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Looking Inside |ets
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|et definrtions

e A large class of modern jet definitions Is given by sequential
recombination algorithms

e Start with a list of particles,
compute all distances dj and dis

e Find the minimum of all dj and dis

dj (weighted) distance between i |
dis external parameter or distance
from the beam ...

for a complete review see G. Salam,
Towards jetography (2009)
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|et definrtions

e A large class of modern jet definitions Is given by sequential
recombination algorithms

e Start with a list of particles,
compute all distances dj and dis

e Find the minimum of all dj and dis

* |[f the minimum Is a d;, recombine
i and j and Iterate

dj (weighted) distance between i |
dis external parameter or distance
from the beam ...

e Otherwise call i a final-state jet,
remove It from the list and terate

Actual choice for the measure d; determines the et
algorithm



Searching for new particles:
resolved analyses

* the heavy particle X decays into two partons, reconstructed

as two Jets
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http://arxiv.org/abs/1407.1376

Searching for new particles:

boosted analyses
o | HC energy (10* GeV) > electro-weak scale (10? GeV)

e F\VW-scale particles (new physics, Z/VW/H/top) are abundantly
produced with a large boost
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* their decay-products are then collimated
* | they decay into hadrons, we end up with localizec

deposition of energy Iin the hadronic calorimeter: a jet
|
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Signal-jet mass
* First jet-observable that comes to mind

* Signal jet should have a mass distribution peaked near the
resonance
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* However, that's a simple partonic picture



A useful cartoon

inspired by G. Salam
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(parton branching)
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A useful cartoon

inspired by G. Salam
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cffect on jet masses

* |n reality perturbative and non-pert emissions broadens
and shift the signal peak

e Underlying Event and pile-up typically enhance the jet mass

(both signal and background)

jet mass distribution from W bosons
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Beyond the mass: substructure

e [ et's have a closer look: background peaks in the EVV region
e Need to go beyond the mass and exploit jet substructure
 Grooming and Tagging:

|. clean the jets up by removing soft junk

2. identify the features of hard decays and cut on them
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Beyond the mass: substructure

e [ et's have a closer look: background peaks in the EVV region
e Need to go beyond the mass and exploit jet substructure
 Grooming and Tagging:

|. clean the jets up by removing soft junk

2. identify the features of hard decays and cut on them
e Grooming provides a handle on UE and pile-up
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Soft Drop

Larkoski, SM, Soyez and Thaler (2014)

Original Jet Clustering Tree
more Information:
— — clustering history
— | E
|
Groomed
check momentum Groomed Jet Clustering Tree
sharing e
: =..7Zg
B min(Z?T1,pT2) p— l | I_Zgleg
d pPr1 + P12 5

discard soft branches,
Ks

Zg < ZCU_t 95 Butterworth, Davison, Rubin and Salam (2008)

Dasgupta, Fregoso, SM and Salam (201 3) courtesy of |. Thaler
Tseng and Evans (201 3) 7|



Soft-gluon phase space

Soft gluons off a hard parton (a quark for definiteness)

1 A
log ~ soft o Q;&
@ &\\0
%,c
O

® |
o° ® collinear

Emission probability is uniform in the

(log z, log 0) plane: AP ~ —C dz; db;

22 I3 2 9@




Soft Drop as a groomer

e useful to
consider the soft-
oluon phase space

* soft-drop
condition becomes

(7)
Z > Zcut E

* soft drop always removes soft radiation entirely (hence the name)

e for B>0 soft-collinear is partially removed
23




Soft Drop and mMD T

e useful to
consider the soft-
oluon phase space

* soft-drop
condition becomes

(7)
2 > Zeut E

* soft drop always removes soft radiation entirely (hence the name)

e for B=0 soft-collinear is also entirely removed (mMD
24
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Soft Drop as a tagger

e useful to
consider the soft-
oluon phase space

soft dropped o soft-drop
condrtion becomes

(7)
2 > Zeut E

* soft drop always removes soft radiation entirely (hence the name)

e for <0 some hard-collinear is also partially removed
25




Groomed jet

Pythia8, parton

broperties

Analytic
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* smooth distributions

»  flatness in bkg can be achieved for =0
* |t's becoming the standard choice for CMS



