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| Standard Model of Particle Physics gTp)

Standard Model of Elementary Particles Strong interaction
» (nuclear forces, ...)
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A

QCD Lagrangian

Institut fir Experimentelle Teilchenphysik
:

@ Invariance under local SU(3)_transformations

=g

Three color charges a =1, 2, 3 — Red, Green, Blue
(as analogue to electric charge in QED)

Eight vector fields (gluons) Aﬁ carry color charge and color anti-charge

The gluons are massless
— exact symmetry

— in principal infinite range of strong force

Glh, = 0, A0 — 0, A —

I PCADAT

Non-zero commutator leads to gluon self-interactions via triple and quartic

gauge couplings

gs

quark-gluon interaction

-

gs

gluon self-interaction

K. Rabbertz University of Oxford, UK, 11.02.2025
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\ Beta functions ETP)

In (renormalisable) QFT the beta function encodes the dependence of
the coupling parameter g on the energy (or distance) scale \:
2
_ 9 _0Og
C An Blg) = 0log(u?)

87
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\ Beta functions ETP)

@ In (renormalisable) QFT the beta function encodes the dependence of
the coupling parameter g on the energy (or distance) scale p:

2
9; dg
oy i — — —
A 1 B9) Olog(1?)
@ Beta function of QED (1-loop): 5(a) = —a

3T
+ The coupling increases with energy scale

+ The coupling decreases with larger distances

~ Infinite range, Coulomb potential: V(r) !
-
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\ Beta functions ETP)

@ In (renormalisable) QFT the beta function encodes the dependence of
the coupling parameter g on the energy (or distance) scale \:

2
9i dg
oy i — — —
A 1 B9) 0log(1?)
@ Beta function of QED (1-loop): [(a) = —«

3T
+ The coupling increases with energy scale

+ The coupling decreases with larger distances

~ Infinite range, Coulomb potential: V(r) !

r

11Nc — 2N
@ Beta function of QCD (1-loop): S(as) = — ( i% f) o

+ The coupling decreases with energy scale, if No =3, N; <16

- Asymptotic freedom
+ The coupling increases with larger distances

- Confinement, string potential: V(r) ~ o -r with tension o ~ 1GeV/fm

K. Rabbertz University of Oxford, UK, 11.02.2025 Seminar 12



Al QCD and asymptotic freedom

Nobel prize 2004

@ Theory:

% Renormalisation group equation (RGE)
* Solution of 1-loop equation Physik Journal 3 (2004) Nr. 12

% Running coupling constant

as(QZ) _ aS(ﬂQ)

1 ‘|‘1Ofs(ﬂ2)50 In (3—22)

o ()

@ Towards small distances, Q* — «

Qs (QQ) =

+ “Strong” coupling becomes weak
+ Perturbative methods usable F. Wilczek

+ Asymptotic freedom nobelprize.org

K. Rabbertz University of Oxford, UK, 11.02.2025 Seminar 13



Q]  QCD and asymptotic freedom g

Nobel prize 2004

@ Theory:

% Renormalisation group equation (RGE)

% Solution of 1-loop equation

% Running coupling constant

as(QZ) _ aS(ﬂQ)

1 ‘|‘1Ofs(ﬂ2)50 In (3—22)

o ()

@ Towards large distances, Q> — 0

Qs (QQ) =

% Strong coupling, confinement

+ Perturbative methods not usable for Q2 — A2

F. Wilczek
+ Lattice gauge theory nobelprize.org

K. Rabbertz University of Oxford, UK, 11.02.2025 Seminar 14



\ Running coupling constant grp)

1 pre-LHC

July 2009

¥ (QZ) =

s a Deep Inelastic Scattering
oe ¢’ Annihilation
0® Heavy Quarkonia

with A typically = 200 — 300 MeV

Non-perturbative regime Asymptotic freedom _

QCD potential grows linearly 2} ’ .
with larger distances: Y .
V=0c-1r=~1GeV/fm-r 1 S
=—QCD o4(Mz)=0.1184 + 0.0007 |
0.1 0.3 1 10 100 200

— No free quarks (or gluons) Q[GeV]
— Confinement S. Bethke, EPJC 64 (2009).
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Status of as in PDG review
_ Particle Data Group
+ 4 https://pdg.lbl.gov
Y
K. Rabbertz University of Oxford, UK, 11.02.2025 Seminar 16


https://pdg.lbl.gov/

! as(mz) average versus time ETP)

1st estimate from G. Altarelli
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S. Bethke, arXiv:1907.01435.
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! as(mz) average versus time ETP)
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! as(mz) average versus time ETP)

1st estimate from G. Altarelli
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. ! a_(m,) average versus time  grp)

1st estimate from G. Altarelli
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Al PDG as averaging in 6 groups ETP)
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\ PDG 2023 as averages ETP)

averages per sub-field unweighted

7 decays & low Q° 0.1173 £ 0.0017
QQ bound states 0.1181 + 0.0037
PDF fits 0.1161 + 0.0022
ete” jets & shapes 0.1189 £ 0.0037
hadron colliders 0.1168 4= 0.0027
electroweak 0.1203 4 0.0028

PDG 2023 (without lattice) 0.1175 4 0.0010

Final average including lattice (FLAG2021):
as(m%) = 0.1180 % 0.0009

rel. uncertainty: 0.8%

PDG, PRD (2024) 110, 3, 030001.
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\ PDG 2023 as running ETP)
0.35 | L | T — 1 T T rr] T T ]
I tdecay (N3LO) 1 |
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T ; e*e” Z0 pole fit (NSLO) +e— |
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°fqﬁ oo L N\ - Since only NLO theory! op 1op (NNLO) —e— -
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PDG, PRD (2024) 110, 3, 030001.
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L.

Jets

Institut far Experimentelle Teilchenphysik
:

K. Rabbertz

Large transverse momenta

CMS Experiment at LHC, CERN

Data recorded: Tue May 25 06:24:04 2010jCEST
Run/Event: 136100 / 103078800

Lumi section: 348

University of Oxford, UK, 11.02.2025

Seminar
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\ Jets at the LHC ETP)

Abundant production of jets:

-+ Highest reach ever in energy scale Q to determine the strong coupling

= Learn about hard QCD, the proton structure, non-perturbative effects,
and electroweak effects at high Q

Run : 138919
Event : 32253996
T \|Dijet Mass : 2.130 TeV

a Jet 1 p: 585 GeV

Proton Structure
(PDF)

Proton Structure
(PDF)

Matrix Element Hadrons
K. Rabbertz University of Oxford, UK, 11.02.2025 Seminar 29



\ Jets at the LHC ETP)

Abundant production of jets:
- Extract a_(m,), the least precisely known fundamental constant!

