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Substructure

What is being done:

- Select a pyinterval/bin
- Extract structure of jets (jet-by-jet or event
average)

- Distribution of hadrons within the jet: z=ph/pj

- Radial/angular distributions within the jet
(radial moment, shape)

- Sub-jet based: re-cluster/undo clustering - tag
jets and plot sub-jet quantities Ny piers 25 ) =
jet constituents <-> sub-jets

- Build AA to pp comparison AA/pp

- Warn: unfolding in >1 dimensions complex/
not understood => often used “smeared” pp
reference
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Quenched parton shower
+ medium excitation

Quenched parton shower
Vacuum parton shower

Medium response needed
to explain large angle
measurements




Internal jet structure with particles

pThadron >4 GEV/C
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ATLAS Preliminary
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Internal jet structure with particles

pThadron >4 GEV/C
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Gross features:

- Enhancement of high-z

- Depletion of low-z

- Enhancement at *very*
low-z (?)

- Weak (none) jet p;
dependence

=> Medium “filter”

promotes high-

momentum fragments -

more collimated jets




Mass of

2z Jet Mass (M)

2 Difference of the momentum of the jets
and the energy of its constituents
weighted by their pseudo-rapidity.

2 Related to the virtuality of the parton
traversing the medium.

» large M — soft constituents away from
the jet axis
» small M — few hard constituents

J. Gallicchio, M.D. Schwartz, PRL 107 (2011) 172001
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Njets ndh jet

Mass of charged particle jets

Charged jets, R=0.4, 60 < pr < 120 GeV/c

ALICE, arXiv:1702.00804 submitted to PLB
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Mass of charged particle jets

Charged jets, R=0.4, 60 < pr < 120 GeV/c
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Mass of charged particle jets

ALICE, arXiv:1702.00804 submitted to PLB Charged jets, R = 0.4, 60 < pr < 120 GeV/c
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Radial moment

» Radial moment (g):

? Measures the momentum re-distribution of jet constituents weighted by their

distance from the jet axis.

D
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9= jet | %
1€]jet Pt -

2 large g = more broadened jets

» gluon jets have more likely large g
2z smaller g = more collimated jets

» quark jets have more likely smaller g

J. Gallicchio, M.D. Schwartz, PRL 107 (2011) 172001
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Radial moment - g

Charged partlcle R=0.2 jets
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g in AA shifted towards
lower values

=> jet-medium interaction
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Integrate hadronic degrees of freedom...

SUBIJETS



S U Bj ETS Result of a google search...



Integrate hadronic degrees of freedom...

SUBIJETS



Sub-jets

* Recipe for sub-jets:

— Find a jet

— Using only its “constituents” re-cluster with R <R
* R, <R~ N-subjets depends on R

* Choice of algorithm: theoretically preferable
k: or Cambridge/Aachen (better relation to
splitting over anti-k;)



1 /Njets d Njets/d Nsubjets

<# Subjets>

Some sub-jet properties - N
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1 /Njets d Njets/d Nsubjets

<# Subjets>

Some sub-jet properties - N
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1 /Njets d Njets/Z1

1 /Njets d Njets/Z1

Leading sub-jet distributions
Some sub-jet propertles Z.
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* Leading sub-jet distributions
Some sub-jet properties - z_.

I\ 1
- 1 =
5, - —— QPYTHIA (vac) uﬂ = —— QPYTHIA (vac)
Z - —— QPYTHIA@Q=1) Z = —— QPYTHIA@G=1)
2 e QPYTHIA (= 4) s 0 QPYTHIA (q=4)
2 |1l —— JEWEL (vac) < o'k —— JEWEL (vac)
ST JEWEL (med) S P JEWEL (med)
I B e - Anti-kT R=0.5
2|
107 I 0Fe e T p:>150 GeV/c
C s - i —
- E.:r| : - Sj: k; st—0.15
_ \\\\JIJ L H il IR BRI SR A T ST B
ookt ol oo Most of the jet energy in - 5esa-57-%3 A
. . z,= )
two leading sub-jets
N TE N =
Zﬁ - —— PYTHIA 2 - —— PYTHIA
S [ ----- PYQUEN (Coll) % = PYQUEN (Coll)
2 | - PYQUEN (Small) <Y N . PYQUEN (Small)
R - PYQUEN (Wide) J e PYQUEN (Wide)
102 107 =
_3 10—3 \\\\‘\\\\‘\\\\‘\\\\‘\\\{ iLLLLLllllllJJlLLLLlllll
10 0 01 02 03 04 05 06 07 08 09 1

