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Jets as a tool to study QCD
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Jets as a tool to study QCD

Connect measurable hadrons to
unmeasurable partons

perturbative (p)QCD

etection
Hadronization

\ Fragmentation hadrons @@
e partons @)@ @ ...

e\

Credit: Eric M. Metodiev

Multi-scale dynamic objects whose complex structure contains QCD information

Laura Havener, Yale University



Measuring jets in a detector

Hadronized particles from the parton shower form tracks in a
tracking detector or of energy Iin a calorimeter

\ Hadrons Tracks

Grouped together using jet clustering algorithms to form
experimental jets with a pr and resolution parameter R

Laura Havener, Yale University



Jet kinematics: QCD knob
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https://arxiv.org/abs/1609.05331

Jet kinematics: QCD knob

do?
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Jet kinematics: QCD knob

do?

dydpy
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Jet substructure

High energy physics community designed
jet substructure tools for particle physics
searches and to study fundamental QCD

Complex patterns contain information
about original parton shower and
confinement transition

Laura Havener, Yale University

Confinement

pQCD



Jet substructure

High energy physics community designed
jet substructure tools for particle physics
searches and to study fundamental QCD

Complex patterns contain information
about original parton shower and
confinement transition

Measure subjets within jet: proxy
for the hard parton splittings

Dreyer et al JHEP 12 (2018)

Q° L pQCD
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https://link.springer.com/article/10.1007/JHEP12(2018)064

Lund plane: visualize patterns inside of jets

Phase space of jet splittings In(kr)
Andersson et al ZPC43 (1989) Dreyer et al JHEP 12 (2018)

< In(1/AR)

Laura Havener, Yale University


https://link.springer.com/article/10.1007/BF01550942
https://link.springer.com/article/10.1007/JHEP12(2018)064

Lund plane: visualize patterns inside of jets

Phase space of jet splittings
Andersson et al ZPC43 (1989) Dreyer et al JHEP 12 (2018)

kt: relative transverse momentum

Momentum scale

kTt = zprSin(AR)

< In(1/AR)
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https://link.springer.com/article/10.1007/BF01550942
https://link.springer.com/article/10.1007/JHEP12(2018)064

Lund plane: visualize patterns inside of jets

Phase space of jet splittings
Andersson et al ZPC43 (1989) Dreyer et al JHEP 12 (2018)

kt: relative transverse momentum
AR: opening angle

Momentum scale

kTt = zprSin(AR)

E In(1/AR)  Angular scale
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https://link.springer.com/article/10.1007/BF01550942
https://link.springer.com/article/10.1007/JHEP12(2018)064

Lund plane: visualize patterns inside of jets

Phase space of jet splittings
Andersson et al ZPC43 (1989) Dreyer et al JHEP 12 (2018)

kt: relative transverse momentum
AR: opening angle

Momentum scale

Formation time: how long until

the splitting occurred :

~ krAR?

Y. L. Dokshitzer, et.al. tf

E In(1/AR)  Angular scale

Laura Havener, Yale University
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https://link.springer.com/article/10.1007/BF01550942
https://link.springer.com/article/10.1007/JHEP12(2018)064
https://www.lpthe.jussieu.fr/~yuri/BPQCD/BPQCD.pdf

Lund plane: phase space of QCD

kt ~ Aacp accesses confinement
transition

Running of the QCD coupling
constant sculpts the shape of
the plane

Isolate different QCD effects hadronizatio
. . . soft, collinear
and inform simulations

< In(1/AR) —

Laura Havener, Yale University



Measured Lund plane

% CMS, ! - ATLAS PRL 124 (2020
ALTCE ALICE-PUBLIC-2021-002 arXiv:2312.16343 ATLAS 2020)
VZ _ A5 s
ALICE Preliminary Charged-particle jets anti-k; R =0.4 p AS Is =13 TeV. 139", p, > 675 GeV 1
op Vs = 13 TeV n,l<0520<p < 12(;?Gewc 6CMS 138 fb™ (13 TeV) S0 =
e et A C AL I I UL IR IR I LI I | - -

