1180 0.110 - 0.124
— 68% CL Hessian/MC methods. MSHT20 0.1200 0.108 - 0.130
@ Scale uncertainties NNPDF3.1 0.1180 0.106 - 0.130

— 3 <pr/pr <2
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@ Fixed-order pQCD predictions @NLO
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( PDFs available via LHAPDF )

— 4 different PDF sets. PDF set _ Default as(Mz) Alternative as(Mz)
o PDF uncertainties ABMPI6 0.1101 0.114-0.123
. CT18 0.1180 0.110 - 0.124
— 68% CL Hessian/MC methods. MSHT20 0.1200 0.108 - 0.130
o Scale uncertainties NNPDF3.1 0.1180 0.106 - 0.130

— 3 <pr/pr <2

NLOJet++ and fastNLO NLOJet++ and fastNLO
A AL

NNPDF3.1

H,= 1 = A2

NNPDF3.1

=
S

o= = A2

o x Ao, 1)
0+ Ao, 1)

[NLO scale uncertainties] Lo Lo

“« NLO —-NLO

Numerator: 9-17%

- -
Scale uncertainties

. -

Denominator: 5-10%

- i
= Scale uncertainties

H
5
PR 1 11 WYY WYY AEWTTTT WWTITT NPT MW W

Ratio to LO
Ratio to LO
1
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P, (GeV)
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@ Fixed order QCD predictions are available at parton level only: non-perturbative (NP)
corrections account for multiple parton interactions (MPI) and hadronization (HAD):
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Non-Perturbative corrections

DE BRUXELLES

@ Fixed order QCD predictions are available at parton level only: non-perturbative (NP)
corrections account for multiple parton interactions (MPI) and hadronization (HAD):

O_PS+MPI+HAD

. NP
— NP correction factors: | C™ = s
o

— Simple polynomial function a + b - p$ for the parametrization of CNP.

— Envelope from the predictions of the different MC event generators.
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@ Fixed order QCD predictions are available at parton level only: non-perturbative (NP)
corrections account for multiple parton interactions (MPI) and hadronization (HAD):

G_PS+MPI+HAD

. NP
— NP correction factors: | C™ = s
o

— Simple polynomial function a + b - p$ for the parametrization of CNP.

— Envelope from the predictions of the different MC event generators.

[CNP for numerator of RM,] [CNP for denominator of RA¢]

- CMS $imu@gr} .‘?Ieliminary _13Tev - CMS $imulgi9q ﬁ’reliminary _13Tev - pMS $irr}u|z3tipr] i?reliminary 13 Te}{
S 1151 ) - S 1151 - g F ]
g [ 3 Whean) 1 8 [ NP 1 8'F RuulPy)
8 [ - Pythiag CUETP8ML Powheg + CUETPgM1 | 8 [ Pythia8 CUETP8M1 Powheg + CUETPEM1 | 8 E — NP factor
S 14 Pythia8 CUETP8M2 == Powheg + CUETP8M2—| % 1 Pythia8 CUETP8M2 == Powheg + CUETP8M2—| %102 r NP uncertainties
[ Herwig++ EESC Powheg + Herwig++ Herwig++ EESC Powheg + Herwig++
1,01~ —

P S R

n

b
T

L | L 5 L PR | L L PR | L |
400 500 1000 2000 3000 o 400 500 1000 2000 3000 o 400 500 1000 2000 3000
P, (GeV) P, (Gev) p, (GeV)
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@ Theoretical predictions are also corrected for the ElectroWeak (EW) effects.

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

DE BRUXELLES

@ Theoretical predictions are also corrected for the ElectroWeak (EW) effects.

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

Pure NLO EW corrections for n-jet:

NLO EW __ ANLOI
o

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

@ Additive: g 9OHEW

LO ANLO ANLOl
on to,; ' to

ANLOg: virtual and real QCD corrections.

