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Jetsin HIC

Parton Shower
MRS

ium Effects

CMS, Phys. Lett. B 730 (2014) 243
ALICE, JHEPO3 (2014) 013 ys. =8 (2074)

STAR, Phys.Rev.C 102 (2020) 5, 054913 CMS, ysyy =2.76 TeV pp, PbPb
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Jets In HIC: Substructure Modifications

Generalized Angularities

Al = g - girth
A5 - thrust

A5 = (pT)? - momentum dispersion

* Angularities, tunable sensitivity to energy

and angular scales of jet evolution

* (Can probe the modification of radiation

pattern in medium
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soft/hard radiation
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https://indico.cern.ch/event/1339555/contributions/6041035/

Medium Effects

Elastic
collisions
(collisional)

Medium response depends on mass

Medium Wake
Inelasti - = and flavor of the underlying parton
NnelasliCc
collisions o
(radiative) - = Motivation to study

Medium-induced Splitting ]
heavy flavor tagged jets

Cartoons courtesy Laura Havener (Yale)
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HF Jets In Vacuum

Radiation Pattern of Charm in Vacuum
1 anOjets 1 dninclusivejets
/Ninclusivejets dln(]_/g)

Nature volume 605, 440-446 (2022)

ALICE pp Vs =13 TeV

R(6) =

NP%iets dIn(1/6)

kTvERadiator

10 < Epgiator < 20 GeV
1 5 L charged jets, anti-k;, R=0.4 i
C/Areclustering = 2 ======= L L L
| e ememmmsm= e e e m=- 1