( Nﬂﬁ CMS Experiment at LHC .CERN

. _:-// Daja remgrded: Sun Jun 27 D8720:02 2010 CEST
> -~ RdniBvent: 138760 /114007131
wil Kumi'sectionyS89

Proton Structure
(PDF)

Proton Structure
(PDF)

Matrix Element Hadrons
K. Rabbertz University of Oxford, UK, 11.02.2025 Seminar 30



. ! Jet cross sections ~ a_**" ETP)

@ Counting jets or jet events in bins of e.g. momentum and rapidity
@ Useful fori.a.:

+ Determination of a_(m;)
+ Test of running of a_(Q)
+ Multi-parameter fit of a_(mz) & PDFs

+ Multi-parameter fit including EFT parameters

K. Rabbertz University of Oxford, UK, 11.02.2025 Seminar 31



. ! Jet cross sections ~ a_**" ETP)

@ Counting jets or jet events in bins of e.g. momentum and rapidity
@ Useful fori.a.:

+ Determination of a_(m;)

+ Test of running of a_(Q)

+ Multi-parameter fit of a_(mz) & PDFs

+ Multi-parameter fit including EFT parameters
@ Subject to many/all systematic uncertainties:

+ Jet energy calibration (JEC) & resolution (JER)
+ Luminosity
+ Missing higher orders

... to name a few

K. Rabbertz University of Oxford, UK, 11.02.2025 Seminar 32



3 Inclusive jets: a_ & PDFs

P J
Institut fur Experimentelle Teilchenphysik
.

Jet counting in bins of jet transverse momentum and rapidity
Comparison of unfolded measurement with theory:

NNLO x nonperturbative x electroweak correction
(NNLO in leading-color (LC) approximation; subleading effects small)

CMS 33.5fb' (13 TeV)
_— j T | T T 3
D 104 Antik, (R = 0.7) +
S 10°E — CT14NNLO ® NP ® EW ]
-8_ . ly| < 0.5 (x 10% E
“‘"102é m 05<|y|<1.0 {x‘IO:;] -
- F a 10<ly|<15 (<107 3
'o'_10§ v 1.5<|y[<2.0 (x107 E
g 1 ]
PP E
R
10_2§ E
107 2
10 1
107° 2
10°°¢ .
107 3

-

100 200 300

—3000 2000

Jet P, (GeV)

CMS, JHEPO02 (2022) 142 & JHEP12 (2022) 035.

K. Rabbertz

University of Oxford, UK, 11.02.2025
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. \ Inclusive jets: a_ & PDFs ETP)

First determination of a (mz) ;.2 ) _ (1166 + 0.0016(fitall) % 0.0004(scl)
from jets at NNLO-LC:

Simultaneous fit with PDFs
— reduced uncertainties of gluon

-1
— jCMS . —————— ] 335 US TeIV} CMS SM NNLO Hessian uncertainties
> 4 F 7 —
o 107 ¢ Anti-k_ (R = 0.7) E < - 2 _ .2
O .yt __CT14NNLO ® NP ® EW G100} u2 = m;
-8_ 10 . ly| < 0.5 (x 10%) 3 X F
= 102k m 05<|y|<1.0 (x107 . o gol- \ CMS 13 TeV jets + HERA
g a 1.0<|yl<1.5x10? E ° -\
%:_ 10 ¢ ¢ 1.5<y[<2.0 (x10% E % [ HERA
Q 4L ] 60
LS E B
B il N :
510 ¢ 40
102 - B
107°F E 201
10_4% _é 0:[ Lol T e .
10° ¢ 3 ‘E', 1 —— (HERA+CMS) / HERA
10°° — é g 1 /
107 ¢ | 3 3 0.9
H | | | | | | L | | S
100 200 300 1000 2000 -

107 103 1072 10”"

X

Jet P, (GeV
CMS, JHEP02 (2022) 142 & JHEP12 (2022) 035.
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A Double/triple-differential dijets eTp)

Jet event counting in bins of dijet mass or average transverse momentum (x)
and

rapidity separation
1 lllustration of dijet event topologies
y* = 9 Y1 — Yo

y*
boost of dijet system A
| 25 = ] 3D bins
Yo = 5 |y1+ 12| 2_\" 2D bins
dSO’ B 1 N 1.5 — = =
dy*dy,dx &Ly Ay*AypAx 14 : :
0.5 T
1y il »
1| A b »
Alternativ 2D binning in R R SR AL L )
maximum rapidity of |y|,]y]| 0 05 1 15 2 25 Y

CMS, EPJC 85 (2025) 72.
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A\ Double/triple-differential dijets EgTp)

Jet event counting in bins of x, y',ys
Comparison of unfolded measurement with theory:

NNLO x nonperturbative x electroweak correction

lllustration of dijet event topologies
(Impact of subleading-color corrections up to few %) J P g

CMS | _ 296fb"(13TeV)
> Dat Y 0509,9,9.0.0 %
8 1028 _L C']a"laB NNLO x NP x EW lrb IQ/ |\ |\ IQ FQ(} 0 y A
g R ZHE= M 2 dorlinde @ %] o 2.5 4 ] 3D bins
-; 1022k 101310131'@37132‘_ 10" j A‘ :
2|2 1016 105 0 :
c 10" s & IRKNIB
9 - - ; : g =g : ‘ \v
4(3 gy - T =
& 10 1Y
W) > o Mgy ] ‘ ‘
g — -G :: e o> by 4y 05‘-_____
5 10—2 vl
E anti-kt (R=0.4) ), 5 O-"‘"|"l"|"§'|""|""|"
-8 . s . . ] ; .
107 %60 500 1000 2000 0 05 1 15 2 25 Y

(pT)1,2 (GeV)
CMS, EPJC 85 (2025) 72.
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A Double/triple-differential dijets eTp)

Determine as(mz) + PDFs

Example of ratio a,(m;) = 0.1179 % 0.0017(fitall) = 0.0008(scl)

data / theory
a(m;) = 0.1181 % 0.0019(fitall) & 0.0009(scl)
33.5fb" (13 TeV)
E CMS lyl <0.5 y*
Z 0 2.5 J= ] 3D bins
w L - | 2D bins
- L A S, SIS o o o ; : g
- Dat tat. B e - ]
2 08F " Totalexp.unc. T R
o I NP uncertainty i 14
= 0 27 PDF uncertainty ] 111 Y :
= 0.6 -..-.- Scale uncertainty — L » :
2 - ... ABMP16 =, = m ' 0.5 T e
 ----MSHT20 Hp ™ He— 2 ] TyYylyuril »
0.4F,  NNPDRg1  antiq(R0B) - ALY .
300 1000 2000 10000 AR A RS AR A
m, , (GeV) 0 05 1 15 2 25 W

