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Jets are abundantly produced at the LHC

§ They are most common at the LHC
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Jets are everywhere

§ At the LHC, 60 – 70% of ATLAS & CMS papers using jets in their 
analysis!
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Jets as a precision probe of QCD

§ Extraction of strong coupling constant

§ PDFs are constrained by collider jet data, especially gluon 
distribution functions
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Probing the structure of matter

§ Rutherfold’s experiment

§ Heavy ion physics vs. high energy QCD
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electron

ü Structure of proton
Ø Quark and gluon distributions:

global analysis, …
Ø Dynamical correlations

ü QCD dynamics in vacuum

ü Properties of QGP
Ø Space-time evolution of the medium:

hydrodynamics, AdS/CFT, …
Ø Jet transport parameter, …

ü QCD dynamics in extreme condition



Precision frontier: we are still far away
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B. Muller, RHIC/AGS 2011



Heavy ion physics vs high energy QCD
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Global analysis of PDFsJet transport parameter

pQCD advances in heavy ion physics
need to understand all other processes (jet, jet substructure, heavy

flavor jets/meson, dijet/dihadron correlation, gamma/Z-jet/hadron, …)

ü process:
ü # of data: ~70
ü

A+A ! h+X

q̂ = 3.5� 5.5 T 3



We come a long way
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Soft-Collinear Effective Theory (SCET)

§ SCET: an effective field theory of QCD
§ Suitable for processes where there are energetic, nearly light-like (collinear) 

degrees of freedom interacting with one another via soft radiation

§ Modes in SCET

§ Especially suited for jet physics
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Collinear quarks, antiquarks

Collinear gluons, soft gluons

ξn , ξn
An , As

� = H ⌦ S ⌦
nBY

i=1

Bi ⌦
NY

j=1

Jj

Bauer et al. 01, Pirjol et al. 04

§ Glauber mode to describe the 
interaction between energetic 
jet/parton with the medium

Gyulassy, Levai, Vitev, 02, Idilbi, Majumder 08, 
D’Eramo, Liu, Rajagopal, 10, Ovanesyan, Vitev, 11, …

q = (�2,�2,�)Q



Quark and gluon jet still LO

§ Quark and gluon lose different energy, and thus we need the 
separate contribution from quark and gluon jets
§ At LO, there is no ambiguity: one parton goes into the jet 

§ At NLO, one needs a consistent way to define what one calls quark/gluon jets
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jet jet
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jet
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QCD factorization makes things simple

§ When R << 1, the relevant scales for single jet production
§ Two momenta: (1)  hard collision: pT (2) jet radius can build one: pT*R

§ A further factorization

§ Good thing: semi-inclusive jet function Jq,g(z, R) are purely perturbative
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Kang, Ringer, Vitev, arXiv:1606.06732, Dai, Kim, Leibovich, 1606.07411, 
see also, Kaufmann, Mukherjee, Vogelsang, 1506.01415
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Semi-inclusive jet functions

§ At LO: only one parton becomes the jet

§ At NLO: e.g., for quark-initiated jets

§ Divergent: needs renormalization
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Gluon-initiated jets

§ For gluon jets

§ Natural scale for quark/gluon jet functions:

§ Jet radius resummation: 
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After renormalization, one will find: semi-inclusive quark/gluon jets follow 
DGLAP evolution equation, just like hadron fragmentation functions

µJ ⇠ pT ⇥R

µ ⇠ pT(↵s lnR)n



Is it relevant?
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Effect of ln(R) resummation
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Now ready to do jet modification at NLO
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What happens in medium?

§ Vacuum splitting

§ Medium splitting (SCETG)
§ transverse momentum kick through Glauber gluons

§ Leads to additional contribution to the fragmenting jet function, as 
well as modifies the jet function
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1. Incoming hadron   (gray bubbles)

➡ Parton distribution function

2. Hard part of the process 

➡ Matrix element calculation at LO, 
NLO, ... level

3. Radiation  (red graphs)

➡ Parton shower calculation

➡ Matching to the hard part

4. Underlying event   (blue graphs)

➡ Models based on multiple 
interaction

5. Hardonization  (green bubbles)

➡ Universal models 

The description of an event is a bit tricky...

H



Comparison with the LHC data
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Jet substructure: hadron distribution inside the jet

§ Jet fragmentation function
§ Modification pattern reveals detailed information on inner-jet interaction

§ So far jet fragmentation function modification is not explained
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A+A collisions
with medium interactions

ü Top: CMS jet fragmentation function measurements 
in pp and PbPb collisions with different centralities

ü Bottom: ratio of medium and vacuum jet 
fragmentation function
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Jet fragmentation function

§ First produce a jet, and then further look for a hadron inside the 
jet

§ Just like the single inclusive jet production, we have
§ Semi-inclusive fragmenting jet function
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Two DGLAPs

§ Again DGLAP evolution: evolution is for variable z

§ Relation to standard FFs: relevant to variable zh
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Resum ln(R)

Evolve standard FFs from 1 GeV to pT*R



Some interesting phenomenology

§ Works pretty well in comparison with experimental data
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Jet fragmentation function in A+A collisions

§ Comparison with CMS data
§ Small z region: jet quenching leads to enhancement for the softer hadrons 

within the jet

§ Large z region: change of the relative weight of quark and gluons jets leads to 
modification
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Chien, Kang, Ringer, Vitev, Xing, in preparation
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Distribution of subjet inside a fat jet

§ Combing jet shape and jet fragmentation function

§ Subjet distribution inside jets
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Very preliminary plot

§ Subjet distribution inside jets
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Shape of 
Altarelli-Parisi splitting function

See also: Larkoski, Marzani, Soyez, Thaler, 14
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Earlier study on heavy flavor

§ Still traditional energy loss formalism
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B meson tagged b-jet

§ Heavy quark component is greatly increased

§ Study bottom di-jet now
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Inclusive dijet and bottom dijet

§ Similar or different 
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Vector boson tagged jets

§ Photon/Z-boson tagged light jets

29

Kang, Vitev, Xing, 1702.07276
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Photon tagged heavy jet and meson
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Time to do serious QCD computations

§ Jet FFs for D meson: use FFs fitted from e+e- data
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New fit of D-meson FFs: 
Anderle, Ringer, Stratmann, Vitev, in progress

Using ZM-VFNS scheme:
Chien, Kang, Ringer, Vitev, Xing, 
1512.06851, JHEP 16

MC event generator can NOT completely replace
analytical type theory calculations, they are 

complimentary to each other



A new global analysis of FFs

§ New fit of D-meson FFs
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New fit of D-meson FFs: 
Anderle, Ringer, Stratmann, Vitev, in progress



The new fit
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Light hadron from SCETG

§ Compute the medium-induced splitting functions
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Heavy meson production

§ Heavy meson cross section using ZM-VNFS at NLO
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Heavy meson in heavy ion collisions
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From hadron to jet

§ We believe we are on the right track: develop more 
accurate/consistent QCD framework for jet production in heavy 
ion collisions

§ Still in a exploratory stage, not fully ready for comprehensively 
extraction of medium properties yet

§ Think about the exercise of just single hadron RAA

37



Exciting era for jet and heavy flavor physics

§ RHIC and LHC
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Thank you!