— Charm quark
» Gluon emission vertex
~~~~ Emitted gluon

Dead-cone effect
Gluon emissions are
suppressed in a cone

0.5¢ PYTHIA 8 LQ / inclusive .
. n -
ALICE Daia no dead-cone limit

0 > 0 > > 0 with 8gc = mQ/ERadiamr | — PYTHIA 8
1 iy ’ —— SHERPA  --- SHERPALQ/inclusive
Erdiator1 > - > ERadiators i nc: delad-i;onle I|r:1|t g | S

0.22 0.14 0.08 @ (rad)
m—)  Smaller angles

Heavy-flavor emission spectra at small angles suppressed due to dead-cone effect
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https://www.nature.com/

HF Jets In Vacuum: Fragmentation

DY Momentum Fraction — Handle on the Fragmentation Pattern for Charm

— —
Pchijet* PHF

e —
P chjet * P ch jet
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HF Jets In Vacuum: Fragmentation

DY Momentum Fraction — Handle on the Fragmentation Pattern for Charm

ALICE pp, Ys =13 TeV

— — ALICE, JHEP (133) 2023
P ch jet P ur ; ; ; ;

e —
P chijet* P chjet
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HF Jets In Vacuum: Fragmentation

DY Momentum Fraction — Handle on the Fragmentation Pattern for Charm

— — ALICE pp, Ys=13TeV ALICE, JHEP (133) 2023
Zoh — P chiet * PHF . : ‘ : . : ; . . : . . . : -
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HF Jets In HIC: Radial Profile

Radial Profile of D° = Access to in-medium diffusion

CMS, Phys. Rev. Lett. 125 (2020) 102001

274pb (5 02 TeV pp)+404 pb (5.02 TeV PbPb)
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HF Jets In HIC: Radial Profile

Radial Profile of D° = Access to in-medium diffusion

September 25, 2024

CMS, Phys. Rev. Lett. 125 (2020) 102001

27.4 pb™' (5.02 TeV pp) + 404 ub (5.02 TeV PbPb)
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| Time Projection Chamber

v' Measures momenta of charged

tracks [|7] < 1,0 < ¢ < 2]
v PID using dE/dx

Images: NSWW
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https://nsww.org/projects/bnl/star/sub-systems.php

—

Time-Ofv-Flight Detector
v" PID using TOF measurement

[In] <1,0 < ¢ < 2m]

| Time Projection Chamber

v' Measures momenta of charged

tracks [|7] < 1,0 < ¢ < 2]
v PID using dE/dx

Images: NSWW
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https://nsww.org/projects/bnl/star/sub-systems.php

STARatRHC

Time-Of-Flight Detector Barrel Electromagnetic Calorimeter

v" PID using TOF measurement

v Measures neutral component of jet

[Inl <1,0 < ¢ < 2r] energy [|[n] < 1,0 < ¢ < 2m]

| Time Projection Chamber

v Measures momenta of charged

tracks [|7] < 1,0 < ¢ < 2]
v" PID using dE/dx

Images: NSWW
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https://nsww.org/projects/bnl/star/sub-systems.php

H

| — — Ty —
Time-Of-Flight Detector Barrel Electromagnetic Calorimeter

v" PID using TOF measurement

v Measures neutral component of jet

[Inl <1,0 < ¢ < 2m] energy [|[n] < 1,0 < ¢ < 2m]

| Time Projection Chamber

Heavy Flavor Tracker (2014-2016)

v Improves position resolution for

v Measures momenta of charged

tracks [|7] < 1,0 < ¢ < 2]
) secondary vertices
v" PID using dE/dx —— —_—

Images: NSWW
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Analysis Details

* Au+Au200GeV Run 2014, ~1B events
e Centrality € [0, 80]% (3 bins: [0-10]%, [10-40]%, [40-80]%)

* 0.2<Prirack [GeV/c]<30;0.2 <Eriower [GeV] <30

* mtrackl <1 ; mtowerl <1

e D°>K'+ 7 T[B.R. =3.82 %]