CMS, EPJC 85 (2025) 72.
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Al Combining jet datasets — as(Q) erp

@ Up to now: Fit of whole dataset — a_(mz) & PDFs (running used implicitly)

@ New QCD analysis from CMS

+ Combination of multiple datasets (— table)

+ Subdivide into ranges of jet pr
+ Multi-parameter fit of a_(mz) & PDFs in each range separately

@ Uncertainty correlations vs. Ecns studied and varied
+ Some correlation in JEC among cms energies, insignificant in JER

+ MHOU (scale variation) fully correlated

Vs[TeVl LI[fb™1 N, prlGevl [yl
276  0.0054 80 74592 0.0-3.0
7 50 130 114-2116 0.0-2.5
8 20 165 74-1784  0.0-3.0
13 335 78 97-3103 0.0-2.0

CMS, arXiv:2412.16665.
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Al Combining inclusive jet datasets eTp)

Running of as(Q) in five ranges of jet pr

- CcMs | — . (76+7+8+13TeV)  Comparison of as(mz) from all jet data
501155 1 to previous CMS results at NNLO
0.110F : CMS NNL
| 1 1 1 : 1 | [
i i OIS .
B | (= i
0.105- ] : b :
- CMS ti 7 TeV[- °  os(mz)=0.1151:9982¢
01 00—_ N PLB 728_{2014) 496 E i E
I CMS tt 13 TeV| ® ! —{ as(mz)=0.1139:50%27
- EPJC 79 (2019) 368 |- i 1
0.095 B CMSW,Z7,8TeV|- .- - as(mz)=0.1175:83%%
i JHEP 06 (2020) 018 |- i .
0.090[ - incl. jets 13 TeV| — e+ 7 as(mz)=0.1166:3%817
i 5-|00p, 5-flavour RGE ] CMS IanElj:'e125{2022) ;35 E ! E Osimz 0.001
I PDG 2024, as(mz) =0.118 N CMS dijets 13 TeV|- —e—— - asmy)=0.1179'38318
- PDG 2024 Unc: +0.0009 . Accepted by EPJC | ! .
T ¢+ CMSincl jets2.76 + 7+ 8 + 13 TeV i CMS incl. jets|- —01— — as(mz)=0.1176:391
0080_ | | . . . . . oy | This work _ | | | | | ! | | | i
10% 103 0.115 0.120
Q (GeV) as(mgz)

CMS, arXiv:2412.16665. No discrepancies observed!
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A Combining dijet datasets — as(Q) eTp)

@ New a_extraction from all dijet data of ATLAS & CMS

+ Combination of multiple datasets (— table), in 2" step also HERA dijets
+ Subdivide into ranges of relevant scale Q
+ Complete NNLO predictions

+ Simultaneous fit of one a_(Q) per each range (with PDF variations as
nuisance parameters at starting scale po= 90 GeV)

@ Uncertainty correlations
+ Experimental ones assumed negligible

+ MHOU (scale variation) Data V5 [TeV] do R c
fully correlated ATLAS [10] 7 Lo 06 450 £1.8%
CMS [12] 7 dmjj;;ax 0.7 5.0fb~"+2.2%
CMS [13] 8 gt 0.7 1977 £2.6%
ATLAS [11] 13 dﬂf;gy* 04 32 ' +£21%
CMS [14] 13 Ty Tomme 0-8 335 fb~'+1.2%
CMS [14] 13 dm”%ﬁ 0.8 29.6fb~! +1.2%

Ahmahdova, KR, et al., arXiv:2412.21165.
K. Rabbertz University of Oxford, UK, 11.02.2025 Seminar 40




A Combining dijet datasets — as(Q) eTp)

From LHC dijet data «,(m%) = 0.1178 4 0.0014(fitall) £ 0.0017(scl)

as(Q) from HERA & LHC dijet data as fit results per dataset
= o ] o from Dijet Cross Sections in NNLO
E:’; — World average [ppG24) | L
S 0.20 ¢ LHC and HERA dijets [NNLO, this work] — LHC dijet data [NNLO]
: \4\ LHC dijet data nnLo, this work] : ATLAS 7TeV (R=0.6) L
- : CMS 7TeV (R=0.7) : o :
0.15 ] CMS 8TeV (R=0.7) —e—t
- - ATLAS 13TeV (R=0.4) — e+
I ] CMS 13TeV 2D (R=0.8) I
B ¢ LHC data - +—e—+
0.10"HERA data 7
I APPLfasr and NNLOJET e | LHC dijet data N B ’@
. . L R !
N 0_13_— A N Global dijet data [NNLO] g
= ozl “ e - HERA dijet data —— |2
S o[ hiﬁﬁ* ______ DML HERA+LHC dijet data e s
ook, TeV range— g
10 100 1000 10000 World average [ppGz3] - &
i [GeV] o0 o2
Ahmahdova, KR, et al., arXiv:2412.21165. as(M,)

K. Rabbertz University of Oxford, UK, 11.02.2025 Seminar 41



Al Combining dijet datasets — as(Q) eTp)

From LHC dijet data o (m%) = 0.1178 4 0.0014(fitall)

Comparison to selected other data

1T 0.0017(801)

o fit results per dataset

& AL AL N ] o from Dijet Cross Sections in NNLO
= =~ World average [PpG24] — T T T T T
5“’ ¢ LHC and HERA dijets NNLO, this work] ] LHC dijet data [NNLO]
0.20 i LHC dijet data nnLo, this work] __
i ‘-Y HERA jetS[NNLD] ] ATLAS 7TeV (RZOG) e
i } e'e jets/shapesiNNLO:res] i CMS 7TeV (R=0.7) .
015 B EW fit [pDG24 - CMS 8TeV (R=0.7) — .
. I ¥+ ATLAS TEEC 13TeV [nnLoj i ATLAS 13TeV (R=0.4)
I ! ] CMS 13TeV 2D (R=0.8) SN
| _ +—e—
0.10 —
. . LHC dijet data —+——— ~
5 APPLfasr and NNLOJET i %
H — (o
= 0.1 3| ] Global dijet data [NNLO] S
~= ] HERA dijet data ——— <
» 0.12F -9 .____ _c%
" 041 %Mﬁj LF A iﬁﬁ% | HERA+LHC dijet data —t—— -
010-_ - * TeVrange- &
' 100 1000 10000 World average [ppG2s .- §
. GeV L —
. 200 GeV in2009 MaleYl 0.110 0.120
Ahmahdova, KR, et al., arXiv:2412.21165. GS(MZ)
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\ Normalised distributions ETP)

