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Dijet Asymmetry in PbPb
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o

A= (pT,1-pT,2)/(pT,1+pT,2)
* Observed strong modification in medium compared to MC
and pp
* Energy is redistributed in and out-of-cone
* How can this be studied?



https://www.sciencedirect.com/science/article/pii/S037026931200487X

CMS Results on Jet Quenching

Inclusive/Dijet 2p76TeVPbPbDijetimb 2p76TeVPbPbJetRAA
2p76TeVPbPbDijetimbMPt 5TeVpPbJetRpA

Inclusive/Dijet+Track 2p/6TeVPbPbFrag1, 2 2p7/6TeVPbPbShapes
2p76TeVPbPbMPt 2p76TeVPbPbJetTrackCorr
2p76TeVPbPbJetTrackMom 5TeVPbPbJetTrackCorr

Boson+Jet 2p76TeVPbPbPhotonJet 5TeVPbPbZJet
5 TeVPbPbPhotonJet

Heavy Flavor Jet 2p76TeVPbPbBJetRAA 5TeVpPbCJetSpect
5TeVPbPbDInJets STeVBJetRpA
5TeVPbPbDIiBjetimb

Boson+Jet+Track 5TeVPbPbPhotonTagShapes 5TeVPbPbPhotonTagFrag

Inclusive Substructure | 5TeVPbPbSplitting 5TeVPbPbGroomJetMass

* Excluding the related particle suppression results
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CMS Results on Jet Quenching

Heavy Flavor Jet

Boson+Jet+Track

Inclusive Substructure

5TeVPbPbDIndets

S5TeVPbPbPhotonTagShapes

5TeVPbPbSplitting

5TeVPbPbGroomJetMass

* Focus on a few recent results
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The CMS Detector
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Hadron Superconducting :
Calorimeter Solenoid :

Iron return yoke interspersed

Transverse slice with Muon chambers

through CMS$

e Jet reconstruction combines all subdetectors
 Dominated by tracking, ECal, and HCal (~.6, ~.3, ~.1)
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Particle Flow at CMS

~ 100
1. Reconstruct = - CMS JINST 12 (2017) P10003
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https://arxiv.org/abs/1703.10485
https://arxiv.org/pdf/1706.04965.pdf

Jet Reconstruction with CMS in pp
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* (Good performance just using vertex info to subtract at
typical levels of LHC pileup

* Typical level -> peripheral-most in PbPb



https://arxiv.org/pdf/1706.04965.pdf

Jet Reconstruction with CMS in PbPb

Fluctuations in p contribute to jet 4ooCMS Preliminary Counts
10°

resolution as N term: - 2015 PbPb |s,,=5.02 TeV
Average of 4 tower n-strips

5
o pﬁEco\_JC2+ S* 5 N? .3300. ml <0.174| =10
Pr pr (p7) & [ [OhERGERR
= 200 .
| = Ipr/A 10
+ Typically Hl chooses small cone & | p = Zpr/Area
and low-prto reduce impact of UE <

—L
o
o

/

 ~15 GeV one-sigma fluctuation
* All results shown use R=0.3 or 0.4

* All results w/ 2015 PbPb and pp
reference

Centrality (%)



http://cds.cern.ch/record/2621977?ln=en

Additional Complications in PbPb

Counts

CMS Preliminary 2015 PbPb |s,,=5.02 TeV
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* Hard and soft components from single vertex O(fm)
» Background is modulated in ¢ (flow of medium)
 Jet-medium interaction gives ambiguous correlated background
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https://indico.cern.ch/event/656452/contributions/2953750/attachments/1648200/2634990/JetQuenching_QM18.pdf
https://ac.els-cdn.com/S0370269315009958/1-s2.0-S0370269315009958-main.pdf?_tid=c1eeb3b5-bf49-44e3-9057-a9fe7315c352&acdnat=1525943657_fac0a8d6b9989c3270fa956f4317283d
http://cds.cern.ch/record/2621977?ln=en

Subtracting Underlying Event in HI at CMS

« Considering subtraction as two separate problems
1. What amount of UE to subtract
2. How to subtract

For substructure: For gamma/flavor tagged jets
Constituent Subtraction (CS) lterative Pedestal (PU)

1. Estimated by median 1: Estimated by mean energy

unsubtracted k: jet inside tower eta strips (excluding
jets from first iteration in second)

2: Add “ghost” particles randomly |
with fixed area and praccording 2: Subtract mean + compensating

to rho, subtracting from real sigma from pseudo-tower
particles iteratively until gone constituents. Zero negative towers