* For D%reconstruction: Tracks contain at least three hits on HFT

* 1<prpe[GeV/c]<10

. K$,1l' = originating from D° replaced with D? in the event record before jet clustering
e Anti-k; full jets of radius R=0.2, 0.3, 0.4, area-based background subtraction

* Mjet/ <1-R

« 2D unfolding done for [Jet pr, D° transverse momentum fraction] and [Jet py, radial profile]
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DY Reconstruction at STAR

Primary
vertex

ODCA| T -;

Cartoon courtesy Ondrej Lomicky, CTU

* Topological cuts to improve signal
significance of DY
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DY Reconstruction at STAR

Primary
vertex

gocAl ook

Cartoon courtesy Ondrej Lomicky, CTU

* Topological cuts to improve signal
significance of DY

* Yield calculation using sPlot method

Nucl. Instrum. Methods Phys. Res., A (2005) 555

2 Vagi(mign,)

SPlOt sPn (mKw,i)

N Ny fr(Mgns)

September 25, 2024

n = n fit component(sig/bkg)
Nk = k" yield (T=2)

fu(mkn,i) = per-event PDF value
with k" hypothesis

V = cov. matrix

Efficiency
Correction

Hard Probes 2024, Diptanil Roy
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DY Reconstruction at STAR

x10°
2 T T | T T T T | T T T T |
N — —
o | STAR —e— Data i
% | Au+Au |y, = 200 GeV — Gaus + pol3 4
s 8~ o0-80% Signal —
Primary : 1< Pr o [GeV/c]<10 ... Background ]
vertex Q - 4
pocA]. e 7]
-- . = 6
Cartoon courtesy Ondrej Lomicky, CTU 8
4
* Topological cuts to improve signal
significance of DY 5
* Yield calculation using sPlot method
i | 1 l | | | | [ | L A 1 | |
Nucl. Instrum. Methods Phys. Res., A (2005) 555 0 1.8 9 2
. | m(Kxn) [GeV/c?]
n = n" fit component(sig/bkg)
Nt V. Ni= K" yield (T=
, £ : = (T=2)
Z —1 n]fj(msz) KERTY .. P (m
SPlOt sPn (mKW 7,) = 'Jyv ’ fi(mkn,i) = per-event PDF value Eff|C|enCy a S’Pn (mKﬂ' ’L) — 5 n( K7r,z)
k:Tl Nk fk: (mK'/T,i) with k' hypothesis Correction ’ 9 (mKﬂ',i)
V = cov. matrix
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Corrections to Spectra

Example prior variation Data-driven pI‘iOI’
%107‘— *g e *g 1 <prpo <10GeV/c *‘é’ F
5 510 5 TF R=0.4 S f =
g g g | g I
© ©102F © 3 © I
S :GEANT ok
: 107 Data -
r 107
" 1 <prpo <10GeV/c 104k
°FR=0.4 i
L GEANT ©E
104 Data = 1082 107
D e e
pf;vjet GeV/c Zzraw Zzraw
Detector Level Jet p; [GeV/c] Detector Level D° z

In the absence of a well-agreed upon prior distribution, best way to vary prior input to unfolding
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HF Jets Yield vs p;

Function of Jet Transverse Momentum and Centrality

T T T T | T T T T | T T T T
— —e— Central (0-10 %)(x 100) ]
5 —#— Midcentral (10-40 %)(x 10)
o 107 == —a— Peripheral (40-80 %)(x 1) 7
Q' [ 1] Sys. Unc.
S e LIDO (MPI = off) Stat. Unc. Only]
O]
O 10 .
@
- L —
j | = |
Z s
o) _ }voi
l _3_1 O 6 __ =l ~ i
O|
o ; |
o L —
- L i
o
—| 2108 STAR Preliminary -
Z Au+Au |s, = 200 GeV -
" Full Jets, anti-k , R=04,I <06 — 1 B
-10|_ 1<p__,[GeV/ic]<10 n
1 O | | | | T'Dl | | | | | | | | | |
5 10 15 20
GeV/c
pT,Jet [ ]

LIDO, Phys. Rev. C 98, 064901
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HF Jets Yield vs p;

Function of Jet Transverse Momentum and Centrality

T T T T | T T T T | T T T T _I T T T T T T T T T T _I
- —e— Central (0-10 %)(x 100) ] - —¥ Data .
5 —=— Midcentral (10-40 %)(x 10) 150 [_]Sys. Unc. E
o 107 == —a— Peripheral (40-80 %)(x 1) ] ~ - B T,, Unc. .
'G‘ [ Sys. Unc. —— LIDO (MPI = off) Stat. Unc. Only ]
