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Energy-energy correlator: history at ete-

EEC: event shape observable proposed for ete- experiment in 1978 [PRL 41 (1978) 1585]
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Energy-energy correlator: history at ete-

EEC: event shape observable proposed for ete- experiment in 1978 [PRL 41 (1978) 1585]
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Energy-energy correlator at LHC

Adaptions for hadron collider

Transverse EEC (TEEC) EEC inside jets
PLB 141 (1984) 447 arXiv:2004.11381

Angular correlation between jets in an event Angular correlation between particles in a jet

All particles inside a jet

N
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https://arxiv.org/abs/2004.11381

Energy-energy correlator at LHC

Adaptions for hadron collider

Transverse EEC (TEEC)
PLB 141 (1984) 447

Angular correlation between jets in an event

Energy scale Q ~ O (TeV)

Fixed order QCD dominant
NNLO pQCD available [JHEP 03 (2023) 129]

EEC inside jets
arXiv:2004.11381

Angular correlation between particles in a jet

Energy scale Q ~ pT * AR ~ O (10 GeV)

Collinear QCD dominant
NLO+NNLLapprox, arXiv:2307.07510


https://arxiv.org/abs/2004.11381
https://arxiv.org/abs/2307.07510
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Measurement of TEEC

Anti-kt jets, R = 0.4
HT=pT1+pT2: [1, 3.5] TeV
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as extraction from TEEC
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as extraction from TEEC
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Energy correlators in jets: E2C & E3C

Quark/Gluon

Confinement
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Jet substructure observable, sensitive to jet formation
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Jets at the CMS

Number of jets: 10
Number of tagged jets: 4

tFtTe 0.806
TtrijetZ: 0.069
Hy: 760 GeV
H2: 639 GeV

| |
Oom im
Key:
Muon
Electron

Charged Hadron (e.g. Pion)
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----- Photon
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Transverse slice with Muon chambers

through CMS

No particle ID at CMS, only see
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Jet <= - Neutral hadrons
- Photons




Measurement in nutshell

Standard Model Production Cross Section Measurements Status: July 2018

ATLAS Preliminary

RUN 1.2 V5 = 7.8.13 Tev Dijet events in central region || < 2.1

e Large cross section

anti-kT with R =0.4

>0 0O
AO total
I~ P
° % Broyly o Probe energy scale dependency
A(]nj'::3 ngz AnZ'I:'ZZAZZOZA uggAF
O njss ,64 A A-O V:_)XW Wé) jet‘
x5 Mz 4 S sohan ’E”"A - - -
80" % g o2 2o o o 8 p; regionin 9/~ 1734 GeV
Ain,ae njas nji Htillz/W A AA AQ
AR, e l:lA (o LA . .
in : ] Neutral & charged & photon with pr>1 GeV
H—ZZ—4¢ A n A W W
a
A A A
A
=1 o All particles included
y4 tt t VV 7Y H WV VyttW ttZ ttH tty 7Y Wij Zjj WWZyWyywwy ZyjjVVijj

tot. tot. tot. tot. tot. tot.



EEC reconstructed from open data

arXiv: 2201.07800

+ Charged-Hadron EEC
Theorists could do it too!
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Extra experimental steps: unfolding

Unfolding: detector hadron -> true hadron Unfolding

Unfold jet constituents:

E *E, E *E,
o p]Tet,xL and energy weight, 3D unfolding Q? ‘ E— 0" '
. 10# 22 *20 = 4400 bins oy, < — )

*4400x4400 migration matrix and regularization

True hadrons Reconstructed hadrons




Extra experimental steps: statistical correlations 14,

Multi entry distribution for every jet, statistical correlation important

Detector level => Unfolding => Normalization

Independent statistics for E2C, E3C

E2C correlation matrix
-1
OCMS Supplementary 36.3 fb" (13 TeV) 1 xL

%93

x; bins in a p/*' region

Correlation: 80%

OO 20 40 60 80 100 120 140 160 180 200 220

Jet * . .
p. " X, binindex



E3C after unfolding
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Non-interacting hadron 4
random distribution
iInteger power-law scaling2

0

Using all neutral & charged hadrons > 1GeV in a jet

Confinement

CMS, PRL 133 (2024), 071903

I

Free Hadron

$ DATA

Confinement

220 < ij <330 GeV

Pertubative

1072

Time

Phase transition
from parton to hadron

Interacting partons
non-integer scaling



Ratio to PYTHIA8 CP5 E2C

E2C

Ratio to PYTHIA8 CP5

Unfolded E2Cvs MC

CMS Supplementary 36.3 fb (13 TeV)
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E3C/E2C

CMS Supplementary 36.3 b’ (13 TeV)
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E3C/E2C CMS Preliminary 36.3 fo' (13 TeV)
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Direct observation of asymptotic freedom

CMS 36.3 b (13 TeV) -
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Extraction of o

it B

s9HEE{EH

5173

safH E1ER

6i/6total x1 00%

12 -

10 -

Collider Energy / TeV

K i
6(PDF+as) .

