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QCD at Hadron Colliders

Almost every LHC event contains jets
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Jets are reconstructed using jet algorithms (anti-k;)

How can we learn the most about underlying physics from the reconstructed jets?




Jets at the LHC

Jet substructure
QCD precision tests New Physics
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Both precision measurements and New Physics searches require precise
description of jet cross sections.



Jets at the LHC

Jet substructure and heavy quarks

Many interesting processes include heavy quark effects: 1 — bb, h — ¢¢

4§ BT e e s e e e e Maas et
8 T 0.05[~ALICE, pp, /s =7 TeV " )
% g Charged st Ak, R =04 antiok, jot (R=0.4),  p*>120GeV, I |< 1.
< 5 0045<p? <15GeVic,In | <05 - = 10’:
E win0'.p _>2GeVic Z O E
r‘on:—?ownsc hvg + PYTHIA 6 — = m‘ o E
,0:3 -+ Herwig 7 MEPP2QQ R P Zi lg‘r - 0
© % 002~ = :0\ ; 1
10°F &
0ot 0§ 3
s F PTo—— ik
I = o 10
e — & fal :

. S sk 10°? 107 1
i ‘ i g 0 02 04 06 08 1 z
g IS S S & o Ar

T S T T T T T I
o : 0102 03 04 05 05 0T 05 03 } CMS Collaboration *00 Kara Mattioli’s Thesis *22
ATLAS Collaboration “21 ALICE Collaboration 19~ ™
ATLAS ALICE cMS LHCb

Can we probe intrinsic mass effects with jet substructure?



Jet substructure

Study the internal structure of a jet

Well-defined in QFT!

» Distribution of energy inside the jet is described
by correlation functions of the energy flow

operators =>energy correlators.
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Energy correlators for jet substructure at LHC

Outline

» Scaling behavior

o Spectrum of the jet

 Heavy quark jets




Scaling behavior

Two-Point Energy Correlator
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Scaling behavior

We will study energy correlators inside high energy jets at the LHC: small angle behavior

* Energy correlators admit an OPE
(W | e(ie(n,) | V) ~ 3, 6"0n))
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The light-ray OPE

* The leading scaling behavior at the LHC is described by the leading terms in
the OPE: twist two light-ray operators.

 Light-ray OPE is a rigorous and convergent expansion in CFT.

[Hofman, Maldacena]
[Chang, Kologlu, Kravchuk, Simmons Duffin, Zhiboedov]



The light-ray OPE

* The leading scaling behavior at the LHC is described by the leading terms in
the OPE: twist two light-ray operators.

 Light-ray OPE is a rigorous and convergent expansion in CFT.

Have to understand the structure of these
.4 o operators in QCD!
Light-Ray OPE
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Energy Correlators at the LHC

Factorization Formula

Can calculate any higher point
correlator at the LHC

dx g
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Hard function: includes pdfs . .
Energy correlator jet function




Two-point energy correlator

The simplest jet substructure observable

* The complicated LHC environment is described by a simple observable!

 Probe the OPE structure of (e(i1))e(i,))

Two-Point Energy Correlator
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ENC/EEC Ratios

Jet Spectrum
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The jet spectrum

Higher-point correlators
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The jet spectrum

Higher-point correlators
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Can be observed at the high energies at the
LHC at high precision

Ratio of the higher-point correlators with the two-point
isolates anomalous scaling!

The anomalous scaling behavior depends on N (slope
increases with N)

Y

First hand probe of the anomalous dimensions of QCD
operators.

* Non-perturbative effects cancel in the ratio



Heavy quark jets
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Energy Correlators on heavy jets

Introduce an additional scale

» At the LHC energies there is access to the transition phase from
massless to massive behaviour = more complexity

* Also very interesting!

« Can probe intrinsic mass effects of quarks before confinement into
hadrons




Factorization theorem

Can compute any higher point correlators on massive quarks at LHC at NLL

Hard function (NNLO)

[Czakon, Generet, Mitov, Poncelet; 2021]

Massive Energy Correlator Jet Function (NLO) [Craft, Lee, BM, Moult]
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Heavy quark jet function

Result
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The mass should not affect the UV behavior of the jet function.
This can be seen from comparing the UV poles with the light quark jet function.
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[Craft, Lee, BM, Moult]



Projected energy correlators

Resolve the UV scaling behaviour

» Ratios of higher point correlators with the
two point EEC are independent of IR
effects, including quark mass.

e The exact behavior as the massless case.

* Non-trivial cross check of the
factorization theorem!

 Anomalous dimensions should not be
affected by the IR physics.
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Massive jets

Z[N] <RL7p]2"’ mQ’/’l) = J

* Formation time changes
with the mass of the quark.

* Can clearly see this from
the two-point EEC.
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Massive two point correlator
First massive jet substructure observable at NLL

* Scaling behaviour identical to massless case
for larger scales.

« Aturn-over for R, — my/pr

* The change in the slope is perturbative effect
contrary to massless jets: R; — AQCD/pT

* The turn-over region is of interest for

improving heavy quark description is parton
shower.
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Normalized EEC

, Heavy Two-Point Energy Correlator
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Intrinsic mass effects
Dead-cone effect
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Ratios of the massive and massless EEC isolate mass (IR) effects.

¢ A transition region related to the quark mass, which is perturbatively calculable.

» Excellent agreement with MC.

* Small angle suppression can be interpreted as a dead-cone effect.
23



Conclusions

* Can probe a universal scaling behavior of QFT in the complicated LHC environment.
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* Higher-point correlators are calculated for LHC and are a direct probe of anomalous scaling
dimension of QCD operators.
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* Energy Correlators for heavy quark jets probe intrinsic mass effects of elementary particles.
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What is next?

Experimental Measurements for both light and
heavy quark energy correlators.
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Normalized EEC

Exciting experimental results!
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Direct observation of the transition from free hadrons to

quarks/gluons at a universal scaling! Universal behavior of the transition region.
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Normalized EEC

. STAR collaborati

Exciting experimental results!

Talk by N.Sahoo and A.Tamis at

HARD PROBES-March 2023
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Direct observation of the transition from free hadrons to
quarks/gluons at a universal scaling!
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Universal behavior of the transition region.



Thank you!



