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Jet are special tools to study QCD

Hadronization (hpQCD) D

D Underlying event (hpQCD)
Parton Shower (pQCD)

Jets connect unmeasurable partons to measurable hadrons



Jet are special tools to study QCD

Hadronization (hpQCD) D

Parton Shower (pQCD)
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D Underlying event (hnpQCD)

> Measurements of fundamental QCD properties

Determination of a,
Spin asymmetries

Probe of Quark-Gluon plasma
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pp collisions

| CMS Experiment at the LHC, CERN
i Data recorded: 2016-Sep-27 14:40:45.336640 GMT
Run / Event / LS: 281707 / 1353407816 / 851

Jet

[pp coIIisions]

> o @9
parton parton
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> Hard scattering of two quarks produces back-to-back jets
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AA collisions

Hot QCD White Paper Final detected
particles

Freeze-out
Hadronization @ ...

Initial state

Eany time dynamics

Time: 0 fm/c <1 fm/c ~10 fm/c ~1015 fm/c


https://cds.cern.ch/record/2856839?ln=en

QGP signatures

remnant of <,j E>
lead nucleus

expanding droplet of
quark-gluon fluid

\
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> Signatures

2>  Collective behavior (flow)
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news.vanderbilt.edu/2012/05/16/quark-soup/* fid ge”
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Strangeness enhancement BN 1 d2N
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Electroweak probes
Jet quenching
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Jer

pp collisions

> Observed at both @p——up——@
RHIC/BNL and LHC/CERN

Jer

Quarkonia suppression dp3  27pr dprdy

v flow coefficients

HIN coII|S|ons

A 4

Jop

(a) CMS PbPb (s, = 2.76 TeV, 220 < NJi'™ < 260

Phys. Lett. B 724 (2013) 213

(142 Z vy cos[n(¢p — ¥,)])
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https://news.vanderbilt.edu/2012/05/16/quark-soup/
https://doi.org/10.1016/j.physletb.2013.06.028

Comparing pp and AA
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Comparing pp and AA




Accelerators and Detectors
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Relativistic Heavy-lon Collider (RHIC) at BNL Large Hadron Collider (LHC) at CERN
Colliding Particle species: p, d, He3, O, Au, Al, Cu, Zr, Ru, U Colliding Particle species: p, O, Xe and Pb
Energies: 7.7 GeV to 510 GeV Energies: 900 GeV to 13.6 TeV
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The CMS Detector

CMS DETECTOR

STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0m Pixel (100x150 ym?) ~1.9 m® ~124M channels
Overalllength ~ :28.7m Microstrips (80-180 um) ~200 m? ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER

Steel + Quartz fibres ~2,000 Channg

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Silicon strips ~16 m* ~137,000 channels

FORWARD CALORIMETER

I 1 I 1 1 1
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Key:
Muon
Electron

Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
Photon \

W
l’mrml!l
| _

els
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Silicon
Tracker

(@ )ﬁl]]

Transverse slice
through CMS

Electromagnetic
Calorimeter

Superconducting

Calorimeter Solenoid

Iron return yoke interspersed
with Muon chambers
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The first measurement of “jet” quenching

e d+Au FTPC-Au 0-20% B
— p+p min. bias STAR Collaboration -
*  Au+Au central

T .
Phys. Rev. Lett. 91, 072304 (2003) A(b (rad |anS)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.91.072304

Jet nuclear modification factor
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Phys. Rev. C 96 (2017) 015202
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https://doi.org/10.1103/PhysRevC.96.015202

Jet asymmetry

C CMS Experiment at LHC, CERN

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

Jet 0, pt: 205.1 GeV/|

Leading jet
pr:205.1 GeVic

Subleading jet

CMS Experiment at LHC, CERN

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

Lumi section: 249
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Jet imbalance

25 8 pb . 02 TeV pp) + 404 ub (5.02 TeV PbPb)
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JHEP 03 (2018) 181

14


https://link.springer.com/article/10.1007/JHEP03(2018)181

Connection between jet quenching and flow (l)