\ |
O 6(1/my) I
\\ o(t,b,c) S(EW) h
\ 5(PDF-TH) :

N

o(scale) ]
11111111111111111111111
0 20 40 60 80 100




BDP 2008-16 .
Boito 2018 rdecays

Current status of o TR TR

-_______________-_____________._____.i.-.l._ __________________________________
feeeeeeeees Mateu 2018 | . .
. : Peset 2018 | ——e | 0B
World average: ag(m,) = 0.1180 = 0.0009 . PDG : wbranduREy =i bound
: : BM19 (c¢) ety states
ooooooooooo BM20 (bB) : 7:;.
PR QU SV SRS P S SNRSNN AN NP P SO S PSS S S S

LEP at collinear region: not consistent with world average|, .. RN
JR14 n—o——{

LHC: cross section measurement wom | T TR PDF fits
CT18 ?

MSHT20

0: O(100GeV) ~ O(TeV)

ALEPH (j&s)

0.35 ———r ———r ———r OPAL (&)
o : tdecay (NPLO) -
I y : low Q2 cont. (N3LO) JADE (3)) "
03[ Heavy Quarkonia (NNLO) e+ ] Verbytskyi (2))
Z HERA jets (NNLO) EZL"ZS ((-E:C)
N ete jets/shapes (NNLO+NLLA) v e _ EEREEEEE
0.25 e*e” Z0 pole fit (N3LO) +e— i N SEERERE RN LEP lOW Q—
e ; pp/pp jets (NLO) +=— - [ O U S
C% (3] SE—— pp top (NNLO) +e— - Eur;s(r:tz;\ (tt)
3 ! pp TEEC (NNLO) _ H1 (ets)* ] | hadron | | HC
| T O ————— | - d'Enterria (W/2) —p—
YL R 7 _ - HERA (jets) |—-—o|——-|
[ iy e § ' PDGZOZOT‘ """""" IBEEEEE
0.1 | i e - Gfitter 2018 — e ¢lectroweak
: o e ""-md-@-\- SRR S 0O SO T A
== 0g(mz%) =0.1180 £ 0.0009 | ' FLAG2019 lattice
0.05 ! . . S — . I S S S L L Ly
1 10 100 1000 0.110 0.115 0.120  0.125 0.1230
August 2023 as(Ms)

Q [GeV] August 2021


https://inspirehep.net/literature/2106994

Cross Section (Normalized)

S
e
|

Extraction of a¢ using jet substructure

A collinear region probe, low Q
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https://arxiv.org/abs/2206.10642

E5C/E2C: a new way to extract o

Chen, Gao, Li, Xu, Zhang, Zhu,
arXiv:230/.0/510
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https://arxiv.org/abs/2307.07510

Unfolded E3C/E2C vs NNLL;pprox

Initial proposal, Chen, Moult, Zhang, and Zhu, arXiv:2004.11381 : : . :
NLO+NLL, Lee, Mecaj, and Moult, arXiv:2205.03414 ; Data agrees with NNLLgpprox within uncertainty

NLO+NNLLapprox , Chen, Gao, Li, Xu, Zhang, and Zhu, arXiv:2307.0/510
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https://arxiv.org/abs/2205.03414
https://arxiv.org/abs/2307.07510

Unfolded E3C/E2C vs NNLL;pprox

CMS 36.3fb" (13 TeV)
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Many EEC measurements ongoing
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Many EEC measurements ongoing

EEC
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Summary

* Energy correlators revive at hadron colliders
* High precision experimental measurements on energy correlators
* Probe many fundamental properties of QCD

 Proven to be a powerful tool for precise as determination






From lan Moult

Improving the oy measurement

e Measure on tracks.

e Measure the higher point ratios to over constrain oz from quark gluon

fractions.

e (Go to highest possible energy.
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CMS Supplementary

36.3 fb” (13 TeV)
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Unfolded E3C/E2C vs NNLL;pprox

Analytical predictions

CMS 36.3 fb (13 TeV) © NNLLapproxI Parton level ESC/EZC
' | B 31.02
OF! 6_— Data — NNLLapprox+NP - as(g?$)36 % 1 Chen, Gao, Li, Xu, Zhang, and
| - — ---0. 3 V:
W[ [§)pk: 97-220 GeV 0100 - e NLO+NNLLapprox zhu,arXiv:230707510
Q [ [#]pr.330-468 GeVv : o =:1'02 § .
1115 [P 638-846 GeV " | l : L ! 19;1 e Same phase space as the analysis
[ rmorietocey  JAETE SR 1S izati
L al AN A 3098 Hadronization factors
- |! I I 31.02 2
' i A L st o
i + - . +§ 1 ® . .
' 7 A e Bin by bin factor
1.3F U - T -0.98 y
ad ”% " . .
_ e average of Pythia&Herwig
12__ o4 va
7 e e E2C,E5C:5-40%
10™

e E5C/E2C: 5%


https://arxiv.org/abs/2307.07510

Theo sys:

(shape only, no normalization effect)

« QCD scale of NNLLgpprox prediction

e Hadronization factors
e QCD scale in hard scattering

e Underlying event + parton shower tune
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