Energy flow

Proton Proton
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. \ Normalised distributions ETP)

@ Analysing the energy flow within an event in bins of some momentum
scale and a suitable observable

@ Often so-called “event shapes” like thrust or energy-energy correlations

@ Go back to definitions suggested for e*e” collisions; for pp only
transverse momenta used

@ Useful fori.a.:
+ Determination of a_(mz) & test of running of a_(Q)

+ MC generator comparison & tuning
+ Search for new physics

K. Rabbertz University of Oxford, UK, 11.02.2025 Seminar 44



. \ Normalised distributions ETP)

@ Analysing the energy flow within an event in bins of some momentum
scale and a suitable observable

@ Often so-called “event shapes” like thrust or energy-energy correlations

@ Go back to definitions suggested for e*e" collisions; for pp only
transverse momenta used

@ Useful fori.a.:
+ Determination of a_(mz) & test of running of a_(Q)

+ MC generator comparison & tuning
+ Search for new physics

@ Independent of luminosity

@ Reduced sensitivity to other systematic effects
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Normalised distributions ETP)

L b L L

Analysing the energy flow within an event in bins of some momentum
scale and a suitable observable

Often so-called “event shapes” like thrust or energy-energy correlations

Go back to definitions suggested for e*e” collisions; for pp only
transverse momenta used

Useful fori.a.:
+ Determination of a_(mz) & test of running of a_(Q)
+ MC generator comparison & tuning

+ Search for new physics
Independent of luminosity

Reduced sensitivity to other systematic effects
Often multi-scale problem — more complicated scale dependence

Can contain transition region from perturbative to nonperturbative QCD

K. Rabbertz University of Oxford, UK, 11.02.2025 Seminar 46



. ﬂ Transverse energy-energy correlation Eg1p)

@ Example of an event shape: energy-energy correlation (EEC)

+ Goes back to definition in e*e” Hroisore) sors | (TOES:

+ Here specialised to pp collisions — only transverse momenta (TEEC)
+ Measures Er weighted azimuthal differences:

K. Rabbertz University of Oxford, UK, 11.02.2025 Seminar 47



. ﬂ Transverse energy-energy correlation Eg1p)

@ Example of an event shape: energy-energy correlation (EEC)

+ Goes back to definition in e*e” Hroisore) sors | (TOES:

+ Here specialised to pp collisions — only transverse momenta (TEEC)

+ Measures Er weighted azimuthal differences:

_ Measure of pairwise
Transverse jet azimuthal distance

energy weights \ / between jets i,]

1 d¥ Ez,
d(cos ¢ — cos ¢;;)
TR Sy 9

K. Rabbertz University of Oxford, UK, 11.02.2025 Seminar 48



. ﬂ Transverse energy-energy correlation Eg1p)

@ Example of an event shape: energy-energy correlation (EEC)

+ Goes back to definition in e*e” Hroisore) sors | (TOES:

+ Here specialised to pp collisions — only transverse momenta (TEEC)

+ Measures Er weighted azimuthal differences:

_ Measure of pairwise
Transverse jet azimuthal distance

energy weights \ / between jets i,]

1 dY YY EZ. .
Jdcosqb NA o ZkE ) olcos ¢ = cos ¢i;)

/ Normalisation to

Normalisation to Er sum per event
no. of events N

Sum over all
events in sample
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. ﬂ Transverse energy-energy correlation Eg1p)

@ Example of an event shape: energy-energy correlation (EEC)

+ Goes back to definition in e*e” Hroisore) sors | (TOES:

+ Here specialised to pp collisions — only transverse momenta (TEEC)

+ Measures Er weighted azimuthal differences:

_ Measure of pairwise
Transverse jet azimuthal distance

energy weights \ / between jets i,]

1 dY YY EZ. .
adcosgb NA o ZkE ) olcos ¢ = cos ¢i;)

/ Normalisation to

Normalisation to Er sum per event

no. of events N Additional binning in
Sum over all e.g. transverse energy
events in sample sum Hr — scale Q

K. Rabbertz University of Oxford, UK, 11.02.2025 Seminar 50



. ﬂ Transverse energy-energy correlation EgTp)

TEEC x oy

Seminar

1 dx Event shape:
¥ ¢ N 2(5(cosq5— CcOS ;)
O a COS
A=1 1j Zk Tk)
E L T T T I T | T T T | T T T T T T | T T T | T T T I T T T I T T T T _J
§ ATLAS —es— Data (Stat. ® Syst. unc.)
=] 10~ Particlelevel TEEG = Pythia 8.235 =
H - articie-leve o Sherpa 2.1.1 =
. ) [ Vs=13TeV; 1391b" s Herwig 7.1.3 (Ang. ord.) —
Normallsed E * s Herwig 7.1.3 (Dipole) 7
1 Ef* Hy, > 1000 GeV 3
- ¢ anti-k R = 0.4; p_» 60 GeV; Il <2.4 -
C e, ]
u!!! u":'
T o8, .'.J\. -
107 = sg,!!!! n!,,ga v’?
107 = | | =
o 1.2 — ?
© B .-,11.-‘ OpOC0®a [=[= oo? nw o Tl g g |
e 155&5 fres ﬁu.MPI!I_‘ -ﬁ.!ﬂ'n_giiﬁi"gggf_g 'ﬂ;ggffiﬁ%’ aﬂ::?ffli A e '-IEE;-;-_':--_:I-_-E_'E_EZ
&) :_ AA Ak ‘\.-:\. 'E!Ai'.'ui ................ oA "j;—'"“ﬂ,ﬁ.f‘_-yt . ]
= [ aanasts Y .
0.8 e
108 06 04 02 0 0z 04 06 08
ATLAS, JHEP 07 (2023) 085. cos ¢
K. Rabbertz University of Oxford, UK, 11.02.2025
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. ﬂ Transverse energy-energy correlation EgTp)

1 d¥ Z _§(cos ¢ — cos ) Event shape: TEEC o oy
E : 1]
adcosqb NA r ZkE
2 — 2 back-to-back jets autocorrelation i=j 2 2
e\lr "|"'|"'|'"|"'|"'|"'|"'_J/
o ATLAS —— Data (Stat. ® Syst. unc.)
s 10E | Pythia 8.235 5
%] E Particle-level TEEC Sherpa 2.1.1 E
. ° - Vs =13 TeV; 139 b’ Herwig 7.1.3 (Ang. ord.) —
Normallsed E * s Herwig 7.1.3 (Dipole) 7
1 ?ﬂ H,, > 1000 GeV _E
RN anti-k, R = 0.4; p_>60 GeV; | <24 ~
X N
u!!! “af‘
107 My, =
10 =, L] =
g 1.2 —
S e :?;2%2;f%aﬁ%?i@:z:ﬁﬁ?i?if.*ﬂf'E'“’if?’i*-’if*’-ﬂ-“%
03F - i
1708 06 04 02 0 02 04 06 08 1 Multiple
ATLAS, JHEP 07 (2023) 085. cos o bins in Ht
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. ﬂ Transverse energy-energy correlation EgTp)