0.2

CMS 404 pb™ (5 02 TeV PbPDb)
" Centrality: 5-10% | C1020%[  20-30%
i 1 . VASP} [®
[ L3 » V,{4}
I & V,{6} 3
> o.1f\. \ % \ v2{8} s \
59 VRS 1Ry
[ %eu e § ] " m g | - e g |
Mot N S T *fi
B 30-40%], ~ 4050%]  50-60%
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Connection between jet quenching and flow (l1)

Hadronv, Dijetv,
PbPb \s,,, = 5.02 TeV, 1.69 nb™
CMS 404 ub™ (5.02 TeV PbPb) -
A B B B I I [@] Dijet v CMS
o V,{SP 30-40% oosk ¥ CMS charged hadron v,
1 T >20GeV, Il <1
0.2 " Vol4} - Pl -
& V,{6) : o

Factorization region:
0.7 < Hadron p, <3 GeV

G6l (ALOC) 92/ 9 We1 'sAyd

S — T T _10° _209° _E(0
20 40 60 80 0-10% 10-30% 30-50%

Centrality
pr (GeV/c)

> Consistent with expectations from a path-length dependence of in-medium energy loss
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What about pPb collisions?

Jer Jop
(PP collisions) [pPb collisions | %

@ >/ @ @ —> ? «—
partory parton %

pp baseline %
Jop
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High-multiplicity events

minimum-bias event high-multiplicity event

N CMS Experiment at the LHC, CERN ; CMS Experiment at the LHC, CERN
Data recorded: 2016-Nov-19 06:03:17.547575 GMT Data recorded: 2016-Nov-18 15:29:12.628128 GMT
@ 4 . @

Run / Event / LS: 285517 / 1939294309 / 1353 Run'/Event / LS: 285505/ 107810622 / 166

up to 400 tracks
18



Collectivity everywhere!!

(b) CMS pPb (s, = 5.02 TeV, 220 < NJj ™ < 260

1<p;®<3GeVic CMS

1<pf** <3 GeVic
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Phys. Lett. B 765 (2017) 193
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https://doi.org/10.1016/j.physletb.2016.12.009

Collectivity everywhere!!

(b) CMS pPb |s,,, = 5.02 TeV, 220 < N:mllne <260 - p+Pb SNN=5’02 TeV A 3 LAS U 2< Proyg < 4 GeVic ALICE p-Pb |s, =5.02 TeV
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flow in small systems?

Do we observe high-p
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https://doi.org/10.1016/j.physletb.2016.12.009

How about high-p.. flow in pPb? (1)

pPb 186 nb' (8.16 TeV) CMS 4047 (5,02 TeV PbPb)
S 02 T T T e T ' ML ' '0
= - CMS ]  V,{SP 30-40%
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" e . ~ % Vo{8}
[ o - ] > B
0.05F4 > - 0T % 1
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arXiv:2502.07525
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https://arxiv.org/abs/2502.07525

How about high-p.. flow in pPb? (11)

Azimuthal Correlation Importance

Various sources of anisotropy

Q — o £ e =
Savnd’ - el \
11 LK N | .%
4 N | : v
% g % /‘ @ g | o
q, : / a ‘

Mini-jets Glasma Parton escape Collective flow

QCD bremsstrahlung

>

>

-
Y

Event multiplicity (fixed size)
A schematic diagram. Vertical scale is arbitrary

M. Strickland, 1807.0719
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How about high-p_ flow in pPb? (ll)

> Non-flow subtracted using subevent method
» Data-driven method

Standard (w/o subevent) 2 subevent

-2.4 0 2.4

»1]

3 subevent 4 subevent

-2.4 -0.8 0.8 2.4

>
arXiv:2502.07525 (sub. to PRL) 23



https://arxiv.org/abs/2502.07525

How about high-p_ flow in pPb? (ll)

> Non-flow subtracted using subevent method

% Data-driven method

>  HIJING does not include collectivity: good check

107 p+Pb HIJING ( 8.16 TeV)
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>1
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*
: . : I
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>1 > 1

Rohit’s QM2025 slides



https://indico.cern.ch/event/1334113/contributions/6348608/attachments/3049265/5388860/Quark%20Matter%202025%20final.pdf

Standard (w/o subevent) 2 subevent
How about high-p_ flow in pPb? (ll) - -
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https://indico.cern.ch/event/1334113/contributions/6348608/attachments/3049265/5388860/Quark%20Matter%202025%20final.pdf