. 504 03503 025 02 0.15 0.1 I : AKA jets : I s
9 . LA L T T T LA B I B ] ] 1 ? 5 :_ Ff;t > 700 GeV, ijetl < 17 _: m ' : \_E
8 ) < 102 - ] < i oq02f 2
i ] E - 41— 3 i N
& -7 —0.8% o F ] S =
~ | E — - > = =] Q \ = i
= . 3 o | © 3 = > s

' i & =10 ;|— C ] S a7 T 2
B c 4 E = ?2C g oS i ?
= 2 - £ r 3 < N I £
N £ - = —
r 3 1 —02 E 2
—0.5 n ai 1§_ 0 — LL B Z_
i = - O 05 1 15 2 25 3 35 4 =0 ] T
—1O =

In(R/AR) O 05 1 15 2 25 3 35 2
02 04 06 08 1 12 14 - AR R(R/AR

I L1 I L1
10_1 10_2 L | | Ill |- | | | | lll [
AR <: 10° 107
AR = AR(emission, core)
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and make detailed comparisons to generators Visual features emerge
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.222002
https://arxiv.org/abs/2312.16343

Grooming away soft radiation

hadronizatio
npQCD soft, collinear

< In(1/AR)

Laura Havener, Yale University



Grooming away soft radiation

Laura Havener, Yale University

Soft Drop grooming selects the
first hard splitting to remove the
soft background contribution

AR

0
R

hadronizatio
soft, collinear

< In(1/AR) —

npQCD



Grooming away soft radiation

Soft Drop grooming selects the

Shared momentum In(kr) first hard splitting to remove the
fraction 7, — win(Pri, Pry) pQCD soft background contribution
Pti + Prj
Z, > zcuteﬁ 0 = %

Distance between subjets

_ 9) 9)
Rg — \/Ai’] + A§b
hadronizatio

e\ vI
3 e A npQCD soft, collinear

<)  In(1/AR) <:
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Multi-dimensional jet substructure

Multifold: 6D correlation between

Groomed Lund plane: R, Vs. Z
P J J substructure observables measured!
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New jet substructure tool: energy correlators

Komiske et al arxiv:2201.07800
Lee, Mecaj, Moult arxiv:2205.0314

Measure the angular correlation
between hadron pairs inside a jet
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L
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i FY
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npQCD
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Confinement
RL ~ AQCD/pgﬂet ~ I/Z}Cmfm “‘

7

Credit: A. Rai Sk R,
Defined from first principles QFT, no grooming required! &
O
Separate the pQCD and npQCD scales Q@‘\
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https://arxiv.org/abs/2201.07800
https://arxiv.org/abs/2205.03414

Energy correlators as a separation of scales

Hadrons

R, =/ &+ Ady

Partons

~
il

L
i

Transition

>
S
S

R, ple ~
LP T
&J) 10 EI I I I I I I I I I I I I I I I I I I I I I I I I I | ! ! ! | ! ! ! I E
W F STAR Preliminary 3
g f ++*‘\ _
o —— ]
T 1= y =
g = p+p, ys =200 GeV =
S Constituent p_> 0.2 GeV/c —o— =
Z [ JetR=0.4, |n,l <0.6 i
100 15 < Jetp; <20 GeV/c _
E - Kyle Lee et. al, MIT . ;
L _ } ]
107 = A E =
= 2 80 s
= T = T ]
L 8 g § ]
i N =N i
10—3 | | I | | | I | | | I | | | I | | | I 1 1 1 I 1 1 1 | | | | | | | | I |
1 0—1 .6 1 0—1 4 1 0—1 2 1 0—1 1 0—0.8 1 0—0.6 1 0—0.4 1 0—0.2 1
107°7°~0.18 AR

Small RL: free
hadrons (npQCD)

