Jet axes and jet substructure
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1. Introduction



What is a jet?

Energetic quark or gluon radiates and hadronizes — et

CMS Experiment at LHC, CERN

Data recorded: Tue May 25 06:24:04 2010fCEST
Run/Event: 136100 /103078800

Lumi section: 348

30 years to settle on jet definition: anti-kT [cacciari, salam, Soyez

Today | want to discuss the jet axis



Recoill of jet axis

'-‘ :. Pcoll -+ = (

Standard jet axis along total momentum of jet
— Recoils against soft radiation inside jet

Winner-take-all axis is insensitive 1o soft radiation jLarkoski, Neill, Thaler]



Winner-take-all axis

Standard clustering algorithm:

Determine distance between all particles
Merge nearest particles pi,p2s — p = p1 + p2

Repeat until distance exceeds jet radius R

Winner-take-all modifies merging

b =F) + Eo
ﬁ—<(ﬁ1 if £y > Es
o \’le it Ey > Fq

[Bertolini, Chan, Thaler]

AXIS not recolled by soft radiation
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Jet shape and subjets

Jet shape:
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2. Inclusive subjets



Warming up with inclusive subjets

Energy fraction z- of inclusive subjets in inclusive jet cross section

= =4

do
dn dpr dz,

= 3 fal@ar 1) @ folwn, 1) @ Hiy (o 0,1, p1/ 7 1)

a,b,c

=Y gget(zfm s 2, pTR7 ,LL)

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



Subjet function and In R resummation

SUbjeJ[ function g;];et at NLO [kang, Ringer, ww]

Gl (275, 2, pr R 1) = (1= 2)5(1 = 2,) + f‘:{au = ze)n (2 ) [Pag(2) + Pyg 2)]

—5(1—2)In (E) [P, (2) + Pyy(1—2,)] + Cpd(1—2z,) 5(1—2) (Z T

v

(4 (1111(1_—ZZ)>+ CIn(1—2) 1+ (1Z— 2)? ;]

DGLAP evolution for fraction z of parton / going into jet

d o 1 dZ, OZS > .
dln,u gg t(Zr,T;Z,pTR7 'u) — Z/ o PJ’L(;MM) g; t(zrpr;zlapTRa :u)
j Z

In R resummed by evolving from jet scale pr R to hard scale pr
[Dasgupta, Dreyer, Salam, Soyez; Kang, Ringer, Vitev; Dai, Kim, Leibovich]
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Subjet function and In R resummation

SUbjeJ[ function g;];et at NLO [kang, Ringer, ww]

Gl (275, 2, pr R 1) = (1= 2)5(1 = 2,) + f‘j{au = ze)n (2 ) [Pag(2) + Pyg 2)]

—5(1—2)In (E) Py (2) + Pp(1—2.)] + Cpd(1—2) 5(1—2) (Z T

v

(4 (1][11(1_—/’5,z)>+ CIn(1—2) 1+ (12— 2)? ;]

DGLAP evolution for fraction z of parton / going into jet

d o 1 dZ, Ofs > .
dln,u gg t(Zr,T;Z,pTR7 'u) — Z/ o Pj®(;7u) g; t(zrpr;zlapTRa :u)
j Z

In R resummed by evolving from jet scale pr R to hard scale pr
[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
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Resummation of In (r/R)

Collinear factorization forr << R

2

1 /
. dz, < I
gg t(zr,r;,Z,pTRaM) :Z/ ZJ(Z;,Z,]?TR,M) Jj(z,apTrmu) [1+O< )]
j oo

/ 2
2! 4 R

[Dai, Kim, Leibovich; Kang, Ringer, WW]

Jet function J; for subjet is same as for inclusive jet production

In (r/R) resummed by DGLAP from subjet scale prr to jet scale pr R

Matching coefficients /;; same whether subjets /

/. N

or hadrons in jet, so limit r = O continuous R
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Numerics for pp — jet + X

104 F T T L —— T T T T T T T
" pp— (jet j,)X, R = 0.6, anti-kr Trzzoboi’ T
| Vs=13TeV, |n| < 1.2, pr[50,100] GeV =09 o]
10% |
10t £
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101 — - S
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Spectrum of inclusive subjets is splitting function at O(a),
with deviations due to In r/R resummation

