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QCD: non-abelian Yang-Mills theory

QCD and jets

Jets are emergent property of QCD 
• SoI-collinear singularity 
• AsymptoLc freedom 
• Color string breaks

Parton (quark or gluon) fragmentaLon and hadronizaLon

Dynamics of jets formaLon: from short to long distance in quantum field theory
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Not jets (QED jets?): e  𝜇  𝛾  

Tau jets: 𝜏 

Light Jets: u d s g 

Heavy Jets: c b  

Fat Jets: W Z H t

Jets at the LHC
Jets are produced copiously at the LHC
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Jets cross secLon @ LHC: NNLO QCD in full color
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p+ p ! j +X

(Chen, Gehrmann, Glover, Huss, Mo ’22)
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d3�/dpT dy⇤dyb

• A new calculation of the NNLO corrections to jet production observables with full-color information 

• The subleading color contributions play a potentially sizable role in the description of the triply differential 

distributions
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Jet evoluLon from perturbaLve QCD: Jet Mass

data

• Fixed order in           fails if  
• Accounts for all terms  
• All order results generally exponenLate

⇠ ↵n
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Resummation of Large Logarithms

Resummed
Order

Matching 
to:

LL 1-loop tree - -

NLL 2-loop 1-loop tree LO

NNLL 3-loop 2-loop 1-loop NLO

N3LL 4-loop 3-loop 2-loop NNLO

Matching to fixed 
order results 
includes power 
suppressed terms 

LL NLL NNLL

NLO

NNLO

NNNLO

● Double logarithms generally exponentiate. 

● Based on this exponentiation we can define a resummed perturbative order 

.                                                                    

: small parameter
  (depends on observable)LL NLL NNLL
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Two general approaches to evoluLon
• Top down: all-order factorizaLon theorems e.g. SoI-Collinear EffecLve 

Theory, . . . 
• All-order structure manifest 

• Bo^om up: correcLons to coherent branching. e.g. parton shower, . . . 
• SimplificaLons at a given accuracy Lends itself to automaLon and 

Monte Carlo implementaLon

<latexit sha1_base64="fYDzEqYRHrpQ+CWyiGj6UrLkNYE="></latexit>
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Probability of emitting gluon:

Use a random number (r) to sample pT distribution
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Grommed jet mass at high precision
SoI Drop: clean up a jet by removing soI radiaLon

Frye, Larkoski, Schwartz, Yan ’16 
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Non-perturbaGve correcGons:

Kardos, Larkoski, Trócsányi ‘20

CMS ‘21

Marzani, Schunk, Soyez ‘18 
Hoang, Pathak, Mantry, Stewart ‘19  
Pathak, Vaida, Stewart, Zoppi ’20 



Jet substructure with energy correlators and track funcLons

DisGnct scaling behaviors associated with 
asymptoGcally free partons and hadrons

Komiske, Moult, Thaler, Zhu ‘22 Chen, Jaarsma, Li, Moult, Waalewijn, Zhu ‘22

First NLO evoluGon of the track funcGons
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• NLL ln𝜹𝜙 resummaLon 

• ep dijet (Banfi, Dasgupta & Delenda ’08) dijet (Sun, Yuan & Yuan ’14 & ’15) jet + V (Sun, Yuan & 
Yuan ’18; Chen, Qin, Wang, Wei, Xiao, Zhang ’18;Buffing, Kang, Lee & Liu  ’18, Chien, DYS, Wu 
’19 ) lepton + jet (Liu, Yuan & Felix  ’19) jet + top (Cao, Sun, Yan, Yuan & Yuan ’18 & ’19)

Azimuthal decorrelaLon of QCD jets
• TMD evoluLon; 3D imaging of nucleon 
• Validity of TMD factorizaLon 
• ProperLes of QCD ma^er measured as 

deviaLon from pp collisions 

See Yaxian Mao and 
Yifeng Sun’s talk
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Azimuthal decorrelaLon of QCD jets in ultra-peripheral collisions 

(Zhang, Dai, DYS, ’22)

Dijet Production with no Nuclear Breakup ATLAS ‘22

Photon-photon fusion diffractive photo-production 

• Equivalent photon approximation + 
Soft-Collinear Effective Theory


• a good agreement with the ATLAS 
data in the nearly back-to-back 
region


• photo-productions may enhance 
the dijet production rate, but 
should barely change the shape



11

Recoil-free azimuthal angle at high precision

ph ⇠ Q(1, 1, 1)

Standard TMD factorizaGon (CSS, JMY, SCET2 …)

pn ⇠ (p2x/Q,Q, px)nn̄
<latexit sha1_base64="tOSXyTibV3xKxAp+IpLS6H6kfA4="></latexit>

ps ⇠ (px, px, px)
<latexit sha1_base64="pNx07I/xtuUV2QwWOU3q8k5E8h8="></latexit>

(Chien, Rahn, DYS, Waalewijn & Wu  ’22 + Schrignder ‘21)