Soft Drop vs [rimming

Soft drop in grooming mode (>0) works as a dynamical trimmer

Pythia 6 MC: quark jets
m [GeV], forp;=3 TeV, R =1

10 100 1000
0.3 [rrrrr———rrrrr e rr——

Trimming

I:{sub
R

=0.2, 2, = 0.05 —— |

oub =02, 2 =01 === |

o
(V)

p/odo /dp

e trimming had as an abrupt change of behavior due to fixed Reub
* |oss of efficiency at high pr

* in soft-drop angular resolution controlled by the exponent 8

* phase-space appears smoother

27



Soft drop at NINLL

Results: NNLL+X;? Jet Substructure
350 ‘ ‘ ‘ ‘ : : ‘ ‘ ‘
L Soft Drop Groomed Mass 600 Soft Drop Groomed Mass
300F NLL+ay ] [ NNLL+a2 ]
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_ [ —m== 2o =0.1,8=0 ] — [ ===z =0.1,8=0 ]
€ 200f = zw=01.5=1 T e W
518 I 5|E s00f B =
N’\U 150— B = | a~ ______________
i T .
100F e T N 200¢ T B =0 ™ N\
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0 i ‘ ‘ ‘ ‘ \“ 0 + ‘ ‘ ‘ ‘ \‘_
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m3 mj
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Frye, Larkoski, Schwartz, Yan (2016)
* soft-drop mass: something we can calculate

* reduced sensitivity to non-pert effects
* ooing to NINLL reduces scale variation but small changes in the shape

e for B=0 LL is zero, so state-of-the art NNLL is actually NLL

28



I he groomed jet
Mass



Jowards theory / data comparison

* the time Is mature for theory / data comparison

* reduced sensitivity to non-pert physics (hadronization and UE)
should make the comparison more meaningful

* substructure measurements of QCD jets can pin down poorly
constrained gluon radiation (tuning)

* pick the observable we know the most about:

JET MASS for =0 soft-dropped (i.e. mMDT) jets

Upcoming CMS measurement,
however, as usual:

30
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DT VS

DT

MM

D[

SM, Schunk; Soyez (2017)

* first choice: transverse momentum before or after grooming !
* for =0 the groomed pt spectrum is not IRC safe (but it’s

Sudakov safe, see later)

groomed away if 2z < Zcut
leaving the collinear pole from
the virtual uncancelled

32



DT VS

DT

MM

D[

SM, Schunk; Soyez (2017)

* first choice: transverse momentum before or after grooming !

* for =0 the groomed pt spectrum is not IRC safe (but it’s
Sudakov safe, see later)

cross-section ratio

NP correction factor, do/dpt jet

I I I I I
1.2 - Herwig6(AUET2) —8— |
Pythia6(Perugia2011) —e—
1.15 UE Pythia6(Z2) —&—
1.1 $m Pythia8(4C) —v— _
' 2;‘\}::1\ Pythia8(Monashl13) —é—
1.05 F $eeg VSRR . mo_ .
1 ]
095 I hadronisation 4
0.9 _
0.85 -
0.8 | | | (Vs=13TeV, R=0.8, z¢;t=0.1-
200 400 600 800 1000 1200

Ptjet [GeV]

groomed away if 2z < Zcut
leaving the collinear pole from
the virtual uncancelled

33



* first choice: transverse momentum before or after grooming !

DT VS

DT

mMMD T

SM, Schunk; Soyez (2017)

* for =0 the groomed pt spectrum is not IRC safe (but it’s
Sudakov safe, see later)

cross-section ratio

[ [ [ [ [

1.2 + Herwig6(AUET2) —8— _|

Pythia6(Perugia2011) —e—
1.15 UE Pythia6(Z2) —&—
1.1 _,:'-\ Pythia8(4C) —v— _

' 2;’*:’::1 Pyth|a8(Monash13) ——
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095 I hadronisation _
0.9 _
0.85 _
0.8 | | (Vs=13TeV, R=0.8, z¢=0.1-

200 400 600 800 1000 1200

Pt jet [GeV]

NP correction factor, do/dpt jet

cross-section ratio

groomed away if 2z < Zcut
leaving the collinear pole from
the virtual uncancelled