1 d% Z Z 5(cos & — cos i) Eventshape: TEEC o o

o d cos N
¢ A=1 13 Zk E
2 -2 back-to- back jets autocorrelation i=j 2 -2
_e_\ L T T | T T T | T T T | T T T | T T T I T T T I T T T | T T _J /
8 ATLAS —— Data (Stat. ® Syst. unc.)
=} 10 Particle-level TEEC = Pythia 8.235 =
H - article-leve o Sherpa 2.1.1 =
i = [ Vs =13 TeV; 139 fb" s Herwig 7.1.3 (Ang. ord.) =
Normal Ised :‘T: * s Herwig 7.1.3 (Dipole) 7
1 Ef* Hy, > 1000 GeV 3
-t anti-k R = 0.4; p_p 60 GeV; nj <24 _
“s
M, multijet region oy
107 ey ) onss
= "y 2 — n>2,3-jet NNLO P
1072 = | | | =
© 1.2_— ?
(1] [~ Ak T g g G e |
et g D R R e
(&) :_M " m "praakbbifinnannnnnannnninnEnss Ah "j;_-"—';l,.;\_ _ a
E B AAAMABA uﬁ'a'iﬁ_iﬁa ]
0.8 Sasp0004] _
1708 06 04 02 0 02 04 06 08 1 Multiple
ATLAS, JHEP 07 (2023) 085. cos ¢ bins in Hr
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. ﬂ Transverse energy-energy correlation Eg1p)

asym
1agx™™ 1 dx | 1 dx Event shape: ATEEC o< a
o dcos¢p o dcoso o d cos ¢ S
Asymmtry
= 10 :_" UL L L L L L L L L UL L L L L L L
3 = ATLA —e— Data (Stat. ® Syst. unc.) 5
% . B article.level ATEEG Pythia 8.235 -
3 T . article-leve Sherpa 2.1.1 —=
3 = * Vs =13 TeV; 139 fb” +  Herwig 7.1.3 (Ang. ord.) =
o — ' +, »  Herwig 7.1.3 (Dipole) —
= 10 &= "'-In-_._ —=
— — *+ =
Normalised = Tty -
1072 = .%f'ﬂ'ﬁ-&.g.. » —=
— i Pl '9"!"6'{- 4 =
= multijet region - .ﬁ-—!-%“ =
~ S r Phad,
HTSE— H,, > 1000 GeV 2 — n>2, 3-jet NNLO i =
C antik R=04; p_>60GeV; I <2.4 3
107 & 2
— P T P R T TR N N N N T M " T TR N TRTRT N S NN T TN N N W N T =
1.5 ' ' ' | | | ' j | | 1
1] = A |
T‘Eﬁl B Az &4 1 '}‘ + [ d I ]
8 VYT S S SE TS L 4-“!
S R S L I
= e R R R L PPN . ]
0.5~ , | | | | | . . | B ]
— 09 08 -07 -06 -05 -04 -03 02 -0i 0 Multlple
ATLAS, JHEP 07 (2023) 085. cos ¢ bins in Hr
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. ﬂ Transverse energy-energy correlation Eg1p)

_ +0.0034 Remark:
+0.0025 uncertainty smaller
- “ - _— 0- .1 6 _I | I | I I I 1 I | ]
First “running” gm - ATLAS ¢ S¥Si, = DPRe DOt -
pOInts from pp o — arXiv:1307.1907 arXiv:1207.4957 arXiv:0911.2710 —
B CMS M CMS R CMS incl. jet |
Observable at NNLO 0 1 4 __ A arXiv:1412.?633 M ar)(iv:1304.37%e98 v arXiv:IB(IJQESS(Le __
| ATLAS R -
L TN Y axviesoest T QEEEEO?WI’EV -
0. 1 2 [~ T - \.L Ny —_
i g o METSLY -
| [} l. —
010k L] e ATEEC13TeV
0.08— NNLO pQCD; MMHT 2014 (NNLO) %h 4T 1 _
i ag(m, ) = 0.1185 *" 7 (ATEEC Global) <{> ]
0.06 | aym)=0.1179 £0.0009 (PDG 2022) _
[ 1 | 1 | 1 1 1 1 1 | |
10° 10°
ATLAS, JHEP 07 (2023) 085. Q [GeV]
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\ Sudakov peak of DY Z pr ETP)

Multiple gluon emissions in q e, pu

initial state require resummation
to predict shape of Z pT distribution

Qo
o

T
D
o

do/dp_ [pb/GeV]

5
o

2 « Sensitivity to as

Novel idea pursued by ATLAS

% R IR EIO e ——— (and CDF)
1 'f_,_u—.."'_':":_
ogl——"" T e ATLAS data published!
0 5 10 15

p_ [GeV]
ATLAS, EPJC 84 (2024) 315; arXiv:2309.12986. T
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\ Sudakov peak of DY Z pr ETP)

- o T L L L AL | L AL | LI
Ratio to data of DYTurbo g, L 0.4<|y|<08 _ ATLAS
resummed+matched fixed-order o | ]
rediction = 1 PP
P R ks [ 1 Ys=8TeV,20.2fb"
—O—D—Q—Q—Q—IWH
T { do
- - de
0.8 7 = DYTurbo
1 10 107 10°
éN 0.122-ATLAS pp — z - P; [GeV]
<3 - Vs=8TeV,2021" 1
0.120 -
01180 ¢ b » Series of as extractions with
- ¢ : INCreasing precision
0.116— _
—4 :
0.114F —
; (M) = 0.1183 £ 0.0009
0.1 12:_ MSHT20 PDF E
01105 - Zp_ 1 Most precise single determination (except
I Scale variations 1 Lattice), but so far not accepted by journal.
0.108C | 1 Stimulated discussion notably on theory
NLL NNLL N°LL N*LLa uncertainty.