See JHEPQ6 (2014) 092 See EPJC 50 (2007) 117
UIe



https://link.springer.com/content/pdf/10.1007/JHEP06(2014)092.pdf
https://link.springer.com/article/10.1140/epjc/s10052-007-0223-9

CMS Analysis of zgIn pp

PRL 120 CMS pp \@ 5 02 TeV 27 4 pb1 WOrk baCk thru

(2018) 142302 10/ Soft Drop f = 0, zcut_01 AR12>O 1 : :
" 160<p, <180 Gev E clustering history
8:_ A @ Data E
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s L o PYTHIA8 1
ar . & HERWIG++_
2:—anti—kTR=O4 ® & ® —: _ _ _ _
i J<13 ® ¢ ¢ . |dentify subjets satisfyin
| Jueu T T TR W NN T RN T R HNN T SO N T R T R
@ Qo T ition:
I TP A condition: :
s b EgroTereTE T min(pr, pr) AR;;
2 0.8_| coo b oo b by by T > Zcut
01 02 03 04 05 PriT P Ro

 PYTHIAG6, PYTHIA8, and HERWIG++ all describe
distribution shape to ~15%

 Given reasonable baseline, how does it look in PbPb?
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.120.142302
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.120.142302

CMS Analysis of zqgin PbPb

Vs\y = 5.02 TeV, pp 27.4 pb', PoPb 404 ub’ ...
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« Shape modification with
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.120.142302
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.120.142302

CMS Analysis of zqgIin PbPb
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Increasing jet pr

* Persistent effect thru large prrange
» Consistent at highest pr, but limited by statistics

Fixed
Centrality



https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.120.142302
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.120.142302

CMS Analysis of Groomed Mass in pp
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« Left: Grooming does not consider radial distance (=0, “Flat”)
* Right: Grooming preferentially selects jet “Core”

 PYTHIAG6, HERWIG++ show good agreement with data
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https://arxiv.org/abs/1805.05145
https://arxiv.org/abs/1805.05145

CMS Analysis of Groomed Mass in PbPb
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» "Core” grooming shows no modification
“Flat” grooming shows shape modified at large Mg/pT



https://arxiv.org/abs/1805.05145
https://arxiv.org/abs/1805.05145

No simultaneous MC description of My/pT
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* Models that describe enhancement in “Flat” grooming also
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T,jet 9 ijet .

show large My/pTin “Core” grooming



https://arxiv.org/abs/1805.05145
https://arxiv.org/abs/1805.05145

Controlling Initial Momentum w/ Boson

Both jets interact Photon
with medium —> propagates
unmodified

l

Energy is

TR Dijet
redistributed

vtjets

* Photon gives a clean tag of the starting momentum
» Also probes a different g/g fraction (see backup)

 Measurements at much lower pT than corresponding
inclusive measurements




Measuring Jet Shapes with a Boson Tag

VSyy = 5.02 TeV p! > 60 GeV/c, 'l < 1.4, ptTfk>1 GeV/c
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* Look at track sums in rings around the jet axis, normalized to
the full jet charged energy



https://arxiv.org/abs/1809.08602

Measuring Jet Shapes with a Boson Tag

ﬁ 5 02 TeV PP 27 4 pb Pbe 404 ub
'CMS  Cent. 30 - 100% I Cent. 0 - 30%
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* |n central PbPb, observe enhancement of periphery particles

 Comparable to results of groomed jet mass with 3=0
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https://arxiv.org/abs/1809.08602

Comparison w/ Inclusive Jet Shapes

PbPb 404 ub anti-k. jet R = 0.3
op 27.4 pb-1 p ' 30 GeVre, Aq) S %ﬂ CMS Supplementary JHEeP 05(2018) 006
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S i 57 T p'>120 GeV
o B Data g of | pi > 4 GeV o
. O ISCET, Chien-Vitev - e
o . — LBT 1.5r V4
O B _.__._—o—_._—o——o—_‘_ —
o T e S
| N - ———
p L pa - ¢
Q 1 I B 05__ —o——o—h.—¢——._—¢—_+_
- | P
L — | 0] 0.2 0.4 0.6 0.8
0 0.1 0.2 0.3 Ar

Submitted to PRL r

* Inclusive jet near-cone depletion is not seen in gamma-+jets
* Note the jet pT of these results differ by ~60 GeV Chs,

IIII- \\\
II 20 | %

JHEP 05(2018) 006



https://arxiv.org/abs/1803.00042
https://arxiv.org/abs/1809.08602

D+jet Correlations to Study Quenching

27.4 pb™ (5.02 TeV pp)
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* Can also study energy redistribution by tagging constituent