Laura Havener, Yale University

dR,

N'et

Ratio

E ALICE Preliminary
7 pp Vs =5.02 TeV

- anti-k;, jet R=0.4,40 < p°"*' <60 GeV/c

- 6l pih Part - 1.0 GeV/c _:
N e Data i
e pQCD (NLL) -
B — AxR, ]
Ar == E
B == i
L = |
3__ o, = __
B = = i
ol = =
- e y
1= E'b_.__:
0 —
1.5F =4 =
: =
1:__—|—¢#3+i __________________________ i
=T ,
B - AxR, /Data |
0.5( ~ pQCD (NLL) / Data -
1072 107"

R

Confinement transitLion
between two regions

CMS 36.3fb" (13 TeV)
o 102 L Free 1 Confinement ' 2
hadron' ' ®©
AN | ** I O
L - - | =
| T
, —o— @
| - 0O
| | -
1 ! |
| |
| |
jet.
- 10—1 E : 'DT : 638-846 GeV :
<
T Ve
e W
; 1.1 N o Son i
o 1 ¢ — X
o | ) ¢
'; "~ _5-—”
= 0.9 = pyrHIASCP5 (p, ord.) o Data T
E —— HERWIG7 CH3 (ang. ord.) === SHERPA2
107° 1072 107

X

Large R.: partons

(mostly

pQCD)
11



Strong coupling from 3 to 2 point correlators

E3C/E2C  agln(R;) Ratio cancels some npQCD effects
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Extract as(m:) from slope -> most precise
_ _ o T O.1229+O.00l4(stat.)+O.OO3()(theo.)+O.0023(exp.)
extraction from jet substructure! S —0.0012(stat.)=0.0033(theo.)~0.0036(exp.)
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http://arxiv.org/abs/2402.13864

Jet quenching in the quark-gluon plasma

Proton-proton collision Heavy-ion collision

13



Jet quenching in the quark-gluon plasma

Proton-proton collision Heavy-ion collision

Jet quenching: partons
strongly interact with the

Energy loss and complex
structure modified

Evolves through entire QGP
evolution encoding information
about its properties

Laura Havener, Yale University
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Different jet-medium interactions

Inelastic
collisions
(radiative)

Credit: C. Beattie

Laura Havener, Yale University

Elastic
collisions
(collisional)

14



Different jet-medium interactions

Medium-induced
splittings

A\
>
-
- >

Inelastic

collisions <f.”
. . ‘o tg ; ’.

(radiative) <-4

. I
'\ B o

Laura Havener, Yale University

Moliere
scattering

Elastic
collisions

.- (collisional)
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Different jet-medium interactions

Medium-induced

splittings
D

=
S
“; -
= >
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collisions <o
C L C4 28 )
(radiative) <4
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<k'zl'> Momentum

L broadening
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Moliere
scattering

Elastic

~ collisions

(collisional)
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Different jet-medium interactions

Medium-induced
splittings

N

Inelastic

collisions .5
. . SR < v ),
(radiative) 4

\.
. B
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Medium response
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<k'zl'> Momentum

L broadening
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Elastic
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Different jet-medium interactions

Medium-induced Moliere
splittings scattering

- > /
Inel;sti\c ) £  NJ 2. ElaSth N
collisions <. N/ N/ collisions

Ny 7 ‘ -
(radiative) &40 X, - (collisional)

Medium response
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o (k) Momentum » I
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Different jet-medium interactions

Medium-induced | q | I _ Moliere
to medium? particles in medium?
- > /
collisions & \ .o/, collisions
. il A [h B , | 'l
(rad|at|ve) :\ e, % (COIlISIOnal)
Medium response
= ) i T\
5 = (k1) Momentum » " V1|
~ L broadening NSO U

y

Medium responds to jet? Medium in jet?