0




Some sub-jet properties - Az

“local” background cancelling p,=p,

Promising observable:

true true
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Promising observable:

< 2.2
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Some sub-jet properties - Az

“local” background cancelling p,=p,

PT jet

Example use case: Tag with Dzj and measure RAA...
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NEW PICTURE OF JETS

Mehtar-Tani, Salgado, KT PRL (201 1), PLB (2012),JHEP (201 1-2012)
Casalderrey-Solana, lancu JHEP (2012)
Casalderrey-Solana Mehtar-Tani, Salgado, KT PLB (2013)

number of medium-
resolved substructures

critical angle
(decoherence)

mmeE E E E E E EEEEEEEEEEEEEEEEEEEEEEE E W EEEEEEEEEEEEENN®N:EE§®®®E&E®® =& m]

radiation as independent

radiation as total charge
charges

vacuum-like fragmentation within each substructure

K. Tywoniuk (CERN) QM2017 7.02.2017



Jet grooming

Jet grooming removes soft divergences and uncorrelated background
Common technique in HEP, now introduced in heavy ion collisions

Measured Groomed
anti-k; jet jet
Recluster Remove if fails  Continue until
with C/A soft drop branc:ling pasZes Q

Return jet
— . . — @

Procedure finds splitting with largest angular separation

Soft Drop condition
B

Z > ZC.LIt 9'
1 T_y M Verweji QM’17
energy angular . .
threshold exponent Schematic sketch from A. Larkoski

We use = 0and z,, = 0.1 LPC Workshop JetMET Jan. 2014

Large-angle soft radiation +
background is removed



E | < RO O I\/l | N ( Dasgupta, Fregoso, Marzani, Salam JHEP (2013)
Larkoski, Marzani, Soyez, Thaler JHEP (2014)

) ) Larkoski, Marzani, Thaler PRD (2015)
C/A recombination

Soft Drop condition

2 > Zeu 0P
o

energy angular
threshold exponent

Weuse3=0and z,, = 0.1
Large-angle soft radiation +
background is removed

SoftDrop procedure: looking for the first acceptable
branching of an angular ordered tree

QCD splitting function: vac _ Py(2)
(soft & collinear divergences) P (Zv 9) = Qs 0

R
Probability:  p(z4) = / dO A(R,0)PY(z4,0)Ocut(24,0)
0

\ Sudakov form factor

accounts for groomed emissions

For f=0: splitting probability does not N .
depend on «s or flavour p(Zg) 1/[Z(1 Z)]

K. Tywoniuk (CERN) QM2017 7.02.2017



Soft-drop at work (vacuum & data)

* pT, N-subjets
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Soft-drop at work (vacuum & data)
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Soft-drop at work (vacuum & data)
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prSymmetry in groomedj

No flavor dependence JIUEgPr
Weak jet p; dependence e %
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pr symmetry of groomed jets

2 pt distribution of hard subjet (zg) prosseassassa e
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2, at the LHC AA

Modification gets weaker when increasing jet p;
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Model comparison

Comparison to jet quenching JEWEL MC event generator

General trend

of data is described by JEWEL
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1/N dN/dz,

z_ at the RHIC AA

No modifications from pp to AA
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LHC vs RHIC

Considerations:
— Ar

— Formation time / which splitting studied — where
does it happen ?

subjet > 0-1 = CMS: angular resolution

— Use/explore different soft-drop settings?

Vacuum and medium formation times
Hard medium-induced radiation happens late in the shower

10_'“l""l""I""I""I"”I""I """""" B
oft Vacuum - E Phase space
: 0=0.1 2 covered for
8E e E z,=0.1
A e 0=04 3
= 6 Medium-induced - STAR
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we _ @ 1 e B E
Ty = 7= %
kT 0w 3;— CMS
2%
med _ @O _ |O -
AN i
k; q 0=
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o (GeV)

At RHIC can only see medium for rare large angle emissions or even

splittings. Larger z_, and/or AR,, selection would increase sensitivity



“Cut On One Look Elsewhere”

e Cuton zgand measure R_, g, mass, ..., Ry,

Sj”
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“Cut On One Look Elsewhere”

* Cutonz,and measure Ry, g, mass, ..., Ry,
* Role of the AR_,,?