S gl LIDO (MPI = off) Stat. Unc. Only] L e e -
o 104 408 :E‘ F i E—— 1« LIDO explains peripheral yield
— - - 8 05— E— -] . . . .
s s 1 well, slightly underpredicts yield in
- —— ] = - Central (0-10%) §
%% ¥ b | {  central events
C\_‘O |__’-1 0 __ = = ~ ] ?j - ]
=4 o T y5F - : 0
- F 7 - 1+ MPI effects important for low prp
—| 51078 STAR Preliminary T e e T s S N S - jet yield
Z Au+Au |sy,, = 200 GeV - - STAR Preliminary .
" Full Jets, anti-k , R=0.4,n,_|<0.6 —t = 05 Au+Au |5, =200 GeV ]
1<p.  [GeVic] < 10‘3 C Full Jets, anti-k , R =04, _|<0.§
1 0_1 0 T | | T,D|° | | | | 1 | ] ] 1 L N MidCentral (10'40%) 1< pT,D" [GeVic] <10 N
5 10 15 20 5 10 15 20
Pr ot [GeV/c] P; o [GEVIC]

LIDO, Phys. Rev. C 98, 064901
Hint of suppression for D? jet yield in central collisions
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HF Jets Yield vs z

. . Function of Jet Transverse Momentum Fraction and Centrality
PT Jet * pT'DO

|ﬁT,Jet |2

Zlet —

T T T T
—e— Central (0-10 %)(x I100)
102 == Midcentral (10-40 %)(x 10) —
—a— Peripheral (40-80 %)(x 1)

10 L[] Sys. Unc.

| —— LIDO (MPI = off) Stat. Unc. Only

STAR Preliminary
Au+Au s, = 200 GeV ~
Full Jets, anti-kT, R=0.4, anetl <0.6 |
B 1< pT’DO [GeV/c]< 10

1077 5<p,  [GeV/c]<20 -]
1 1 1 1 | 1 ’ 1 1 1 |
0 0.5 1
Zj =P, P /o>
Jet = Pr et T po T T Jet

LIDO, Phys. Rev. C 98, 064901
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HF Jets Yield vs z

Function of Jet Transverse Momentum Fraction and Centrality

— — P
DT Jet * Pt po ~
zJet - — 2 \ -
DT Jet| \
e Central (0-10%)(x 100) ] - Data | e
102 == Midcentral (10-40 %)(x 10) 7 2 :_E iys'ui'éc' =
I — zeripseral (40-80 %)(x 1) _ s C o LIDO (MPI = off) Stat. Unc. Only 1 2D unfolded with pr
a ys. Unc. Ro N -
| —— LIDO (MPI = off) Stat. Unc. Only | E— ¥ - .
- o 1B ¥ S .
3 - h: == I * LIDO overestimates hard
Z[°s 1 ®O05F =SS fragmented D jets — Data shows
© N ] 8 - Central (0-10%) . . . ft f t t.
< _ = STAR Preliminary ] SOLICT Iragmentation
- O _F AutAu 5, =200 GeV
—|_d B o 2 Full Jets, anti-k,, R= 0.4,y | <0 _ )
Z STAR Profiminar - 1<p_laevig<to 3§ * Soft fragmented jets yield
-5 Y | 1.5 I L 5<p. [GeV/c] <20 3 . . .
10 AU+AU Sy =200 GeV S ¥ ™ ' consistent in central and peripheral
- Full Jets, anti-k, R=0.4, In | <0.6_| L S R e I 1lision
B 1<IOTDO[GeV/c]<10t 05: R o COHISIONS
-7 ’ | O ]
107°¢ o >< ,p T.Jet ,[Gew,c] = 2,0 L - MidCentral (10-40%) .
0 05 ., 1 0 0.5 I
ZJet = pT,Jet.pT,DO pT,Jet ZJet = pT,JEt.pT,DO T,Jet
LIDO, Phys. Rev. C 98, 064901 Suppression for hard fragmented D° jets in central collisions
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HF Jets Substructure

Radial Profile of D° = Access to in-medium diffusion

E T T T T | T T T T | T T T T | T T T T
- —e— Central (0-10 %)(x 100) 7
4 i —#— Midcentral (10-40 %)(x 10) '
10" —a— Peripheral (40-80 %)(x 1) E
C [ ]Sys. Unc. ]
3 —— LIDO (MPI = off) Stat. Unc. Only |
1 O E _E
= - — ]
zZ’|I210°—— =
© IO E = 3
3 C i

| _> =
= 105—‘Xi [
B STAR Preliminary — i
1 = Au+Au sy =200 GeV E
CFull Jets, anti-kT, R=0.4, InJetI <0.6 .
10_1 _ 1< pT!DO [GeV/c] <10 -
E 5< Pr et [GeV/c] < 20I | 3
0 0.05 0.1 0.15 0.2

Ar

LIDO, Phys. Rev. C 98, 064901
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HF Jets Substructure

Radial Profile of D° = Access to in-medium diffusion

= E _ —x— Data ]
o —e— Central (0-10 %)(x 100) ] 1.4 [ Sys. Unc. —