How about high-p.. flow in pPb? (111)

pPb 186 nb™ (8.16 TeV) PbPb 0.60 nb™ (5.02 TeV)
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https://arxiv.org/abs/2502.07525

How about high-p.. flow in pPb? (1V)

pPb 186 nb™* (8.16 TeV) PbPb 0.60 nb™' (5.02 TeV)
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Good agreement in PbPb and pPb: path-length dependence of in-medium energy loss?


https://arxiv.org/abs/2502.07525

Comparison between ATLAS and CMS

pPb 186 nb™” (8.16 TeV) + PbPb 0.60 nb™' (5.02 TeV)
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Larger v, from CMS when compared to ATLAS: non-flow subtraction
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https://link.springer.com/article/10.1140/epjc/s10052-020-7624-4
https://arxiv.org/abs/2502.07525

Comparison between ATLAS and CMS

pPb 186 nb™” (8.16 TeV) + PbPb 0.60 nb™' (5.02 TeV)
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https://link.springer.com/article/10.1140/epjc/s10052-020-7624-4
https://arxiv.org/abs/2502.07525

Jet measurements: nuclear modification factor

Rpr' RdAu
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Jet quenching constraints at LHC

13F ATLAS Ay o< 8 Ay ™ 77/8
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> Ratio of charged-particle yields per jet
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> 1.4% Parton E- Loss at 90% C. L.
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Jet measurements: nuclear modification factor
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> Ratio of charged-particle yields per jet

Ipr = Ypr/Y

> 1.4% Parton E- Loss at 90% C. L.
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Measurement setup

> Dijet selection Lead"nglet(h)
~> Particle Flow
> anti-k; jetswithR=0.4
> ijl > 100 GeV
> ijz > 50 GeV
> Ayl > 57/6
> Observable (dijet momentum balance)

DO gijets

-

_
pr
> Analysis methods
> Ratio high-to-low multiplicity (RCP-Iike)
> Probe proton and lead directions (n dependency)
>  Apply D’Agostini unfolding to correct for resolution

arXiv:2504.08507
(accepted for pub in JHEP)

X
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X dependency

> Study of X; as function of multiplicity and pseudorapidity
>  Multiplicity ranges: [10,60], [60,120],[120,185],[185,250] and [250,400]
N\ VAN J
Y Y

Minimum-bias High-multiplicity
trigger triggers
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X dependency

> Study of X; as function of multiplicity and pseudorapidity

>  Multiplicity ranges: [10,60], [60,120],[120,185],[185,250] and [250,400]
%> Probe jets in both proton and lead directions (x between ~0.03 and ~0.28)
->  Midrapidity: [n_,,| <1
-> Forward (p direction): 1.2 < Nem < 2-4
-> Backward (Pb direction): -3.3 < Nem < -1.2

| Backward || Midrapidity || Forward |

g ncm
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X dependency

> Study of X; as function of multiplicity and pseudorapidity

=  Multiplicity ranges: [10,60], [60,120],[120,185],[185,250] and [250,400]
2> Probe jets in both proton and lead directions |

st ][ty ] o]
- Midrapidity: In.,,| < 1 Mem " Mem
- Forward (pdirection): 1.2 <n,, <24 —'
-> Backward (Pb direction): -3.3 < Nem < -1.2
>  Dijet combinations studied: Leading: midrapidity
Leading: miarapiaiy bl v
(Pb) n < ! P (P (Pb)n < '\ » n(p) e / "

Subleading: backward
Subleading: midrapidity

Leading: forward Subleading: forward Leading: backward

LOR | / P (p) (Po)-n < \A PP
A a6

Subleading: midrapidity Subleading: midrapidity




Example of X; unfolding in data
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X results: multiplicity dependency

> Changes observed in the shapes from low to high multiplicity ranges
>  Especially in X; ~ 1 (imbalance?)

- Same behavior for all n combinations
>  Simulations cannot be performed for the highest multiplicity range
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Increasing Multiplicity
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X. results: n dependency (forward)

> Very similar behavior across all different jet combinations
> Small changes in shapes

T
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T

- Indicates weak x dependency
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X; results: n dependency (backward)

> Very similar behavior across all different jet combinations
> Small changes in shapes

- Indicates weak x dependency
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line < 60]

ffl
k

X, ratio: [60 < Ni'™ < 120] /[10 < N}

X; ratio to lower multiplicity range (1) -

> Ratio>1atlow X, and < 1 for high X

o

R

CP

ke

Possible effects: multijets contribution, energy-momentum conservation, ...