ATLAS, EPJC 84 (2024) 315; arXiv:2309.12986.
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\ Ratio observables ETP)

Higher multiplicity

Ve

W CMS Experiment at LHCEERN
¥4 | Datliepgrded: Sun Juil 27 08720:02 2010 CEST

. RanEvent: 138760 / 114007131
| Eumi'sections599
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R\ Ratio observables ETP)

@ Aim to reduce or eliminate impact of systematic effects
@ Useful fori.a.:

+ Determination of a_(mz) & test of running of a_(Q)

+ MC generator comparison & tuning

+ Investigation of jet size R dependence
+ Search for new physics
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\ Ratio observables ETP)
@ Aim to reduce or eliminate impact of systematic effects
@ Useful fori.a.:
+ Determination of a_(mz) & test of running of a_(Q)
+ MC generator comparison & tuning
+ Investigation of jet size R dependence
+ Search for new physics
@ Often independent of luminosity
@ Reduced or eliminated sensitivity to systematic effects
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A

Ratio observables

L ¢ L L &

Aim to reduce or eliminate impact of systematic effects

Useful for i.a.:

+ Determination of a_(mz) & test of running of a_(Q)

+ MC generator comparison & tuning
+ Investigation of jet size R dependence
+ Search for new physics

Often independent of luminosity

Reduced or eliminated sensitivity to systematic effects
Correlations between numerator & denominator

Often multi-scale problem — more complicated scale dependence

Also reduced sensitivity to desired effect

K. Rabbertz University of Oxford, UK, 11.02.2025 Seminar
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A Sensitivity vs. systematic effects erp)

H = CMS Preliminary 19.7 fb” (8 TeV)
Inclusive 3-jet 5 2 s :
. — - -k,R=0. nz
cross section | T Gl
= L ——CT10 a,(M,) = 0.112 - Min. Value
3 @) - — CT10 (M) = 0.118
O'SJ X Oés = 150 ——CT10 a (M,) = 0.127 - Max. Value
2 - _,__r—_'__r4 - 1
ke I —_—— T ——
© - |
B = | -Hf
RS RSt neansane SCaEE + + B { 1
05 1 1 1 1 1 1 |
300 400 500 600 1000 1680
— 2 CMS Preliminary 19.7 fb”! (8 TeV)
Inclusive 2-jet =2 | eukr=07 .2 Sensitivity
. - ly| <25 —«_Data/(NP ® EWK)
cross section S L ——CT10 0, (M) = 0.112 - Min. Value
9 9 L —CT10 o (M) = 0.118
. Z 15+ ——CT10 a (M) = 0.127 - Max. Value
O2j X Qg 219
O _ .
] PR S L |
: :
1 ] R Il Sl Il Nt St S [l Sy AT [ SO T | 1‘4‘+ L| l
L e e e _Ht'
0_5 1 1 1 1 1 1 |
300 400 500 600 1000 1680

H, /2 (GeV)
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A Sensitivity vs. systematic effects erp)

Inclusive 3_jet — 9 CMS Preliminary 19.7 fb” (8 TeV)
C) = = = = =
. < - i-k, R=0.7 > - -
cross section © | ryr;t:: 215 s Inclusive 3_ jet to _mcluswe 2-jet
S - ——CT10 a (M) =0.112 - Min. Value cross section ratio
3 9 - — CT10 (M) = 0.118
O-Sj X Oés Z 15 ——CT10 ¢ (M) = 0.127 - Max. Value R3/2 X as
2 - _,__r—_'__r4 - 1-
ke I T i R
E ~ | —~ 9 CMS Preliminary 19.7 b (8 TeV)
] = | ,L+ 4 S b antikR=07 Ry
Rt [T ] O <25  —DataP
T _“_%_“ 1- - - ——CT10 ag(M,) = 0.112 - Min. Value
i @) L —CT10 o (M) = 0.118
: EI 15— ——CT10 ay(M,) = 0.127 - Max. Value
O 5 1 1 1 1 1 1 | _9 [
300 400 500 600 1000 1680 ko) B
— 2 CMS Preliminary 19.7 fb”! (8 TeV) ":_U' I e
. . o o - B e R
Inclusive 2-jet = - anti-k R=0.7 Bﬁf(NPc, - ReducedI 1 EemBuiaas e
H m lyl<2.5 —— Data % agu = L MR - __“_ =
cross section © | CTi0w, M)=0.112-Min vaue | S€NSitivity i * .
9 9 L —CT10 o (M) = 0.118 i
. Z 15+ ——CT10 a (M) = 0.127 - Max. Value |
0-2.] m aS _.9 B 0_5 1 1 1 1 I 1 |
o - | 300 400 500 600 1000 1680
T :____J__;____________,_d———Ffdd——”’¥ | HT,2/2 (GeV)
0: L
1 ] S et el M A ey S [y [ [y B 1‘4‘+ L|
e R e T e S _lﬂ‘-
0_5 1 1 1 1 1 1 |
300 400 500 600 1000 1680

H, /2 (GeV)
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| Sensitivity vs. systematic effects eTp)

H = CMS Preliminary 19.7 fb” (8 TeV)
Inclusive 3-jet 5 2—— : : . : :
cross section © | SMkR=07 s Inclusive 3-jet to inclusive 2-jet
G [ m<2s et cross section ratio
= L ——CT10 (M) = 0.112 - Min. Value
3 9 . —CT10 a,(M) = 0.118
O'SJ X Oés = 1'5j ——CT10 ay(M,) = 0.127 - Max. Valueﬁ | R3/2 X as
2 | T
"g . | S CMS Preliminary 19.7 b (8 TeV)
o 1_ . | ,L+ 4 S b antikR=07 Ry
R [ ] O i<2s —~Data/NP
e R _“—%“ 1 - = L ——CT10 0g(M,) = 0.112 - Min. Value
: 9 L —CT10 (M) = 0.118
I Z 15+ ——CT10 ay(M,) = 0.127 - Max. Value
05 1 1 1 1 1 1 | _9 I
300 400 500 600 1000 1680 ke B
__ o CMS Preliminary 19.7 b (8 TeV) C{\:Tj B I
Inclusive 2-jet E - antik,R=07 2 ReducedI NEEEEaa e = ot
: -yl <25 —+Data/(NP ® EWK) e TSR T
cross section © | CTi0w, My=0112-Minvae | SENSitivity i .
@) L —CT10 o (M) = 0.118 i
O. . OC a2 EI 15— ——CT10 a (M) = 0.127 - Max. Value |
2.] S Q B 0_5 1 1 1 1 I 1 |
o = 300 400 500 600 1000 1680
© e ey R H; /2 (GeV)
x = + | |
1 ] S et el M A ey S [y [ [y B l‘+‘+ L| l
B S e R a R s S HEC _Ht'
- -/ Much reduced
05l | o systematic uncertainty
300 400 500 600 1000 1680