* Replace lighter masses with charm mass
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D+jet Correlations Results
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* No modification observed for high-pT D in Pbe
* Low-pT D shape modified (normalization Njp)



https://arxiv.org/abs/1809.08602
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Future Directions

pal CMS Experiment at the LHC, CERN
.\ Datarecorded: 2018-Nov-11 23:57:04.330752 GMT
= | Run/Event/LS:326580 /14140126 / 52

» Successful data-taking at end of 2018!
* Two exciting analysis programs

* Continue current progression with boson/HF-tagged
substructure, addition of new substructure observables

* New probes




Updating Constituent Subtraction at CMS

» Substitute iterative pedestal estimation of underlying event in
n-strips into CS (see backup)

« Expanding CS jets to forward region, |n| > 1.3
* Add modulation to underlying event in ¢ to account for flow

Constituent Subtraction (CS) 1a: p estimated in

_ _ n-strips defined by
1. Ectimated by median d
— detector geometry

HilaYal Il‘\‘l'rﬁf\‘l'f\f‘l II. ;f\t

Ul IWVUN LI AW LW N )| JV

2: Add “ghost” particles randomly 1b: Add event-by-

with fixed area and praccording event ¢ modulation
to rho, subtracting from real

particles iteratively until gone

IIII-
i1



https://link.springer.com/content/pdf/10.1007/JHEP06(2014)092.pdf

CMS Preliminary Simulation

Jet Energy Resolution at R=0.4 and R=0.8

CMS Preliminary Simulation

PYTHIA+HYDJET = 0-10% PYTHIA+HYDJET = 0-10%
L |Sy=0-02 TeV + 10-30% C S=2:02 TeV ’ :138:538:;0
N - t e » 30-50% 0.4 — T 52 - b
: r:]_(l): gntl K, jets + 50-70% . - R=0.8 anti-k jets + 50-70%
2 1 e e 70-100% | = s 70-100%
o 0.3 o 0.3
R St
S [ S I
8 0.2 S 0.2}
o - B i
0.1 0.1
:

~200 300 400 500 600, “500 300 400 500 600
Gen. Jetp_(GeV) Gen. Jetp_(GeV)
* Energy resolution of R=0.4 (Left) and R=0.8 (Right) jets with new CS
* Inlarge cone, UE drives high resolution at low-pt
« JER ~18% at 200 GeV (R=0.8)



http://cds.cern.ch/record/2621977?ln=en

Conclusions
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* Inclusive jet substructure measurements show no modification with “core”
grooming

» Modification observed with “flat” grooming in zg, My/pT
« Jet shapes are studied with photon tags and by jet correlation with charm

I The MIT group’s work was 26 ' : .
I I supported by US DOE-NP bz







Scale Closure vs. Event Plane (R=0.4)

CMS Preliminary Simulation CMS Preliminary Simulation
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« Jet energy scale closure as function of event plane for R=0.4 w/o flow
correction (Left) and with flow correction (Right)

« Some flattening of scale less than corresponding R=0.8 case

. :
IIIII Fig. From: 28_*\ \
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lllustration of CS Subtraction lterations




Constituent Subtraction

e T I I I T

v n
* SIGNAL: Hard-scattering in PbPb collision producing jets

UNDERLYING EVENT: Uncorrelated particles from other
nucleon-nucleon interactions



https://link.springer.com/content/pdf/10.1007/JHEP06(2014)092.pdf

Constituent Subtraction

“CMS”

GHOST PARTICLES: Artificial particles added to the event
with fixed area. Ghosts are given a praccording to p times

the area the inhabit, Aq
H N
Ui



https://link.springer.com/content/pdf/10.1007/JHEP06(2014)092.pdf

Constituent Subtraction

SIGNAL
‘ UNDERLYING EVENT
GHOST PARTICLES-——

* Add “ghost” particles with fixed
area according to:zs - A, . p.

w |
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https://link.springer.com/content/pdf/10.1007/JHEP06(2014)092.pdf

Constituent Subtraction

“CMS”

SIGNAL
‘ UNDERLYING EVENT
GHOST PARTICLES.

