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Jet shapes and structures Run?

Jet shape observables: energy + multiplicity distributions within a jet
Sensitive to the dynamics of parton shower
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Find the jets

Jets are not so easy to find in a heavy-ion collision

Underlying event needs to be subtracted
- same as for PU but now everything comes from the same vertex

Particle-by-particle approach: Constituent Subtraction [1]

C CMS Experiment at LHC, CERN

Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520
Lumi section: 249

Jet 1, pt: 70.0 GeV

Jet 0, pt: 205.1 GeV

[1] Berta et al.
arXiv:1403.3108
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Why measure splitting function”?

Goal: understand the evolution of the parton shower in medium
Tool: first splitting in parton shower - only using hard jet components

Several scenarios proposed by theorists.
Here a selection of those that are probed by this measurement:

- Parton gains virtuality due to interaction with medium
- increases the gluon radiation probability
- modified jet structure

- Antenna picture: role of (de)coherent emitters. Depends on critical
angle and therefore temperature of medium

1 coherent emitter:
color connected

subjets

Fig. taken from Phys.Lett.B 725
(2013) 357-360

color disconnected
subjets




Analysis techniques

r A r A r A
Particle flow e Background densities
) —>] k. jet findin > .
candidates o 5 from k; jets
L ) L ) L in eta slices )
r \ N ~ B
UE removal
1 iet findi N | |
Anti-k; jet finding Constituent subtraction
\_ Y, \_ ll Y,
~ A
Grooming
with SoftDrop
\ Y

UE removal only for PbPb since

pp data set has low pileup (1.4) Constituent subtraction
Berta et al. arXiv:1403.3108




Soft Drop

Anti-k- jet is re-clustered with Cambridge/Aachen (CA)
Then decluster the angular-ordered CA tree
Drop branches until Soft Drop condition is satisfied

Extract the 2 branches after grooming for physics - subjets

Dropped branch

....................................

Observable is well understood analytically
since all soft divergences are removed

Groomed jet radius

Ilsirkoséi, “"ngf"]ii%%i'e{z 015) determined by dynamics of jet,
ys. Rev. ; :
Soft Drop: JHEP 1405 (2014) 146 not from outside
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Jet grooming

Jet grooming removes soft divergences and uncorrelated background
Common technique in HEP
This analysis is the first one using jet grooming in heavy ion collisions

Recluster Remove if fails
Measured with C/A soft drop
anti-kT jet —_— ——

Continue until
branching passes Return jet
> —

Schematic sketch from A. Larkoski _
LPC Workshop JetMET Jan. 2014 Soft Dropped jet




Soft Drop

Soft Drop = Jet grooming technique
removes large-angle soft radiation + remaining background

Soft Drop condition

energy angular

threshold exponent

We use p=0and z,, = 0.1 min(pr1, PT2)
All soft emissions are removed ‘g = DT1+ pra
Equivalent to modified Mass Drop ’ '

Momentum fraction
carried by the

[1] Larkoski, Marzani, Thaler subleading branch

Phys. Rev. D91:111501 (2015) | o
Soft Drop: JHEP 1405 (2014) 146 of first splitting




Emission phase space
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For 3=0: both soft and soft-collinear emissions are vetoed
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Generalized fraamentation function

Measurement of QCD splitting function

Momentum sharing between two

leading subjets:

min (pri.pr2)

-~
-9

Independent of a_

Moderate dependence on jet p;
~ same for quarks and gluons

PTr1 T+ P12
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Groomed Momentum Fraction |
Herwig++, 13 TeV LHC |
R“ = ()s /J’ = 0 "
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Fiiv

------ pr = 3500 GeV 1
meememe pr > 2000 GeV

Larkc;éki, Marzain, Thaler

Phys. Rev. D91:111501 (2015)
Soft Drop: JHEP 1405 (2014) 146

Sensitive to modification of splitting function

Effect of parton-medium interaction?
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Hard jet substructures

Collimated jet

Collimated jet + softer 2nd structure

Two hard structures

i T,

Groomed away

1-4% of total jet Small z, Large z,
sample independent
of centrality and pr




Groomed energy fraction

Larger amount of energy gets groomed away in PbPb collisions

Groomed energy fractions well described by MC
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Splitting function in pp == i