H, /2 (GeV)
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\ 3- to 2-jet ratios ETP)

M. Wobisch

O-S—I—j et 1 1 ATLAS ® Data 3
S - Vs=13TeV, 140 fb™ 59 NLO -
. T2 [ ’ :
antiproton 2—|_.] et 08 - p.> 60 GeV A NNLO ]
8- M13 i
- N i
L | _
o 061 ﬂggggﬂﬁ.ii -
Nice measurement from ATLAS: < | ;gim :
0.4 — iﬂ -
Ra312, Rai2, Ra3, Rsa i i= i
. e i
0.2 _—‘i -
First comparison of Rs, vs. NNLO K 1
: —t—t—+—+—+ : : ——
e 1.1 Ogoa. O N
. o o pgupUpRoontE Y
But no a; fit (yet). =S EWJA .
o 0.9 | . | . |
3x10? 10° 2x10° 3x10°
ATLAS, PRD 110 (2024) 072019. H,, [GeV]
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Al  Multijet azimuthal correlation EgTp)

@ Ratio observable differential in jet pr, where:

+ Numerator counts no. of neighbouring jets with minimal pr within
azimuthal distance 2n/3 < A® < 7n/8 — enforces 2 3-jet configuration

+ Denominator counts all jets in pr bin

ZNje{(PT) N(i) (A, pnbr )

= nbr Tmin

Rap(pT) o< 0

Rap(pT) =
d ]Vjet (p T) CMS, EPJC 84 (2024) 842.

+ Requires 3-jet NNLO
+ Similar observables previously used by

- DO: Rar(pr) IDoiPLB7is@012)56
~ ATLAS: Ray(Hr) [ATLAS PRD 98 (2018) 092044.
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Al  Multijet azimuthal correlation EgTp)

@ Ratio observable differential in jet pr, where:

+ Numerator counts no. of neighbouring jets with minimal pr within
azimuthal distance 2n/3 < A® < 7n/8 — enforces 2 3-jet configuration

+ Denominator counts all jets in pr bin

Njet (PT) (l) nbr
Zizl Nnbr(A¢’ mein) RAqb(pT) X (g
]Vjet (p T) CMS, EPJC 84 (2024) 842.

Ragp(pT) =

+ Nice feature: Equivalent definition with 2D quantity N(pr,n) counting
neighbouring jets

> . nN(pT,n)
Rap(pr) = 5
>_n N(pr, n)
¥ enables unfolding accounting for all correlations
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A Multijet azimuthal correlation  gTp)

Nije (pT) ( )
Zz;{ n‘i)r(Aqb p"Ill“bmrln)

Exampl nfiguration RA¢(pT) — N;
xample configurations iet(PT)
(on request)
2-jet topology 3-jet topology (all jets with py > 100 GeV)
P |
2 2 2
A1
A
P A2
“Slee Q{\\E}'L
Rpy(pr) entries
P12 Numerator: 2 + Numerator: 1 4+ Numerator: 1
. | 2n/3 < Ap1<70/8 27t/3 < Ap,1 < 71/8 271/3 < A1 < 77/ 8
Rpp(pr) entries | 27/3 < g2 < 77/8 Ap2 < 271/3 Ap2 < 271/3
AP ~ 7t
Numerator: 0 Denominator: 3
Denominator: 2

CMS, EPJC 84 (2024) 842.
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Al  Multijet azimuthal correlation EgTp)

Good sensitivity, but

So far only NLO — huge MHO uncertainty

as(myz) = 0.1177 £ 0.0028(all| 700114 (scl)

Significant PDF dependence /
134 fo™' (13 TeV) 134 fb' (13 TeV)
ﬁl_ 0_34_ I I I I I T T I_ NX T 1T 1 T | I T I T | T T 1 | I T T T | I T 1T 1 I
£ [ CMS NNPDF3.1 1 CMS - ABMP16
5 0%p E . CT18
0.3 - 1001 . MSHT20 .
N § 80 - NNPDF3.1 i
0.28~ 7] 70F A .
B _ 60 | .
0.26 —
= ] 50 | i
0.24} — a0k i
022/ T Paa - 30} -
- _ =0.106 §
0.2F os(m,) -
- — =0.118 N 20 -
0.18F (M) &=
- —— 0g(m )=0.130 ] — Fits
0.16—_I | | | | | I ; I__ 1 1 1 1 | | 1 | 1 | 1 1 1 1 | | 1 1 1 | | 1 1 1 I
200 500 600 1000 2000 3000 0.11 0.115 0.12 0.125 0.13
p, (GeV) og(m,)

CMS, EPJC 84 (2024) 842.
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Al N-point E-E correlators in jets EgTp)

Jet substructure variable representing correlations of energy flow inside jets

+ 2-point energy correlators do & E.E;
E2C = dy = ; do ert 0 (xr, — AR;j )

% multiple entries, e.g. n=3 — 9 pairs inside jet _ _
P g —P J weight distance

Chen et al., arXiv:2004.11381;
Lee et al., arXiv:2205.0314;
Chen et al., arXiv:2307.07510.
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Al N-point E-E correlators in jets EgTp)

Jet substructure variable representing correlations of energy flow inside jets

+ 2-point energy correlators do & E;E;
E2C0 = — = do—=21§ — AR;;

% multiple entries, e.g. n=3 — 9 pairs inside jet _ _
P g —P J weight distance

(]
by | b
oy | 5
=

: : > ARz = AR = 1/ (Anii)2 + (Ady;)?
ARI.Z AR1_3 AR2_3 L J \/( 773) ( ¢j)

Chen et al., arXiv:2004.11381;
. O I . Lee et al., arXiv:2205.0314;
Yulei've 3%3 =9 pairs Chen et al., arXiv:2307.07510.
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Al N-point E-E correlators in jets EgTp)

Jet substructure variable representing correlations of energy flow inside jets

+ 3-point energy correlators

E; E E
E3C = Z / k £L'L — max {ARij, ARjk, ARIW})

1,7,k Jet . -
H_I gl
weight distance
+ e.g. n=3 — 27 triplets inside jet vy, = max AR;;, ARji, ARy;

Chen et al., arXiv:2004.11381;
Lee et al., arXiv:2205.0314;
Chen et al., arXiv:2307.07510.
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Al N-point E-E correlators in jets EgTp)

Jet substructure variable representing correlations of energy flow inside jets

+ 3-point energy correlators

E3C = Z/ Bt Ek5 (rr — max {AR;;, AR;i, ARy })