Laura Havener, Yale University 14



Different probes, different mediums

More complex structure -> more
opportunities for interactions

Flavor and mass
dependence

Eloss > > ElossHQ > >

Heavy quark

n 4

Quark jets narrower than gluon jets

Charm Bautv

Laura Havener, Yale University
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Different probes, different mediums

More complex structure -> more
opportunities for interactions

> EIOSSHQ > >
Heavy quark
|

v Quark jets narrower than gluon jets

Charm Beautv

Flavor and mass
dependence

Path length dependence
See M. Conner’s talk

System size (p, O, Cu, Zr, Ru, Xe, Au, Pb) See V. Bailey’s talk

Laura Havener, Yale University



/)
<
-
<

-
D
e
D
=
-
O
©
O

of E GeV]

>
| -
£, 2
—
o ® o
— ©
+— O -
O ®©
2D W S =
O 5 0 O
| -
d(ge -
unCO -+
O O g O O
er._I. =
O O O
AV ) — O
Cgee
a.m._lh
en_ru.ne
O) +— O
SR
1 5 O .5

Measuring jets In a heavy-ion collision

fluctuations

Challenging to remove, obscures

physics and restricts where jets can

be measured

Different techniques for each
obervable and experiment!
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Jets lose energy in the medium | d2NEER

. Nevn d d
Before and after energy loss at fixed value of Raan = L dzce]?;
.
jet

(TAA) cent dprdy

pb-pb ()

R.. =
AA scaled®pp®-+@

Yield

AE

= 1 no suppression
> 1 enhancement

Laura Havener, Yale University



Jets lose energy in the medium | d2NEEP

Nevnt de dy cent

[TAN = PP
Jet
<TAA>cent X dprdu

@ Muller, Harris arixiv:2308.05743
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0.8
0.6/~
0.4
02 L
Jet production is in the ol 1 : ]
QGP over two orders of magnitude In p_ (Ge
jet momentum! ALICE PRC 101,034911

STAR PRC 102 (2020) 054910

ATLAS PLB 790 (2019) 108
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https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevC.102.054913&v=69d0acf8
https://www.sciencedirect.com/science/article/pii/S037026931830995X?via=ihub
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.034911

Energy loss dependence on parton flavor

Flavor and mass dependence
Eloss > > ElossHQ

Gluon Heavy quark

Laura Havener, Yale University
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Energy loss dependence on parton flavor

Flavor and mass dependence Caveat: “spectra steepness” plays a role!
> H < 1 _4 L | | | | | |
Eloss > HE'OSS ) = _ ATLAS Preliminary -
eavy quar 1.2— 2018 data 2015 data —
— 2017 pp 5.02 TeV, 260 pb™ 2015 pp 5.02 TeV, 25 pb™ -
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06 L %¢1p5ﬁ§§§$$$ i__
| % —
0 4__ = 2 % _
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0.5 - ¢ Inclusive, lyl < 2.0 (2018) o Inclus?ve, Iyl < 2.8 (2015) -
B O Inclusive, lyl < 2.1 (2018) ~
o— . . . . . -
50 60 70 80 100 200 300 400 500

P, [GeV]

Energy loss depends on color charge

Laura Havener, Yale University 18



Energy loss dependence on parton flavor

Flavor and mass dependence Caveat: “spectra steepness” plays a role!
ElOSS > > ElOSSHQ g 1.8_ | | | | I | | | | | | I |
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T,Jet

Energy loss depends on color charge (and mass of parton?)
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Jet and medium evolving in space and time

10

Laura Havener, Yale University

1fm/c~3 x102%s

Complex, dynamic structure accesses a more detailed picture

19



Lund plane: space-time structure of QGP

1: Decoherence
2: Coherence

3: Outside of medium
4: Medium-induced splittings

In(1/AR) <:

<

20



Focus on modification of jet core

In(kr) Soft particles from background and medium response

can obscure physics message

/

\\AA

Solution: Apply grooming to suppress
background and remove softer
components to focus on hard splittings

<S5 In(1/AR) arXiv:1808.03689 — Caveat: may remove physics

Laura Havener, Yale University
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https://arxiv.org/abs/1808.03689

Focus on modification of jet core

In( kT

4 In(1/AR)

Laura Havener, Yale University

arXiv:1808.03689

Quasi-particle structure?