 Combine iteratively with real
particles by minimizing metric:
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Constituent Subtraction

“CMS!!

e r e e D S e g B S

\/
» Particle pr> Ghost pr SIGNAL

+ Ghost pr=0 ‘ UNDERLYING EVENT
» Particle pr-= Ghost pr % GHOST PARTICLES.
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https://link.springer.com/content/pdf/10.1007/JHEP06(2014)092.pdf

Constituent Subtraction

“CMS!!
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» Note: Some signal will SIGNAL

occasionally be subtracted by ‘ UNDERLYING EVENT

probability. Relatedly, some UE GHOST PARTICLES
will remain.
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Constituent Subtraction
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» Particle pt < Ghost pr SIGNAL

. Ghost pr-= Particle pr ‘ UNDERLYING EVENT

: i . GHOST PARTICLES.
Particle pr= 0 % CMS,

- | %
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Constituent Subtraction
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Constituent Subtraction

“CMS!!

e T I I I T

. . n SIGNAL
* Continue until ghost or real
particles are exhausted ‘ UNDERLYING EVENT

» Cluster remaining event into jets % GHOST PARTICLESQMS

u = \
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lllustration of PU Subtraction lterations




Iterative Pedestal Algorithm

1. <E;> calculated in strips of n.
Subtract <E> + 0

* por<Ert>is calculated in strips of rapidity
* Follows HCal tower geometry (An=0.087 at mid-rapidity)
* Constituents are combined into pseudotowers
* Pseudotower energy is reduced by <Er> plus a compensating o(ET)

* Negative towers are zeroed
Eur. Phys. J. C 50 (2007) 117

CMS

3
= . S
\\ o
II 40 | £
/<

A


https://link.springer.com/article/10.1140/epjc/s10052-007-0223-9

Iterative Pedestal Algorithm

1. <E;> calculated in strips of n. 2. Run anti-k; algorithm on
Subtract <E> + 0 background-subtracted towers

« Subtracted towers are clustered into anti-k:jets
* On first iteration, jets are necessarily oversubtracted
* |ncluded in estimation of underlying event

Eur. Phys. J. C 50 (2007) 117



https://link.springer.com/article/10.1140/epjc/s10052-007-0223-9

Iterative Pedestal Algorithm

A second iteration
IS run excluding
“jetty” regions of
the detector from

each n-strip
extraction
1. <E;> calculated in strips of n. 2. Run anti-k; algorithm on
Subtract <E> + 0 background-subtracted towers Reduced jet bias

to estimation of
underlying event

Eur. Phys. J. C 50 (2007) 117

3. Exclude reconstructed jets
and re-estimate background



https://link.springer.com/article/10.1140/epjc/s10052-007-0223-9

Iterative Pedestal Algorithm

 Subtract towers
according to new
estimate in same
manner as first

iteration
* Cluster newly
1. <E;> calculated in strips of n. 2. Run anti-k; algorithm on subtracted towers
Subtract <E;> + o background-subtracted towers into final set of
anti-ki jets

3. Exclude reconstructed jets 4. Re-run anti-k; algorithm
and re-estimate background to get final jets



https://link.springer.com/article/10.1140/epjc/s10052-007-0223-9

Q/G Fraction of Dijet and Boson+Jet
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* Dijet has greater fraction of gluon relative to both boson+jets

« Zandy + jets fraction comparable above 100 GeV
* Below 100, y has greater fraction quark than Z
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Estimating Flow Event-by-Event

CMS Preliminary 2015 PbPb |'s,,=5.02 TeV CMS Preliminary 2015 PbPb |s,,=5.02 TeV
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« Extract an event-by-event v2 and v3 by fitting particle flow candidates
« Extracted vz(v3)are used to modulate CS p to add ghost particles

= A
Ui DY \15-0p-2015.024 KD


https://ac.els-cdn.com/S0370269315009958/1-s2.0-S0370269315009958-main.pdf?_tid=c1eeb3b5-bf49-44e3-9057-a9fe7315c352&acdnat=1525943657_fac0a8d6b9989c3270fa956f4317283d
https://ac.els-cdn.com/S0370269315009958/1-s2.0-S0370269315009958-main.pdf?_tid=c1eeb3b5-bf49-44e3-9057-a9fe7315c352&acdnat=1525943657_fac0a8d6b9989c3270fa956f4317283d
https://ac.els-cdn.com/S0370269315009958/1-s2.0-S0370269315009958-main.pdf?_tid=c1eeb3b5-bf49-44e3-9057-a9fe7315c352&acdnat=1525943657_fac0a8d6b9989c3270fa956f4317283d
http://cds.cern.ch/record/2621977?ln=en

Jet Energy Scale at R=0.4 and R=0.8

CMS Preliminary Simulation CMS Preliminary Simulation
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« Scale closure of R=0.4 (Left) and R=0.8 (Right) jets over all centrality

 |dentical corrections applied to all centrality, derived from unsubtracted jets in
PYTHIA events
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IIIII Fig. From: 46_*\
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Scale Closure vs. Event Plane (R=0.8)
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« Jet energy scale closure as function of event plane for R=0.8 w/o flow
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correction (Left) and with flow correction (Right)

« Significant flattening of scale translates directly to resolution reduction
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