© Multiplicative: o-'\"'0 DB

UANLOO O_ANL01

0' o = 1+ v
".I O' O.LO
n_, nj

v
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ElectroWeak corrections

@ Theoretical predictions are also corrected for the ElectroWeak (EW) effects.
@ Full NLO corrections to 3-jet production at the LHC

O(a2a™
Corrections formulation

Pure NLO EW corrections for n-jet:

NLO EW __
O pj =

ANLOI
n_/ +

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

@ Additive: 0',':."0 QCD+EW

LO
on +o

ANLOO +o ANLOl

nj

ANLOg: virtual and real QCD corrections.

@ Multiplicative: o © ¥P*EW

ANLO, ANLO;
L \ \
a'njp U =2 Lo il qp =2 L0
ol o
nj

), withn+ m=2and n+ m=4.

EW corrections (to QCD NLO)

CMS Slmulatlon Pre/zm/nary 13 TeV

B

0.9

i)

—_— Z Nnm(Atup”"’

—

lei(P)

RulP))

*

\

x % » NLO QCDXEW *

NLO QCD+EW * —

s L s MR | L
400 500 600 700 800 1000 2000

EW corrections for Ray < 5%.
EW correction uncertainties < 0.6%.
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134 fb™ (13 TeV)

s
Z CMS
n:qs Preliminary

—*— Data

NNPDFB.l(uS(MZ)=O.118) ONP OEW

- Scale uncertainties
- PDF uncertainties

Data/Theory

400 500 600 000 2000 300
P, (GeV)

@ Data-theory agreement (within the
uncertainties) for all the PDF sets.
@ PDF uncertainties: 1-2%.

Scale uncertainties: 2-8%.
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134 b} (13 TeV)

~ .
S jepoms
& Preliminary

etermination of as(M

0258 @ Minimization of:
0.25— N
E —*— Data 3 2 _ —1
0‘155_ NNPDFB.l(uS(MZ)=O.118)UNPJEW_E X = Z(D' T')C'I (D-’ r’)
0'1;_ E:_ Scale uncertainties _; y
00~ L POF tncerainies E N: number of measurements
> F T .
s B D;: experimental data
< F
5 E T;: theoretical predictions
< . .
e Cjj: covariance matrix
a3 @ Covariance matrix composition:
0.8
400 500 600 10.00 2000
p, (GeV) Cu = Cuncor P Cexp + Ctheo
@ Data-theory agreement (within the Cuncor: Numerical precision of FO predictions
uncertainties) for all the PDF sets. Cexp: all the experimental uncertainties
@ PDF uncertainties: 1-2%. Ciheo: all the theoretical uncertainties

@ Scale uncertainties: 2-8%.
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134 b (13 TeV)
B I T T T e T S
CMS -~ ABMP16
Preliminary - CT18
- -~ MSHT20 —

1

P IR |

0.11 0.115 0.12 0.125 0.13
uS(MZ)

PDF set as(Mz) Exp NP PDF EW Scale Total  x2/Ndor
ABMP16 01197  0.0008 0.0007 0.0007 0.0002 9903 1OOME  16/16
CT18 0.1159  0.0013 0.0009 0.0014 0.0002 T$%%9%9  TOOWL  19/16
MSHT20 0.1166  0.0013 0.0008 0.0010 0.0003 {0tz +00U4 17,16
NNPDF3.1 | 0.1177  0.0013 0.0011 0.0010 0.0003 'Q0Ut 9% 20/16
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134 b (13 TeV)
T R B e o e e B
CMS ~ABMP16
Preliminary - CT18
100~ —MSHT20 |

—~NNPDF3.1

e b by b e |

0.11 0.115 0.12 0.125 0.13
uS(MZ)

PDF set as(Mz) Exp NP PDF EW Scale Total  x2/Ndor
ABMP16 01197  0.0008 0.0007 0.0007 0.0002 9903 1OOME  16/16
CT18 0.1159  0.0013 0.0009 0.0014 0.0002 T$%%9%9  TOOWL  19/16
MSHT20 0.1166  0.0013 0.0008 0.0010 0.0003 {0tz +00U4 17,16
NNPDF3.1 | 0.1177  0.0013 0.0011 0.0010 0.0003 'Q0Ut 9% 20/16