—— Isolate different jet-medium effects

21


https://arxiv.org/abs/1808.03689

Splitting angular scale probes color coherence

<E | | 11 | I | | |
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<: ATLAS arXiv:2211.11470 £ <

Narrowing feature observed that is consistent across jet pr

Laura Havener, Yale University


https://arxiv.org/abs/2211.11470

Splitting angular scale probes color coherence
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Narrowing is consistent with color decoherence models
but is also described by quarks vs. gluons

Laura Havener, Yale University


https://arxiv.org/abs/2211.11470

Narrowing picture Is persistent
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Many substructure measurements show narrowing in QGP
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https://arxiv.org/abs/2211.11470
https://arxiv.org/abs/2211.11470
https://arxiv.org/abs/2303.00592

Narrowing®

Always measuring less quenched jets that
have survived the QGP -> selection bias

Comparing modified Pb-Pb vs. unmodified
pp jet populations -> less quenched
narrower jets remain

INn(dN/dpr)

Du, Pablos, Tywoniuk, JHEP 21 (2020), 206
Brewer, et al PRL 122, 222301

Brodsky et al arXiv:2009.03316

Laura Havener, Yale University
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https://link.springer.com/article/10.1007/JHEP03(2021)206
https://arxiv.org/abs/2009.03316
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222301

Photon+jet substructure to reduce bias

e Photon-jets dominated by quark jets

e Photon tag provides approximate initial
momentum of jet (no energy loss)

/2_2_2;"|"'|'"|"'|"'|"'|"'|"'|"
) -
<" 2F 0-10%
O 1.8F
A= pp 5.02 TeV, 25 pb’

SO 1 4F Pb+Pb 5.02 TeV, 0.49 nb”
g 1 25— p. =100-158 GeV
Z ' 1:_ T =aab 8 4 pp (same each panel)
~ 0 8; o em= [ Pb+Pb
\I =

0.6F -

0.4F

0.2F ==

02040608 1 1.21.41.6 1.8

ATLAS PLB 789 (2019) 167 XJY

Laura Havener, Yale University
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Photon+jet substructure to reduce bias ===

Select balanced configurations

Xy, > 0.3

Include unbalanced configurations

02040608 1 1.2141.61.8
X

Jy

Xy, > 0.4

g

CMS _PbPb 1. 7 nb”, pp 301 pb” (5.02 TeV) CMS _PbPb 1. 7 nb™, pp 301 pb (5.02 TeV)
™ l e
1.6 + Data — T o + Data -
n Centralnty 0-30% Eybng/?\?_c)jel, no ellastlc - v - Centrality: 0-30% Hybrid model, no elastic -
ol 145 Soft dropz =02 es= 2/(nT), no wake  — Q| 1.4—Softdropz =02 = Les= 2/(nT), no wake — —
&8 F - e = Lies= 2/(nT), wake ] %|& - P Zu e w L= 2/(rT), wake )
o . : B =0 L .= °°, NO wake - o N B =0 L .= o, N0 wake -
""" Lies= oo, Wake - 1.2 siimi L= o0, wake o]
— "_\%_2_2" DESESS N i
1 x| 2 0-10% ° .
218 ATLAS ]
n Z 1 6 pp 5.02 TeV, 25 pb™

_ S 14 Pb+Pb 5.02 TeV, 0.49 nb’ -
. : § ] = 1.2 pl = 100-158 GeV . —
p;_ > 100 GeV T 5 1 f+} pp (same each panel) B IT] I < 2 p.{ S 100 GeV |
jet; Y P 08 -_ Jet T _-
2F | p{r /PT > 01.8 | s 0.6 0.6 R A‘PY " > 21t/3 p):t/p:{r >0.4 i
! ! ! ! ! l : ! ! ! l l ; : 0.4 B ’ l l l 7]