• Effects of soft radiation in jet algorithm are suppressed 
• the shape of the ∆φ distribution is remarkably insensitive to 

hadronization and MPI 
• dominated by perturbative contributions

anG-kT + recoil-free recombinaGon scheme

(also see Gao,Li,Moult,Zhu ’19 )
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Numerical results

• N2LL resummaLon including full jet dynamics 
• serves as a baseline for pinning down the inner workings of QCD ma^er using hard probes  
• the superior angular resoluLon can be achieved by using the tracking systems at the LHC 

��
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Heavy flavor jets

Intrinsic charm in the proton Dead cone effect

<latexit sha1_base64="8oUByh9yFygiqHHS4dQDdy3yk3g=">AAACDnicbZDNSsNAFIUn9a/Gv6pLN4NF0E1NRNSl6MZlBVuFJpTJ9KYdOpnEmRuhhL6DO7f6Eu7Era/gO/gQTn8Waj0w8HHOvczlRJkUBj3v0ynNzS8sLpWX3ZXVtfWNyuZW06S55tDgqUz1XcQMSKGggQIl3GUaWBJJuI36l6P89gG0Eam6wUEGYcK6SsSCM7RWGEi17x8G2ANkB+1K1at5Y9FZ8KdQJVPV25WvoJPyPAGFXDJjWr6XYVgwjYJLGLpBbiBjvM+60LKoWAImLMZHD+medTo0TrV9CunY/blRsMSYQRLZyYRhz/zNRuZ/WSvH+CwshMpyBMUnH8W5pJjSUQO0IzRwlAMLjGthb6W8xzTjaHty3aADMQ2yNEdaZO0i0Am1PBy6th7/bxmz0Dyq+Se14+vj6vnFtKgy2SG7ZJ/45JSckytSJw3CyT15Is/kxXl0Xp03530yWnKmO9vkl5yPb/ZNm28=</latexit>

ln(1/✓)smaller angle

Charm fragmentaLon

Charm Yukawa couplingsJets containing heavy quark are 
important to the LHC  

• Higgs physics 
• Top physics 
• PDFs 
• mb mc in the evoluLon 
• FragmentaLons 
• ….

See Hang Yin & Zhao Li’s talk See Zebo Tang’s talk
See Yaxian Mao’s talk

See Meng Xiao’s talk



Heavy flavor jets in QCD theory
anL-kT jets counLng the flavor is not IR safe

Banfi, Salam, Zanderighi ‘20

• A large-angle sol gluon splimng to a large-angle sol  quark pair 
can affect jet flavor 

• One soluGon: recombine the sol quark pair

New ideas:

Soft drop Flavor anti-kT Flavor dressing jets

Calem, Larkoski, Marzani, Reichelt ’22 Czakon, Mitov, Poncelet ’22 Gauld, Huss, Stagniqo ’22 

remove sol quarks



Jet fragmentaLon funcLon: hadron inside jets

LHCb ‘22

Kang, Lee, Terry, Xing ‘19

E.g. Hadrons produced inside Z-tagged jets in proton-proton collisions Polarized hadron inside a jet

Kang, Lee, DYS, Zhao ‘22



Jets: push the boundaries of quantum field theory

• Gap fracLon originally suggested on the basis 
of color flow consideraLons in QCD Bjorken ’93 

• Forshaw, Kyrieleis, Seymour ’06 have analyzed 
the effect of Glauber phases in the exclusive jet 
cross secLon directly in pQCD 

• Collinear logarithms starLng at 4 loops: 
Super-leading logs 

• Even 15 years aIer this effect was discovered, 
leading order resummaLon is unknown, 
process dependence is unknown, … 

• At forth order there are 1,746,272 
diagrams !!! 

• We apply renormalizaLon-group approach and 
obtain the all-order results of leading SLLs 
Becher, Neubert, DYS ’21 PRL

y

�

Figure 4. Definition of gap region for dijet system in the rapidity and azimuthal plane. If any
jet radiating into the gray region with transverse momentum is larger than Q0, then this event is
vetoed. The two red dashed lines indicate the approximated cuts used in [13], which imposed the
veto only in the region between these two lines

in the recent paper [47] which presented a version of the BMS equation which allows for

their all-order resummation. It would be interesting to analyze this in our e↵ective field

theory framework. The corresponding e↵ective theory would involve boundary modes to

describe the emissions near the gap boundary. The problem is however challenging because

the gap fraction is suppressed by a power of �y in the limit �y ! 0.