NP correction factor, do/dpt mmpT

I I I
1.2 k Herwig6(AUET2) —8— |
Pythia6(Perugia2011) —e—
1.15 Pythia6(Z2) —a— -
1.1 F Pythia8(4C) —v— |
L B UE Pythia8(Monash13) —é—
*II.-‘- am - s
1-- ST eiie: afecagage ’
095 '8 : .
0.9 S s
0.85
0.8 - hadronisation, Vs=13TeV, R=0.8, zc:=0.1-
200 400 600 800 1000 1200

Pt mmpT [GeV]

large hadronization becaus of IRC unsafely
UE (and pile-up?) resilient because of grooming
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Jet mass with pt

* mass distribution IRC safe in both cases

MM

 however, resummation is different event at LL!

o I"\itty gl”itty details (for who's interested)

D[

SM, Schunk; Soyez (2017)

35



let mass with ptmMeT

* mass distribution IRC safe in both cases SR et goo e (20
e however, resummation is different event at LL!
o ﬂitty gl”itty details (for who's interested)

* At LO we have one emission: no changes wrt pr
* More Iinteresting structure at NLO

doLLNLO,C2.a a,Cr\2 [P gluon | fails mMDT
P i T < = ) P /p 1 dptjes 9¢(Priet)  but cannot carry away too much
t

dz2 Pgq(22)0 (22 > Zeut) O (1 — 22 > Zeut) © (6’% > 9%) ) (p — zgég) :

gluon 2 sets the mass'

Dt2
/ dpt jet 04 (Pt jet) Ry [ — iy — Rq—m] Pt result and new pieceJ

Pt1

P41 }

min [ptz,l_zcut a.C 1 Zcut
/ sUF
- / dpt,jet Uq(pt,jet) Rq 1Og _/ dz pgq(zl)-
D1 n P 1_—pftjlet
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* mass distribution |IRC safe in both cases

Phenomenology

 however, resummation is different event at LL!

Ao/Alog(m) [nb]

NLO+LL®NP, 460<p¢ jet<550 GeV
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* mass distribution |IRC safe in both cases

Phenomenology

 however, resummation is different event at LL!
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NLO+LL®NP, 460<p¢ jet<550 GeV

* [s zz=0./:big or small ?

finite z.
effects
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[he prongs’
momentum balance zg
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Momentum sharing zg

1 do
o dz,

— (undefined) Oés( infinity ) Oé?( infinity? >

>, ™,

-
¢\
oy
L |
L]
A\ X4

» 7z not IRC safe because Born is ill-definea
» avold singularity requiring opening angle
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Sudakov safety
1 do

e KT CAPCHINNY

all-order distribution:

emissions at zero angle are
exponential

p(zg) =

finite condrtional
probability for rs>0
Yy suppressed

It this procec

I" z, distributions
1
\ pr=2TeV,Ry=0.5

|| As B varies, we move from an
\ running «, fixed a,

IRC safe situation (f<0) to IRC
unsafe (but Sudakov safel)

regime (f>0)

ure gives a finite result, z; 1s said Sudakov safe

Larkoski, Thaler (2013)
Larkoski, SM, Thaler (2015)

remarkable result at B=0
4|




Measuring zg

* exposes the QCD splitting function

-+ CMS 2010 Open Data
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* first research-level physics study that utilizes CMS Open Data
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Heavy-ion applications

* now used as a probe for medium induced modification in heavy ion collisions
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* Things | didn't have time to discuss:

e quark / gluon discrimination

Andersen et al. " "Les Houches 2015: Physics at TeV Colliders Standard Model
Working Group Report”, arXiv:1605.04692

Gras et al. " "Systematics of quark/gluon tagging”, arXiv:1704.03878

Elder et al. " Generalized Fragmentation Functions for Fractal Jet
Observables”, arXiv:1704.05456

Frye et al. ~Casimir Meets Poisson: Improved Quark/Gluon Discrimination with
Counting Observables”, arXiv:1704.06266

(note that et al. always includes Jesse Thaler!)

* first-principle taggers:

Salam, Schunk, Soyez " "Dichroic subjettiness ratios to distinguish colour
flows in boosted boson tagging”, arXiv:1612.03917

* machine learning (see Ben Nachman talk)


http://inspirehep.net/record/1459079
http://inspirehep.net/record/1591528
http://inspirehep.net/record/1592379
http://inspirehep.net/record/1593920
http://inspirehep.net/record/1503176
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