0 0.05 0.1 0.15 0.2 1 1 1 1 1 1 1 1 1 1 1 1 1 L 1

Groomed jet radius R 0.2 0 0.05 0.1 0.15 . 0.2

g Groomed jet radius R

More quenched + unquenched
jets: no modification

Less quenched jets:
narrowing still observed


https://arxiv.org/abs/2405.02737

Search for quasi-particle structure of QGP

Search for Moilere scattering off quasi-particles in the medium Ktg ~ ZgpT Ry

Hardest k1 kicks: looked at

groomed krg for a hard kick
at high At

— .
AN

Narrowing observed, no clear evidence
but sensitive to differences in models

Laura Havener, Yale University

1/Niets dN /dkt o (GeV/c) ™t

o
10 f ALICE Preliminary |
—— pp, Pb—Pb /syn = 5.02 TeV .
+ Anti- kT ch-particle jets

R =02, |ne| <0.7
—— Jet -

00 < pT,Ch jet < 80 GeV/C
10—1 O _

+
| tep t
107 4 0-10% Pb-Pb
| Dynamical grooming a=1.0, z =10.2




Searching for the medium response

Enhancement of particle
"Positive wake”

Depletion of particle
“Recoil”

» | Z% b o Position space
“N t k » . .
egative wake Credit: Yen-Jie Lee

Z° and wake hadron correlation in Hybrid model

Daniel Pablo, Krishna Rajagopal, YJL
Momentum space

Laura Havener, Yale University
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Positive wake impact in hadron+jet correlations

t .
onts ALICE arx1v:2308.16131
ALICE arxi1v:2308.16128
014 STAR arxiv:2309.00156 LN LA AL A B L L
STAR arxiv:2309.00145 10 o« R=02 -
2eAu+Au ' T - E T T T T T T T T T T T T T [ T = i A 04 i
+p (2006) PRL 104 252301 _ o = . - = = R =0.
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E‘;’j e - 5 1°F # = |
| . © - =
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= - Z|l<a 10°F 2 = 1b---f------=m---- +___- . S, 4l
R S P e B 8 b= SR — ; ¢ 3"
2 I B v 00 S PP RN
- o AR 05<p, " <1GeVic ) - 11<E%<15GeV = e DLBARNESSY '
— i - 10<p™ <15GeVlc =T
B 7] zZ 10 4=:_ | | | | | | | | | | T'Jlet | | | e
B i — T T T T T T
e —
5 [* } © 10k -
I B . S z _ 10<p,,  <20GeVic .
- SE 1;‘ """"""""""""""""""""""" + """"""""""""" E 'R T T T A TR T TR T NN TR N TR N B
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Energy is transferred to large And at larger R and low pr
angles for every track pr Consistent with medium response

Laura Havener, Yale University



Credit: Yen-Jie Lee

|Isolate the diffusion wake

ATLAS-CONF-2023-054

2018 Pb+Pb 1.7 nb™’ \/ 5 02 TeV

1 1 | | | | | | | | | | | | | | | | | | I I | I | | | | I_
- ATLAS Preliminary -
1.08 - o _
- - Centrality 0-10% = - A’?
O 06F Ag¢(jet,track) > n/2 -
L [ 05<p™*<20GeV E
c 104l ™ <25 - ) 4 > Jet
g - - Diffusion
1.02 - —
O i <l 18 * L o - wake
z TE ik ﬂ"ﬁ'* .- + "__""_- """""" —_ Credit: R. Ehlers
D o098 ! + + —
— B _
) B _
W 096 " —
e - 90<p < 180 GeV In'l <2.37, |1fe|<25:
E 0.94 - pJet > 40 GeV A@(y,jet) > 3n/4 _
| | | ] | | | | | I | | | | I | ] | ] | | | | | | | | | |
0 1 2 3 4 5 6

IAn(jet, track)l
Consistent with no significant diffusion wake

Laura Havener, Yale University 30



Extracting QGP medium properties from jets

Bayesian analyses of LHC and RHIC data using jet pr and substructure to extract the
QGP jet transport coefficient ghat using JETSCAPE framework

12 -
E =100 GeV, 0-10% central data

Prior 90% Credible Interval (Cl)
10 - Jet Raa: Posterior 90% Ci

Jet Raa + substructure: Posterior 90% Ci

caveat: exploratory study with
fh only 0-10%, simplified error
tfreatment

learning which 4
observables carry
complementary

_ _ JETSCAPE Preliminary
iInformation

0 1 I 1 I 1 I

T T
0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

T (GeV)

Using experimental data to learn about the medium!