Not monotonically decreasing with z,, unlike hadron spectrum
Must be restored forr = 0O



Fragmentation limitr = 0O

010_ roorT 10j =
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Parametrize nonperturbative effects kang, Ringer, wwi

1d27/~ pert /7 NP [ <7
Ji(zraEraﬂ): ! Jz (ZWET?M) Jz (Z_/jET)

Extract Mellin moments of J(?P from Pythia ete” with £ = 250 GeV
| eading nonperturbative corrections ~ Agcp/(Er)?

J" asymptotes to fragmentation function
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3. Winner-take-all jet shape



Central subjet function

Central subjet function GI°* gives energy fraction z; of subjet
centered on winner-take-all axis
Factorization of jet and resummation of In R same as before

Jet shape Is average zr

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

c;gewzr,r;,z,pm,m=6<1—z>5<1—z7~>+%{6<1—zr> In (=52 [Pua(2) + Poa(2)]

m prR
r 1
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Resummation of In (r/R)

Similar factorization forr << R

1 / 2

Sie dz?" 7 o —T

ngt(Zr,T;,Z,pTRn“): E / . uZ;j(ZLSZ;pTRaﬂ) Jj(z—,,pTT,M) [1+0<R2>]
;i JaE Cr r

[Neill, Scimemi, WW,; Kang, Ringer, WW]

In (r/R) resummed by evolving from subjet scale prr to jet scale pr R

Jet function .J; has modified DGLAP

d - 1dz; g 1 ~ (2
i -5 [0 e ()

Matching coetticients jg not the same as for inclusive subjets
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Factorization in pictures

jet boundary

5 S winner-takes-all axis
~— —-
S e
ys IS SRR e
' ----------------- ‘ ---------
- x
’ '
[ 1 °
i 1
I ................. I
"I D B IR R "-'- . .
B D N BT P e ¢
) T ..
N ¢ ..,
A R T
S 4 I L PN
-
N L 4
&
§~.- l-'ﬂ

Measurement factorizes:

Ji; identifies “pixel” with axis, sensitive to jet boundary
J; determines axis in pixel and z- of subjet

Amplitude factorizes as winner-take-all axis on energetic particle
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Jet shape in e"e” with winner-take-all

ete” -jj, 0=133 GeV, Herwig 7 vs. Pythia 8, WTA C/A

— HW7, hadr.

— PY8, hadr.

07 3ae e HW7, no hadr.
10 N e PY8, no hadr.

-
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Winner-take-all axis along particle = peak at § = 0
Pythia and Herwig agree after hadronization

Herwig’s hadronization changes energy flow considerably
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Comparing jet algorithms

ete™ -jj, Q=133 GeV, Herwig 7, WTA

— Cambridge/Aachen

1071
1072
1073
1074

10~° 3

1076

Jet algorithm dependence only enters near jet boundary
— Agrees with factorization of Ji; and J;

Anti-kT has hardest and kr has softest boundary



4. Standard jet shape



Factorization forr << R

Central subjet function GI°* describes energy fraction z of
subjet centered on standard jet axis

NLO calculation contains In? (r/R) —

Factorization for r << R:

A

gi(zra Ty, Z7pTR7 ,LL) — Hij(zawRRa ,u) /d2kJ_ Cj(zraw”l“rv kJ_? Iy V)

Hard: splittings of parton / outside jet, determines z

Collinear: splittings inside jet from parton j at angles r, determines z-
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Resummation on In (r/R)

In (r/R) resummed by evaluating ingredients at natural scales

-
,UHNPTRa ~ ~prr, ~ PT NpTE
and evolving to common p and v using
OASCF 9 3
= 21 | —)
T 7 ( t prR 2
OJSCF 1 1

Yo T T 2 (),

Recoll 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
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Conclusions

Standard jet axis is sensitive to recoil, winner-take-all axis is not
Resummation of In R independent of jet substructure

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

Inclusive subjets: DGLAP resums In (r/R)
Winner-take-all: modified DGLAP resums In (r/R)

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