4.2 Gaps between jets

We now perform the resummation for the gap fraction at the LHC, as measured by the

ATLAS experiment [48, 49]. The gap fraction is defined as the fraction of dijet events that

do not have an additional jet with transverse momentum greater than a given veto scale

Q0 in the rapidity interval bounded by the dijet system, and we will study it as a function

of pT , the average transverse momentum of the two leading jets. More explicitly, the gap

fraction is defined as the ratio of the cross sections with and without veto

R(pT , Q0) =
�2�jet(pT , Q0)

�2�jet(pT , Q0 = pT )
. (4.4)

Below, we will compute R(pT , Q0) for di↵erent gap sizes defined by the rapidity di↵erence

�y between the two leading jets. The precise geometry of the gap is shown in Figure 4.

The jets are reconstructed with the anti-kT jet algorithm with R = 0.6 and are required

to have rapidity |y| < 4.4.

The ATLAS paper [48] observed that MC predictions are not always consistent with

ATLAS data. For example the NLO predictions matched to PYTHIA [51] and HERWIG

[52] using POWHEG [50] are lower than data, especially in the region of large jet pT

and rapidity di↵erence �y between the jets. Specifically, for 210 GeV < pT < 240 GeV

and 4 < �y < 5, POWHEG+HERWIG underestimates the data by about 40%, and

POWHEG+PYTHIA by about 20%.

For small values of Q0, the gap fraction R(pT , Q0) involves large logarithms of the

form ↵
n
s ln

m
pT /Q0. It is interesting to perform systematic soft gluon resummations to

try to understand the di↵erence between theoretical prediction and experimental data.

The resummation of the leading logarithms has been studied in the papers [13, 53, 54].

– 11 –
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All-order results of leading Super-Leading Logs

Sudakov suppression of the superleading 
logarithms is weaker than the one present 
for global observables 
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e�!Global logs

<latexit sha1_base64="Y2G8LlyIVVI7urAqZIkKvDv2Pw8=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRF1GXRjcsK9gFNKJPppB06jzAzUULsp7hxoYhbv8Sdf+O0zUJbD1w4nHMv994TJYxq43nfTmltfWNzq7xd2dnd2z9wq4cdLVOFSRtLJlUvQpowKkjbUMNIL1EE8YiRbjS5mfndB6I0leLeZAkJORoJGlOMjJUGbjWQnIwQDIyEARWxyQZuzat7c8BV4hekBgq0Bu5XMJQ45UQYzJDWfd9LTJgjZShmZFoJUk0ShCdoRPqWCsSJDvP56VN4apUhjKWyJQycq78ncsS1znhkOzkyY73szcT/vH5q4qswpyJJDRF4sShOGbR/znKAQ6oINiyzBGFF7a0Qj5FC2Ni0KjYEf/nlVdJp1P2LeuPuvNa8LuIog2NwAs6ADy5BE9yCFmgDDB7BM3gFb86T8+K8Ox+L1pJTzByBP3A+fwDlWJPG</latexit>

! ! 1
<latexit sha1_base64="+GP7jdNjlOze6KDBpBHquIuP1Ac=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mKqMeiF48V7Ac0oWy2k3bp7ibsbgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5UcqZNp737ZQ2Nre2d8q7lb39g8Mj9/ikrZNMUWjRhCeqGxENnEloGWY4dFMFREQcOtH4fu53JqA0S+STmaYQCjKULGaUGCv1XTeIFaG5P8uDRMCQzPpu1at5C+B14hekigo0++5XMEhoJkAayonWPd9LTZgTZRjlMKsEmYaU0DEZQs9SSQToMF9cPsMXVhngOFG2pMEL9fdEToTWUxHZTkHMSK96c/E/r5eZ+DbMmUwzA5IuF8UZxybB8xjwgCmghk8tIVQxeyumI2KjMDasig3BX315nbTrNf+6Vn+8qjbuijjK6Aydo0vkoxvUQA+oiVqIogl6Rq/ozcmdF+fd+Vi2lpxi5hT9gfP5A9wRk9A=</latexit>

1

!
Superleading logs

Numerical results

Red: Four loop      Blue: Five loop      Black: all order

(Becher, Neubert, DYS ’21 PRL + ’22 in progress)

All-order structure: Kampe de Feriet funcGon (a two-variable generalizaGon of 
the generalized hypergeometric series,  the general sexGc equaGon can be solved 
in terms of it)
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Summary
• Jets and jet substructures  

• display QCD over a wide range of energy scales, from colliding 
energy to the hadronizaLon energy. 

• contain important signatures of exoLc physics, such as Higgs and top 

quarks 
• boost the searcher for new physics 
• push the boundaries of QFT 

• Other interesLng topics not be covered: machine learning; jet probe in QGP 

……

Thank you