al —=— Midcentral (10-40 %)(x 10) C @ T,, Unc. i
10" —a— Peripheral (40-80 %)(x 1) E - —— LIDO (MPI = off) Stat. Unc. Only .
C [ ]Sys. Unc. ] 1.2~ -
’ 03; —— LIDO (MPI = off) Stat. Unc. Only_; ;g 1 - _ . h
= T 1 @ | 1 ¢ 2D unfolded with pr
z' 2102 — 1 Sosk N
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Z 10g E D S AurAu 5, =200GeV 1 profile trends, along with ratio of
C ] B Full Jets, anti-k , R=0.4, I | <0.6] ? i
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15 AusAu |5, = 200 Gev 3 - 5<p,, [GeV/c] <20
FFull Jets, anti-k , R = 0.4, | <0.6 ; 1 '_4%% ,,,,,,, ===
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C T AT ST T T TR T NN R N N T F Midcentlral (10-40%) ) ) 7]
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Ar Ar

HPO, Phys. fev. € 95, 064501 Ratio of radial profile consistent with 1
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HF Jets Cone Size Dependence

LIDO, Phys. Rev. C 98, 064901

STAR, Au+Au {5y, = 200 GeV, Full anti-k_Jets VU Symmetry 2023, 15(3), 727

i T T ' 1 ' - I 1 - T T 1T T
- LIDO T 1<pTD0 [GeV/cl <10 STAR Preliminary -
- CCNU T W i<1-R 1
2 B 1 Jet _ 2
o~ I 1 5<pT’Jet [GeV/c] <20 | "
o _ 0-10 % o
pe L . 1+ Ree=2580% { i
c | 1 |«
< + <
<. - + il . <.
RIS N S A1 3s
A 1 { o
_ L i A B |
5 10 GoV/ ) 10 GoV/
pT,Jet [ © C] pT,Jet [ © C]

No jet cone size dependence of medium effects observed vs p; ., within uncertainties
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HF Jets Cone Size Dependence

STAR, Au+Au ﬂsNN =200 GeV, Full anti-kT Jets

1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 I
- LIDO T+ 1< P [GeV/cl <10 STAR Preliminary -
I CCNU T m, l<1-R .
o 21 1 5< p, , [GeV/cl <20 B
= [ T _010% l
T ?3 i T Rer = 70-80 2% i}
< ¢ T 1
o
T e ve T n el e vk
o i T ) .
I 1 1 1 1 I 1 1 1 I 1 1 1 1 I
0.5 s > 21 0.5 > > 21
Zyet = pT,Jet'pT,DO pT,Jet Zget = pT,Jet'pT,DO pT,Jet

N

—

LIDO, Phys. Rev. C 98, 064901

CCNU, Symmetry 2023, 15(3), 727

=0.4,;R=0.3
p /Rep

Re

No jet cone size dependence of medium effects observed vs z within uncertainties
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Comparison with inclusive jets at STAR >

R=0.2 R=0.3 R=0.4 STAR Phys. Rev. C 102, 054913

—
T

| STAR Au+Au \s, = 200 GeV

. ) 1 |:|correlated unc.
charged jets, anti-k

Rgp (0-10%)/(60-80%)

10 pg‘ilzad=5GeV/c —+ shape unc. I E
|nj;t|<1-R DTAAuncertainty ]
05 10 15 20 25 30 3 5 10 15 20 25 30 3 5 10 15 20 25 30 35
pe" (GeV/c)
T’]et STAR, Au+Au M =200 GeV, Full anti-kT Jets
- L L
LIDO T 1<pTDO [GeV/c] <10
CCNU m l<1-R 1
o 21 T 5<p, , [GeVic] <20 12 o
T a + i 0% | Ta
° L] L] o L] mo i ° mo
Similar behavior for jet cone size dependence & ; o
< <
. . . Ta I SRS, T
at STAR for inclusive and D° tagged jets O 1 Lo
|
5
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Comparison across kinematic ranges

STAR Phys. Rev. C 102, 054913

Rgp (0-10%)/(60-80%)

R=0.2 R=0.3 R=0.4
1:. __________________________ L o I L L L L R . I L L L L L L L |
STAR Au+Au \s,, = 200 GeV - [ Joorrelated unc.
charged jets, anti-k
10 p?'lzad—sGeV/c 1 shape unc.
F M l<1-R T[] Tas uncertainty
t jef +4 L
R N D O P T TR I S R R R PR N TN ST T B T A
0O 5 10 15 20 25 30 35 5 10 15 20 25 30 35 5 10 15 20 25 30 35
ch
T‘jet (GeV/c)
I T — T T
LIDO T 1 <pTDD [GeV/c] <10
- CCNU 1 M I<1-R 1
Jet
o 2_‘ l J T 5<p,,, [Geviel<20 ‘_2 -
=1 0-10% =)
o I . 3080 % 4
o 1 b E o
< * ] g <
Iy Ap- e R e i e e LA T