Laura Havener, Yale University 31



Summary and Outlook

Jets in vacuum isolate QCD effects and constrain MC generators
Correlations between observables gives the full picture of jet evolution

Jets provide a multi-scale probe of QGP medium

See signifiant jet suppression over multiple scales, including flavor dependence
Narrowing of jets in the QGP, consistent with color decoherence picture
Progress made towards understanding selection biases with photon+jets

No direct evidence for yet
Evidence of impact of but no significant diffusion wake

Future: wealth of Run 3 data at LHC and sPHENIX results coming at RHIC

Differential, precise measurments from high statistics data -> apply differential tools
from pp to Hlis like EECs and multi-dimensional Lund plane

Rare probes: photons and HF

Laura Havener, Yale University
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Primary jet Lund plane density

, QCD jets, averaged primary Lund plane

e Primary Lund jet plane is filled with . VS=14TeV, p;>2 TeV

. 6 .
splittings from the hardest prong Pythia8.230(Monash13)
Andersson et al ZPC43 (1989) 5

e At leading order the emissions
populate the plane uniformly

In(k¢/GeV)

¢ Running of the coupling constant
sculpts the plane!

T

0.0 05 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5 5.0
Coupling constant

° (kJ_) 1 In(R/A)
d’P = 2=—==224 In(z0)d In(—) B
2 Color factor 6 00 01 02 03 04 05 06 0.7 08 0.9
P(A, Ke)  Dreyer et al JHEP 12 (2018)

Laura Havener, Yale University


https://link.springer.com/article/10.1007/JHEP12(2018)064
https://link.springer.com/article/10.1007/BF01550942

Jet Lund plane density

e | und Diagram: phase
space of jet splitting

Andersson et al ZPC43 (1989)
Dreyer et al JHEP 12 (2018)

-

T
Coupling constant

olor factor
k 1
d’P = 2 In(z0)d ln(g)

e kt:relative transverse momentum

e Primary Lund jet plane filled with
splittings from the hardest prong

Laura Havener, Yale University

<

< In(1/AR)

C.®

b.®

d.e

Primary prong


https://link.springer.com/article/10.1007/BF01550942
https://link.springer.com/article/10.1007/JHEP12(2018)064

e Recluster anti-kt R = 0.4 jets with C/A
algorithm and follow primary splittings

Lund plane measurement

from the leading prong

e primary
e secondary
e tertiary

ALICE
Js=13TeV  ALICE  ATLAS
Jet prt(GeV/c) 20-120" > 675
 Maxkr(GeVic) 5  >135
"""""""""""""""""""""""""""" AR 01-R  0005-R
*charged-

Laura Havener, Yale University

particle jets

01 0, -

03

Image from Gregory Soyez

e Fully corrected with 3D
unfolding in axes of Lund
plane and jet pr

10
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Evolves from soft large-angle to collinear hard splittings
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Collinear Drop: probes the soft component <

Chien and Stewart JHEP 2020, 64 (2020).

M — M,
M

AM/M =

hard, collinear
radiation

hard, wider
splittings

0.5 , ' ' : , : : |
STAR Prelimi p+p Vs =200 GeV -
| i anti-ky full jets, R=0.4 - 1071 Srjyr—m—m—mmm — ] <:
20 < prjet < 30 GeV/C | zer=0.1, B =0 : * 0<Ry;<0.15 —— PYTHIAS8 Detroit tune - pQCD
0.4 - /F % 015<Ry<0.3 ~—t- HERWIG7 LHC tune 1
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12 T3 N MultiFolded with pr, Q, M, Mg, Rg, Zg]
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~~ s
o a i Connect the npQCD and
00 ot =i pQCD parts of the shower
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Energy loss dependence on parton flavor

