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1. Introduction



What is a jet?

• Energetic quark or gluon radiates and hadronizes → jet 
 

• 30 years to settle on jet definition: anti-kT  [Cacciari, Salam, Soyez] 

• Today I want to discuss the jet axis

Overview N-Jettiness Higgs+0 Jets Jet Mass Applications and Outlook

What is a Jet?

Energetic quarks and gluons produce jets of hadrons
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Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet’s
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y − φ distance ∆12. In usual
IRC safe jet algorithms (JA), the passive area aJA,R(∆12) is πR2 when ∆12 = 0, but changes when
∆12 is increased. In contrast, since the boundaries of anti-kt jets are unaffected by soft radiation,
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• Standard jet axis along total momentum of jet 
→ Recoils against soft radiation inside jet 

• Winner-take-all axis is insensitive to soft radiation [Larkoski, Neill, Thaler]

Recoil of jet axis
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• Standard clustering algorithm: 

• Determine distance between all particles 

• Merge nearest particles  

• Repeat until distance exceeds jet radius R 

• Winner-take-all modifies merging 

• Axis not recoiled by soft radiation

Winner-take-all axis
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[Bertolini, Chan, Thaler]

E = E1 + E2

n̂ =

⇢
n̂1 if E1 > E2

n̂2 if E2 > E1

E1 > E2

1 2

1 2
3

E2 + E3 > E1

E1 > E2 > E3

p1, p2 ! p = p1 + p2



3 subjets3 jets

• Jet shape:  

• Average energy fraction  
in cone of radius r < R  

• Potentially sensitive to soft  
radiation through recoil 

• Measured by ATLAS, CMS, … 

• Prototype for other observables: tagging boosted t, Higgs, …

Jet shape and subjets
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FIG. 1: The measured differential jet shape, ρ(r), in inclusive jet production for jets with |y| < 2.8 and 30 GeV < pT < 110 GeV
is shown in different pT regions. Error bars indicate the statistical and systematic uncertainties added in quadrature. The
predictions of PYTHIA-Perugia2010 (solid lines), HERWIG++ (dashed lines), ALPGEN interfaced with HERWIG and JIMMY
(dotted lines), and PYTHIA-MC09 (dashed-dotted lines) are shown for comparison.



2. Inclusive subjets



• Energy fraction zr of inclusive subjets in inclusive jet cross section 

• Collinear factorization of parton distributions, hard collision and 
jet, assuming R<<1

Warming up with inclusive subjets
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• Subjet function       at NLO [Kang, Ringer, WW] 

• DGLAP evolution for fraction z of parton i going into jet 

• ln R resummed by evolving from jet scale pT R to hard scale pT  
[Dasgupta, Dreyer, Salam, Soyez; Kang, Ringer, Vitev; Dai, Kim, Leibovich]
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Subjet function and ln R resummation
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• Subjet function       at NLO [Kang, Ringer, WW] 

• DGLAP evolution for fraction z of parton i going into jet 

• ln R resummed by evolving from jet scale pT R to hard scale pT  
[Dasgupta, Dreyer, Salam, Soyez; Kang, Ringer, Vitev; Dai, Kim, Leibovich] 

• zr dependence given by splitting functions 

• For r << R, logarithms of r/R require resummation

Subjet function and ln R resummation
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• Collinear factorization for r << R 

• Jet function      for subjet is same as for inclusive jet production 

• ln (r/R) resummed by DGLAP from subjet scale pT r to jet scale pT R 

• Matching coefficients       same whether subjets  
or hadrons in jet, so limit r → 0 continuous

Resummation of ln (r/R)
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• Spectrum of inclusive subjets is splitting function at          , 
with deviations due to ln r/R resummation 

• Not monotonically decreasing with zr, unlike hadron spectrum 
Must be restored for r → 0 

Numerics for pp → jet + X
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• Parametrize nonperturbative effects  [Kang, Ringer, WW] 

• Extract Mellin moments of        from Pythia e+e- with E = 250 GeV 

• Leading nonperturbative corrections 

•        asymptotes to fragmentation function 

Fragmentation limit r → 0
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3. Winner-take-all jet shape



• Central subjet function        gives energy fraction zr of subjet 
centered on winner-take-all axis 

• Factorization of jet and resummation of ln R same as before 

• Jet shape is average zr 

• At NLO, two subjets with energy fractions zr and 1 - zr 
WTA axis along most energetic one → restrict to zr  > 1/2

Central subjet function
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• Similar factorization for r << R 

• ln (r/R) resummed by evolving from subjet scale pT r to jet scale pT R 

• Jet function      has modified DGLAP 

• Matching coefficients       not the same as for inclusive subjets
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Resummation of ln (r/R)
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[Neill, Scimemi, WW; Kang, Ringer, WW]
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• Measurement factorizes: 

•       identifies “pixel” with axis, sensitive to jet boundary 

•      determines axis in pixel and zr of subjet 

• Amplitude factorizes as winner-take-all axis on energetic particle

Factorization in pictures

18

jet boundary

winner-takes-all axis

J̃ij

J̃j



• Winner-take-all axis along particle → peak at    = 0 

• Pythia and Herwig agree after hadronization 

• Herwig’s hadronization changes energy flow considerably

Jet shape in e+e- with winner-take-all
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• Jet algorithm dependence only enters near jet boundary 
→ Agrees with factorization of       and 

• Anti-kT has hardest and kT has softest boundary

Comparing jet algorithms
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4. Standard jet shape



Ĝjet
i• Central subjet function        describes energy fraction zr of 

subjet centered on standard jet axis 

• NLO calculation contains ln2 (r/R) → soft sensitivity 

• Factorization for r << R: 

• Hard: splittings of parton i outside jet, determines z 

• Collinear: splittings inside jet from parton j at angles r, determines zr 

• Soft: gives recoil      to jet axis

Factorization for r << R
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• ln (r/R) resummed by evaluating ingredients at natural scales 
 
 
and evolving to common    and    using 

• Recoil overlooked in earlier calculations, enters at NLL  
[Seymour; Li, Li, Yuan; Chien, Vitev] 

• All-orders resummation is hinderen by non-global logarithms,  
as only soft radiation inside the jet is constrained

Resummation on ln (r/R)
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• Standard jet axis is sensitive to recoil, winner-take-all axis is not 

• Resummation of ln R independent of jet substructure 

• Resummation of ln (r/R) depends on subjet measurement: 

• Inclusive subjets: DGLAP resums ln (r/R) 

• Winner-take-all: modified DGLAP resums ln (r/R) 

• Standard jet axis: Sudakov resummation of ln2 (r/R), 
suffers from nonglobal logarithms

Conclusions
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Thank you!