o 1 [as
1 1 | 1 1
5 5
[GeV/c] Pl ot [GeV/c]
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o Tz S T i e -
1] L 1] L
x o x -
‘30.8* ‘30.8*
x . x -
0.6/ 0.6/
0.4 0.4
@ ALICE Data 1 Mehtar-Tani et. al, g - -ALICE Data Mehtar-Tani et. al, g
-LIDO =1 Mehtar-Tani et. al, q F - O Mehtar Taniet. al, q
1 Mehtar-Tani et. al, all F Mehtar-Tani et. al, all
0.2 JEWEL w/ Recoils Hybrid Model w/ Wake 0.2—!JEWEL w/o Recoils H brid Model w/ Wake
mm JEWEL w/o Recoils mm JETSCAPE v3.5 AA22 I mm Factorization mm JETSCAPE v3.5 AA22
[ = MARTINI T mm MARTINI
o T A NN AN AN AR A o T N NI AN N R A
100 120 140 20 40 60 80 100 120 140
pT. ch jet (GeV/c) pT. ch jet (GeV/c)
Ng 2 T
¥ Pb +Pb\/ =276 TeV 0-10%
~
op 18 det-?ub1 ATLAS
¥ 7 e *R=03

ALICE Phys. Let. B849, 138412

Hard Probes 2024, Diptanil Roy

I'IIIIII\IIIIKII

ATLAS Phys. Let.

22

B719



STAR Phys. Rev. C 102, 054913 ALICE Phys. Let. B 849, 138412

VSnn = 5.02 TeV, prjer > 40 GeV

Comparison across kinematic ranges =

Ratio < 1

VSNN = 200 GeV, pT,]et > 5 GeV

[ ]
Ratio ~ 1
ATLAS Phys. Let. B719

VSNN — 2.76 TeV, pT,]et > 40 GeV

Ratio > 1

Contradictory behaviors just due to different kinematic ranges (?)
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Summary

Exciting measurements for heavy flavor jets at STAR with D = ™

meson tagged jets

DY jet yield suppressed in central collisions, mainly for hard

fragmented jets

No radial profile modification for D in jets in central Au + Au

collisions

Qualitative agreement with LIDO for radial profile, yield slightly

underpredicted for central collisions
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Summary

R
R

* No jet cone size dependence observed for yield suppression in medium s\ mzwe 4
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, é
] : L. E
* In agreement with models, and STAR’s inclusive jet measurement z
* Behavior across different kinematic ranges different — different effects | 7 ;
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What’s next ?

1
1

A

©

d Nraw

5 — Raw data STAR run14, Au-Au, |5, = 200 GeV
10 E_ inclusive D’jets, 1 < p, »[GeVic] <10
4 — antik;, R=0.4,In |<1-R
10" - - —e— 0-10%
— ———_g W
— ———m— —=— 10-40%
3 oy A —&— 40 -80 %
e SR . =
3 u_g =
102 E ++++ — —o—='=—0—=|=: _._:'::.:
10 '§:+ T+ 4+
1 T TT
107
g | | |
5 0 5 10 -

1

* Uncorrected angularities for D° tagged jets at STAR
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* Ongoing effort to use multidimensional unfolding to correct for detector effects -

incredibly challenging with background, even with newer tools like Multifold

September 25, 2024

Hard Probes 2024, Diptanil Roy

24



25

September 25, 2024 Hard Probes 2024, Diptanil Roy



Summary
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Differential jet shape for heavy quark in vacuum

CMS, JHEPOS (2021) 054
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Bottom quark jet (b-jets) shapes modified in vacuum,
possibly due to dead cone
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Fragmentation pattern for heavy quark

CMS, pp+/5 = 5.02 TeV 1 d2Ntrack

Y (Ar) =
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Higher yields of low p; charged-particle close to jet axis in
b-Jets vs inclusive jets in vacuum

~ Different fragmentation pattern for heavy quarks
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