1,9,k Jet _J
’ H_I B g
weight distance
+ e.g. n=3 — 27 triplets inside jet rr = max AR;;, AR;i, ARy,
E} E! E; t
—+—=+—=
E3  E3  E3
E}E; + ESE,
E3 ’
E3E; + E3E, .mmmmmmmmimmmmm
R R W
> AR Chen et al., ar_Xiv:2004.11381;
: Lee et al., arXiv:2205.0314;
Yulei Ye ARy, AR, ; AR, 4 Chen et al., arXiv:2307.07510.
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\ Data analysis details ETP)

@ 2016 data comprising 36.3 fb"
@ Series of single jet triggers with lowest pr threshold 60 GeV
@ Dijet event selection with:
+ Anti-kT jets R=0.4
+ pr>97 GeV, |In| <21 — good momentum resolution
+ |A®|>2 — back-to-back jets
+ Only two leading jets used
@ All particle candidates with pr > 1 GeV used for E2C & E3C

@ Iterative unfolding with early stopping (D’Agostini)

+ Jet matching efficiency 99%
+ For particle candidates more problematic

— largest uncertainty on EEC from MC modelling!
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R\ E2C and confinement ETP)

As AR goes smaller: perturbative region — confinement — free hadron

Transition depends on jet pr bin, dashed lines move to the left with pr up
CMS

°
U
)

—
®

2 |
Q 1F = PyTHIAB CP5 (0_0rdl)
== HERWIG7 CH3 (ang. ord)

=»= SHERPAZ2 '.i.-il-"-l-

L&

L B |

10

E

107

Free Hadron

LR

1.1

Perturbative

Evolution Tpl

0.9 ”
p ; : 97-220 GeV

Yulei Ye

Ratio to PYTHIAS

I—3 I—2 I—1
10 10 107 x,

CMS, PRL 133 (2024) 071903.
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\ E2C and confinement ETP)

As AR goes smaller: perturbative region — confinement — free hadron

Transition depends on jet pr bin, dashed lines move to the left with pr up

CMS 36.3 b (13 TeV)

— : , rrr— S ,
¢ Data I 4 | e 1 o | )
o 10 ' 3 Free | Confi i Free : Confinement | < e =
N == PYTHIA8 CP5 (p_ord.) 8 hadron | onfinement 8 hadron 8 N | 8
L = " B ,*** | = —a= : =
10 =~ HERWIG7 (_':HS (ang. ord) E .h-l-'-'-_.. | E — E e E’

== SHERPAZ '.i.*-"-. : :—.-.

—_— - -

1

==

F 1
ree : Confinement

P

10" hadron !
oo T
g
- -
- 1.1
-
a1 ol
iy - ——
2 NN o T8
o 09F . : , :
w pT'“t: 97-220 GeV pf’[: 330-468 GeV pf’t: 638-846 GeV pft: 1101-1410 GeV
E L L L el ] A [ A e A [ A e A A [ Rt | A I R | A B WEE1 | A i A E e | I e ETEl i e ETEl i A
-3 2 1 -3 2 1 -3 2 1 -3 2 -1
10 107 107 x, 10 10° 10° x, 10 107 107 x, 10 107 10 X,

CMS, PRL 133 (2024) 071903.
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R\ Comparison to PS MC ETP)

Example of lowest pr bin out of eight — 1784 GeV

E2C E3C E3C/E2C
CMS Supplementary CMS Supplementary CMS Supplementary
e e T DR i
2 1 1 . 1 1
o 10 E : : E 3) 10 E I 5 Ol 1.6F p’e‘: 97-220 GeV !
N C 1 1 ] b C 1 1 I ola T 1
u 10k : : w 10k : S el P : ¥
E iE| E
i _—-‘-.;"\ﬁ 3 ; E 1.2 : -
- = s . 1 - . 1 I
1 1 1 1 I
2 o 7 E‘,‘F : 3 g os .
g 101 p Tie‘: 97-220 GeV |, 4 g 101 D Tlet: d7-220 GeV | g 0.6 -
< F— e . g : <
T T o z 1.1
= 1.05
a a a
) o [ 1
o o ©0.95
i C & 09} i
+: Data —=— PYTHIA8 CP5 (p_-ordered) —— PYTHIA8 VINCIA == PYTHIA8 DIRE
—— HERWIG7 CH3 (angular-ordered) - HERWIG7 DIPOLE —— SHERPA2

From uncertainty to interesting new observable to study vs. PS models
K. Rabbertz University of Oxford, UK, 11.02.2025 Seminar 7



\ Perturbative region ETP)

@ Focus on perturbative region:

+ Comparison to NLO+NNLLpprox
+ Use ratio E2C/E3C —» o a,(Q)In R+ O(a?)
+ Effects of e.g. gluon vs. quark jet expected to cancel — as(Q) (NLO)

CMs _ 36.3fb"' (13 TeV)

| Data —— NNLL;p0x*NP _ ag(m,) —51.02

I pf“t: 97-220 GeV

[ [§]p): 330-468 GeV

L [1]p)": 638-846 GeV

[ [{]p": 1101-1410 GeV
1.4

-
D

E3C/E2C

N
(%))

1.3f

1.2F
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\ Perturbative region ETP)

@ Focus on perturbative region:

+ Comparison to NLO+NNLLpprox

+ Useratio E2C/E3C —» o o,(Q)In R+ O(a})
+ Effects of e.g. gluon vs. quark jet expected to cancel — as(Q) (NLO)

cMs 36.3 b (13 TeV) CMS. | . 363f0"(13TeV)
or ol Data  — NNLLyprorHNP s am) o 1102 o E
i PP - ---0.136 13 & r t Data
wo L [tpr:97-220GeV kL 0.100 Toos = Yotk 0118 .
Q [ []p: 330468 GeV 177°%F o | —os(m,) =0.
D155 7ok 638846 Gev 102 2§ o4 —0y(m) = 0.136 ]
 []p): 1101-1410 GeV I O e A N oy(m ) = 0.100
1.4F 9% 0 S ]
31.02 S Bl
Ligs 1@ 04l 0 el T~ e ]
131 “10.98 :
i 1.02 04l ]
1.2F T ‘L:’-‘;og; 3 OzS(MZ) = O 1229+8 884518
pp 0277300 400 600 800 1000 1200 1400 1600
p*' (GeV)
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Summary & Outlook ETP)

LHC at 7, 8, and 13 TeV enabled to test a (Q) upto Q~7 TeV
LHC results reached Aa_(M,) ~ 0.5% experimentally
LHC theory uncertainty still leads to Aa_(M,) ~ 1.5% in total (mostly)

Still more theory understanding required

Novel ideas like energy-energy correlators in jets (or Z pr) very
promising, need some more experience
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Thank you for your attention!

Thank you very much to the
organisers for the invitation to
this very special place
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