Flavor and mass dependence Caveat: “spectra steepness” plays a role!
> HQ < 14— N

Eloss > E|OSS I< - ATLAS Preliminary -
.. Glyon Heavv quark 1.2— 2018 data 2015 data —
: : — 2017 pp 5.02 TeV, 260 pb” 2015 pp 5.02 TeV, 25 pb” _

1[—-2018 Pb+Pb 5.02 TeV, 1.72nb" 2015 Pb+Pb5.02TeV,0.49nb" -

N “Inclusive -

0.8 ~ gluons” =

0.6 b-tagged t f %t} R 56 % bi 4 i_:

- (beauty) x % -

Dead-cone effect 0'4: ? 1|0°/°’ anltllk ?60( 22011eBt)s 0-10%, anti-k_ R=0.4 jets _
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— ou Inclusive, lyl < 2.8 (2015) T

Large parton mass Small parton mass 0.2 - 0-20%, anti-k R=0.2 jets O Inclusive, lyl <2.1 (2018) -

X b-jets, lyl < 2. 1 (2018) _

7z - T\ m/E — m/E O | | | I .
g 50 60 70 80 100 200 300 400 500
S~ <\

P, [GeV]

Energy loss depends on color charge (and mass of parton?)
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Jet structure 1s softened and broadened

Jet fragmentation: longitudinal Jet shape: radial profile of
profile of charged particles in a jet charged particles in a jet
CMS Supplementary JHEP 05(2018) 006
2.5 PbPb 404 ub™ (5.02 TeV) pp 27.4 pb™ (5.02 TeV)
| ATLAS b | < 2.1 anti-k, R=0.4 jets 2 i
Nt S S W2 0.7 Ghy 0-10%
Q 2__ @ 126 < P < 158 GeV | A - ke | anti-k; jets R=0.4
x oo 0 e 25- . p*>2Ge "
: " Eamosel s T p'>120 GeV
I E oL | ptT”‘>4Ge
1.5 E!! & !
: T ..... 15:_
1_ ’:::::f:‘, - i +::—'— s —4—
z= P CoitAR ! e S 1%f+
T | Pb+Pb, {5,y = 5.02 TeV, 0.49 nb™, 0-10% | 0.5 ; B ¢
4 05 s 0 —4 _
Energy transferred i RAr
Nergy transierre Hardening of core: high z Soft particles are
to soit particles enhancement from quark at large angles
inside the jet vs. gluons? from jet axis

Laura Havener, Yale University 27


https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevC.98.024908&v=aa23e4a9

Energy correlators: new HI observable?

Clear distinction between perturbative and npQCD regions
Less sensitive to soft physics, may be more resilient to background?

Hadrons ‘7®Confinement
— /= = 5 _Partons

No soft drop required: access ol ] s
all aspects of the jet evolution w - \ S
in medium including in- s
medium splittings? c_é

S

See Carlota Andres BOOST
talk for first look

Laura Havener, Yale University
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https://indico.cern.ch/event/1144064/contributions/4940403/attachments/2494193/4283576/andresc_boost2022.pdf
https://indico.cern.ch/event/1144064/contributions/4940403/attachments/2494193/4283576/andresc_boost2022.pdf
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Regions of the Lund plane
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In(1/z)

sikt: Regions of the Lund plane

Good agreement W|th I\/IC in most cases
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(Generalize angularities - esalos Fom oer o
Exponents vary aspects of QCD —m
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A scales from np to pert.

NNL pQCD calculations describe data fairly well in perturbative regions

Laura Havener, Yale University
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Generalized angularities
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Vary R, jet pr, A, B, x all changes the pert. to np scale!
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Shape and structure of jet varies significantly

Exponents vary aspects of QCD
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Jets at RHIC vs. LHC

e Keep in mind: not a direct comparison, kinematics and QGP medium different!
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