With AR>0.1 cut
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LHC low pT
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M a SS VS Zg With AR>0.1 cut
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Radial moment vs z, . sw01a

RHIC 20<p‘ft <40 LHC 140<pf‘<160

@ 0.5 ||III|||IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII m 0.5 :IIIII|||III|||IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
S 0.45 $ 045 F
E o4 E o4 —
E oss 10 E o35 | 10
© 8 -
g 0.3 2 03
0.25 $I -.:- # 0.25 ;—
— | -
0.2 l.'-qi;_ -.-I:-.'. =T 1 02 - ]
0.15 Ry i 0.15 |
0.1 01 F
0.05 e 0.05 £
- - ) = -
0 ||||||||:-|H|-.-|||| ||H||-|||.||-||*|||-|| 10 0:|||||||||||||| |||||.||||||||||-|F|||H|||| 10
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
soft drop Z, soft drop Z,
Wed 10/05/2017 06:23:32 PDT Wed 10/05/2017 06:23:32 PDT

RHIC LHC



Radial moment vs Z, with aro0.1 cat
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Radial moment vs z, . sw01a
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Radial moment vs Z, with aro0.1 cat
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Cuts on AR?

RHIC 20 < pj:t <40
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Cuts on AR?

LHC14O<pjTet<16O

® 20 [ _
% - o u'flu*l o
= e :
JIII. E 10
ECR
° E
* =
° E
0 ""I'""|"'I||||||||||I....l....|.,,,|,,,,|||||: 107

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
soft drop AR

Wed 10/05/2017 06:25:19 PDT



“Cut On One Look Elsewhere”

“Analysis” cut on gamma pT
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“Cut On One Look Elsewhere”

Low z,and high-z, different sensitivity
“Analysis” cut on gamma pT
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“Cut On One Look Elsewhere”

Low z,and high-z, different sensitivity
“Analysis” cut on gamma pT
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Subjets in a groomed jet vs leading subjets in ungroomed jet

LHC140<pjTet<160

RHIC 20 < pj:t <40
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Subjets in a groomed jet vs leading subjets in ungroomed jet
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theory — can we exploit it?
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Qualitative progress wish list

* Ultimate tool: gamma/Z%+jet coincidences

* |dentified quark — jet coincidences

— heavy-quarks (c,b) = ALICE focus for Run-3 -
interesting hadron-jet (heavy-hadron takes up
~70% of the jet energy)

— Within-shower qgbar production a solvable
problem and possibly a tool(!)

* Boosted tops...



Summary

New (HEP but Hl-cooked) ideas turn into
measurements — many already!
Sub-jets is the qualitative new

— Move away from hadronization (still present but
potentially less of an issue)

Trouble: multiple directions to choose from and

difficulty in expressing the observables at the

vacuum energy scale (unfolding fluctuations)

Bottom line: good, | think we are learning and
moving in a good direction



Slide credits - thank you!

* L Apolinario, D Caffari, M Spousta, J Thaller, K
Tywoniuk, M Verweji

* ALICE, ATLAS, CMS, STAR
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N-subjettiness

Thaler, van Tilburg arXiv:1011.2268

A measure of how consistent a jet is with having N subjets (1))
Used to find boosted W, Z, Higgs (2-prong), boosted top (3-prong) in pp

1 |
TN = — Zp:r_k min {ARy , ARy g, ,ARNk}
do ‘ ' ‘ '
Lk )\ %
Y v

Sum over all particles Minimize distance of each particle to subjets

65 GeV < mi < 95 GeV

0.08 ,
. . W\ jet
QCD jets with 2 cores: small T,/T, 007l W—0q —QCD jets]
_ o 0.06 l
Does the medium absorb one of the 3 .
5005 QCD jets
substructures? g J
g 0.04 1
}% 0.03
Can we probe the role of color coherence? <
0.02
0.01

0 02 04 06 08 1
12/11 of jet



N-subjettiness

PbPb vs PYTHIA
Vs =2.76 TeV
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LO calculation (z,,: = 0.1, 3= 0)
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Yacine Mehtar Tani, Wed. 6.4

Color decoherence suppresses large angle radiation - Leads to jet collimation
Look at 2-pronged angular probability distributions



LO diagrams dresseJd with

z, modified — why"?

Medium modified splitting

with SCET,

CMS
14 Preliminary

N
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vacuum like multiple emissions
Chien and Vitev. arXiv:1608.07283
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Coherent + semi-hard
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Mehtar Tani and Tywoniuk
arXiv:1610.08930

JEWEL+PYTHIA PbPb (0 — 10%) (5.02 TeV)
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Jet quenching MCs
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Large variety of concepts, describe
general trend of data

Describing centrality and jet p;

dependence seems challenging