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

@ All the as(Mz) are compatible among each other.
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CMS - ABMP16 ZEUS 320 GeV (1)
Preliminary - CT18 DO 1.96 TeV (1)

- MSHT20 - Mal.&Star. 7 TeV (1j)

H1 319 GeV (1))
- NNPDF3.1 4 CMS 7 TeV (1))

] CMS 8 TeV (1))

Britzger (1))

CMS 8 TeV (2)

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

CMS 7 TeV (m3))
IATLAS 7 TeV (TEEC)
ATLAS 7 TeV (ATEEC)
H1 319 GeV (nj)

R ATLAS 8 TeV (TEEC)
ATLAS 8 TeV (ATEEC)
ATLAS 8 TeV (RAGHT))

CMS 13 TeV (RA®PT))
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‘
0.11 0.115 0.12 0.125 0.13 0.09 0.095 0.1 0.105 0.11 0.115 0.12 0.125 0.13
12

ag(M) a M)
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s18l anisnjou)

s1alip

s1el-njnw

PDF set as(Mz) Exp NP PDF EW Scale Total  x2/Ndor
ABMP16 01197  0.0008 0.0007 0.0007 0.0002 9903 1OOME  16/16
CT18 0.1159  0.0013 0.0009 0.0014 0.0002 T$%%9%9  TOOWL  19/16
MSHT20 0.1166  0.0013 0.0008 0.0010 0.0003 {0tz +00U4 17,16

+0.0114 +0.0116
NNPDF3.1 | 0.1177 00013 0.0011 0.0010 00003 ‘9%l +00le  59/16

@ Results also compatible with the world average: as(Mz) = 0.1180 + 0.0009.
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@ Split the pr range into 4 sub-regions. s

as(Q) evolution

4 bins in each box
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@ Split the pr range into 4 sub-regions. s

14
@ Determination of the as(Mz) in each 4 bins in each box

sub-region independently.

a
e

N\

00

©
,!u
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Py (GeV)

Paris Gianneios (ULB)

ag from azimuthal correlations among jets

February 06, 20:



UNIVERSITE

DE BRUXELLES O[S(Q

Split the pr range into 4 sub-regions.

A

14
Determination of the as(Mz) in each 4 bins in each box
sub-region independently.

Calculation of the cross-section-weighted N N
. 2 )
average (Q) for each sub-region. o o & ©

© 0 00

The as(Mz) values are evolved to as(Q), ped ped ped g
using the RGE.

Py (GeV)

pr range (GeV) as(Mz) (Q) (GeV) as(Q)
0.0104 0.0066
360 — 700 0.11771% 0005 433.0 0.096779 000
0.0108 0.0060
700 — 1190 0.116279:20%8 819.0 0.08781%:2009

0.0112 0.0055
1190 — 1870 | 0.11597%0555 1346.0 0.083070 000
0.0110 0.0051
1870 — 3170 | 0.1118%% %57 2081.0 0.0775T %00
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as(Q) evolution

DE BRUXELLES
CMS Preliminary

Theory at NLO

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)
*
u
4+
L]

ag(Q)

0.25

TTT T T

CMS incl. jets 8 TeV : JHEP 03:156 (2017)

ATLAS TEEC 8 TeV : EPJC 77:872(2017)
0.2 ATLAS R, 8 TeV : PRD 98:092004 (2018)
CMS Ry, 13 TeV

-------- PDG 2023: (xS(MZ) =0.1180+0.0009

0.15— —
- 44 g ? % .
ol ﬁﬁ#&ﬁ-&gﬁ_@w ' ]
B Mﬂ@; gy n
r 4 DO:Phys. ReV. D 80:111107 (2009) t } E
- o DO:PLB 71856 (2012) i
0.05[— o H1:EPIC 75565 (2015) -
- ¢ ZEUS : Nucl. Phys. B 864:1 (2012) _
7I 1 1 1 | I 1 1 1 1 1 1 1 | I 1 1 1 1 1 1 1 | I 1 r

10 10° 10°
Q (GeV)

All the analysis results are consistent with the energy dependence
predicted by the RGE and no deviation is observed up to ~ 2 TeV.
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