> Datawell described by PYTHIA8+EPOS MC in all multiplicities and n combinations
> PYTHIA8+EPOS do not include energy loss mechanism nor nPDF effects

42
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X; ratio to lower multiplicity range (1) - Rcp-like

> Ratio>1atlow X, and < 1 for high X
> Possible effects: multijets contribution, energy-momentum conservation, ...
> Datawell described by PYTHIA8+EPOS MC in all multiplicities and n combinations
> PYTHIA8+EPOS do not include energy loss mechanism nor nPDF effects
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Similar behavior observed for all n combinations
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Average X.: ratio high-to-low multiplicities
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> Ratio high to low multiplicity for average X; decreases (similar to PbPb collisions)

> Deviations from unity can come from different sources

> Energy-momentum conservation, multi jets, ...

> Great agreement between data and MC (without energy-loss mechanism)

2 Indicates no presence of quenching
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Jet quenching in pPb collisions? (VI)

<xj>ramge / <x,>[1o, 60)
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> Constraining subleading quenching

=

Based on data/MC difference
> 1.26% at90%C.L.
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Summary

> Intriguing results using high-multiplicity triggers (strongest flow regime)

o

o

Similar high-p.. flow magnitude for pPb and PbPb

-> Isthe path-length dependence of in-medium energy loss valid?
No modifications observed in X for any configuration of jet-jet geometry
—=> Deviations from 1 observed, possible effects:

=> Energy-momentum conservation, multijets, among others

-  Well described by PYTHIA8+EPQOS

=> Constraining E-Loss of subleadjet in 1.26% at 90% C.L.
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Unfolding




CMS Simulation Preliminary 8.16 TeV

Unfolding X; R e i
> Firstx;unfolding at CMS . 03 1 o
vX reconstructed vs X generated %o.e: f

-> Foreach Nem combination oal :
=> Indifferent multiplicity bins g 023_
=> [10,60],[60,120] and [>120] X |
> Effects taken into account in the response matrices % > O;greconsﬁfcted >
> Fakes — Negligible g' s St s e
v Swap—~20% I PR e =
®  Missing — ROOUnfold U E
> Data/MC differences . o.sf— r — = 10°
> p/! vsp 2 PDF map applied to the matrices g oo -
> Applied with D’Agostini unfolding using ROOUnfold < o0al 10
o2
48 ¥ S S

X reconstructed
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Validate the unfolding procedure at MC (l): prior

> Data/MC reconstructed pdf( ij1 : ij2 ) is applied to remove sensitivity to prior shape
> Procedure is tested using an “oversampled MC”
2>  Very different prior between the nominal and oversampled test-MC
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(PYTHIA+EPOS) (PYTHIA+EPOS, no invariant p_ rescale)
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Validate the unfolding procedure at MC (l1): closures

> Closures achieved despite drastically different priors
> Demonstrate the advantage of using the pdf-convoluted response matrices for cases

when no reliable Monte Carlo exists
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Other Jet Measurements




Jet momentum balance
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Collectivity in high-multiplicity jets (I)

> What if we study correlations of in-jet particles? = i
<N,>=26 Anti k,R=0.8
p';">550

_A\? M <16
\ ~,~\..\\\

03<j <30Gev 1"

<N,>=101 Anti k;R=0.8
Top 0.0023% highest-N,, jets pe'> 550
" <1.6

. R O
0.3<j, <3.0GeV 3
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Collectivity in high-multiplicity jets (l1)

> What if we study correlations of in-jet particles? -

138 fo™! (pp 13 TeV) Simulation
» Measured as function of jet multiplicity %3 Antik R=0.8 (@)% Antik R=0.8 o (o)
. jet jet
%> Good agreement with MC for N <~ 80 P >850GeV p” > 550 GeV
M <1.6 m® <1.6
> v, enhances for N > 90 02 An>2 02 AN >2
CMS 138 fb™ (pp 13 TeV) i
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