PYTHIA8 and HERWIG reproduce the pp data within 5-10%
Opposite trend for PYTHIA and HERWIG
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Splitting function in pp

PYTHIA8 and HERWIG reproduce the pp data within 5-10%
Opposite trend for PYTHIA and HERWIG

Cannot resolve subjets which are very close
due to detector granularlty
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PbPb vs pp

® PbPb
Central T,Jet Peripheral
collisions # collisions
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PbPb vs pp 17

Ce-”ntral pT,Jet 140'1 60 Gev peripheral
collisions # collisions
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PbPbvs pp 12

Ceilntral pT,Jet: 140'1 60 Gev peripheral
collisions # collisions
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Modification of splitting function observed in central PbPb collisions
Branching more imbalanced in central PbPb

Marta Verweij 17




Central

PbPb vs pp

collisions #
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Evolution with medium density
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Jet p- dependence

Modification gets weaker when mcreasmg jet pr
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Model comparison

Comparison to jet quenching JEWEL MC event generator
General trend of data IS descnbed by JEWEL
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JEWEL MC, K. Zapp et al, JHEPO3 (2013) 080. This calculation: R. Kunnawalkam Elayavalli and K. Zapp in preparation
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PbPb/pp

Model comparison

Comparison to jet quenching JEWEL MC event generator
General trend of data IS descnbed by JEWEL
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Conclusions

Measurement of splitting function in pp and PbPb collisions at 5.02 TeV
presented

A significant modification of the splitting function is observed in central
PbPb collisions

Physics interpretation:

- Coherent vs incoherent emitters
- If incoherent: energy loss fluctuations? (Guilherme)

- Measure of BDMPS radiation spectrum? (see Yacine’s talk)

Extensions of measurement to probe the critical opening angle possible

1 coherent emitter:
color connected
subjets

2 coherent emitters: ‘
color disconnected
subjets




Bonus slides
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Hard jet substructures

Collimated jet

Collimated jet + softer 2" structure

Two hard structures

i ,
o O ,
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0.08

0.07 I :gé%tsjets
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0.01 |
0 |
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QCD Splitting function

z distribution z p)
; —e=s
QCD emission | —=z
: Splitting Function
decay
(unpolarized) | —2
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Z APk =

[Gavin Salam FCC talk, March 2015]

? dz Pz—)gk(‘:)

'_I r
Collinear Altarelli-Parisi
singularity splitting function

Feature of QCD: 1/zg T 0 =
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Jets + background subtraction

Jets in heavy-ion collisions are contaminated by huge background

Need algorithm which removes background while keeping the true jet
constituents = Constituent subtraction method

Jet mass
z 0'4—antli-kt R=0.7 dijets v no PU
000 < P, < 600 GeV i (I1PU> =30
0.3 O area-based_]
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>
02k +pa™ N
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Constituent subtraction
Berta et al. arXiv:1403.3108
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Constituent subtraction

Method was developed to subtract pileup from jets
- Also successfully used in heavy-ions (jet shapes ALICE)

Particle-level approach which removes or corrects jet constituents
Corrects both the 4-momentum of the jet and the substructure

- Ghosts are added to the jet uniformly
- Ghosts have pr=p*A,; and mz=p,*A, (A, = ghost area)

All jet constituents are correlated with the ghosts: iterative process
Metric AR;  (i=particle, k=ghost) determines if order of iterations

ARy =i\ (i — )" + (4 — 1)
pr and mjy of particle and ghost are compared: if smaller for ghost,
ghost p; and/or my is subtracted from particle

Advantage of the method:
- corrects some of the local fluctuations:

- doesn’t require training;
. Constituent subtraction for jets:
- one parameter can be tuned (G), Berta et al. arXiv:1403.310213




Background densities

« pand p_are estimated from k_-clusters

K,-Clusters: reconstructed jets with k_jet algorithm

2 leading K clusters are excluded to avoid bias from true jets

For p p, and area of the accepted k -clusters are used:

; PT,i
— d =
P me 1an{ A,‘ }

For p._ m_and area of the accepted k -clusters are used:

2 2 _ :
’~n5_lk%luslcr = Z(\/}nj + pTJ — [)TJ) pm — med]an {
J

Both densities are estimated in different eta regions:
[-5,-3,-2.1,-1.3,1.3,2.1,3,5]

m

[

5.}

A;
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