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Jets in Heavy lon Collisions

Strong interaction between high pr partons and medium = Way to probe QGP’s transport properties ALICE, JHEPO3 (2014) 013
STAR, Phys.Rev.C 102 (2020) 5, 054913
% o N —*— lc'hl I' t 0-110°/l/f;0-l8;)<:/”I
o Au+Au Y5y = 200 GeV EsE °
—#— ch. hadrons 0-5% / 60-80% -
i Pb+Pb 50=2.76 TeV' 1
jo-l —® ch-jets 0-10%/50-80% P?‘,‘Tea%: é" :?ew °
i ch. hadrons 0-5% / 60-80% ' §
1 10 10°
» Jets reconstructed by a sequential clustering algorithm, commonly anti-kt p-cl:-tl iet’ pf;rh (GeV/ C)
FASTJET, Phys. Lett. B 641 (2006) 57-61
* Loss of parton energy in the QGP medium ,L

* Parton shower modified due to medium-induced radiation and scattering
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Inclusive jets are heavily quenched in the
presence of QGP




Motivation

1 1 Z:tracke (ra 7rr~b) pT,traCkK Differential Jet Shape

T) =
p( ) A,r N]et jet pT,Jet r= \/(Wtrack - 77jet)2 + (‘Ptrack - (Pjet)zr
CMS, Ys,, =2.76 TeV pp, PbPb

LI T I
1.5+0-10% il Total p2°%°°> 1.0 GeV/c

C . L Il angles: back d subt.
L anti-k; jets: R=0.3 10 mixed events include ¥, dep.
& C Leading Jets
Q. i N STAR Preliminary
\: A
Q. — 1 = A
-Q\ 1 - + ........................ - = A A A
Q- —— —— ~ |
o =) Q. | Au-Au {5, = 200 GeV, 0-10%
= 107" - Anti-k; full jets, R=0.4
= E p;“::: ot = 20-40 GeV/c
i ! | pche, EY¥>2.0 GeV _
05+ - T = All angles combined
: 1072
I L L 1 1 I 1 1 1 1 I 1 L L I 1 0_ 1 L 1 OI1 1 1 L L 012 L L L Il 013 L 1
0 0.1 0.2 | 0.3 \ ‘ Ar ‘
r
Similar pp measurement from STAR underway

CM, Phys. Lett. B 730 (2014) 243 |

Jet energy is redistributed to large distances
from the jet axis in the presence of QGP
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Motivation

( ) 1 1 Ltracke (ra 7rr~b) pT,traCkK Differential Jet Shape
pP\T) = 2 )

A’r N : = \/(Wtrack - 77jet) + ((Ptrack - (Pjet) 7

jet i PT.jet
CMS, ys,y = 2.76 TeV pp, PbPb
1 5_(')10% LS : | § Total p3°*°°> 1.0 GeV/c
[ antick, jets: R=03 10— e
& C Leading Jets
B i s STAR Preliminary . .
%_ — 1L s Possible mechanisms:
S E A
o 1 - -------- " E A A i . .
5 —— o s * Multiple scattering
oa_ ® - Au-Au \'s,, =200 GeV, 0-10%
- 1 i T _ . .
= LU zﬂ,ﬂ'nfT e v e Medium-induced bremsstrahlung
~  Tunc, jet
i T - pche, E¥>2.0 GeV .
0.5+ - 102 _pT e Y angles combined * Medium responsce
| P BRI DR MR T T S S N R
0 0.1 0.2 | 0.3 0 \ 0.1 AI‘0.2 0.3 !
r
Similar pp measurement from STAR underway Dependent on the Motivati to stud
CMS, Phys. Lett. B 730 (2014) 243 | mass of the R : iva |]:I3n o study
. . : : eavy-flavor jets
Jet energy is redistributed to large distances underlying parton

from the jet axis in the presence of QGP
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Heavy Flavor Tagged Jets

R(Q) 1 dn DY%et / dninclusive jet
NDOJet d ln 1/9 N1nc1u51ve3et dln (1/0)
ALICE pp E — 13 TeV ALICE, Nature 605, pages 440-446 (2022)
> L L Y IO B B
x | 10 < Epygiator < 20 GeV
. R\ ~ 1.5 - charged jets, anti-k;, R=0.4 -
.".""'--.} . C/Areclustering @~ = ====== === =y FU”y reclustered ]et

....... / \
i i 9 — 4 | 7
/ 1 C _+ Dead Cone j ERadzator ;7\--"\\ ﬁ = 5 meaner Y| charm
/ oe R ™ - quark
1 !
; — Charm quark ;
. »  Gluon ec:nission vertex Dead-cone effect
O.5F B ALIcE Data --- PYTHIA8LQ inclusive . _ < m
no dead-cone limi ~~~ Emitted gluon q
— PYTHIA 8 /
I ) . 91>92>....>95
—— SHERPA --- SHERPA LQ / inclusive
dead-cone limit | 2. > >F
no Radiator, 1 L Radiator,5

0|||||||||||||||||||
022 014 008 6 (rad)

—eel> S lET ANGlES

Heavy-flavor emission spectra at small angles
suppressed due to dead-cone effect [1]

[1] J. Phys. G: Nucl. Part. Phys. 17 1602 (1991)
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Heavy Flavor Tagged Jets

Low p; D% mesons slightly diffused in
the presence of QGP at LHC

PbPb

Generator

m  PbPb
® pp CCNU
- ... PbPb -
+ PYTHIA PR ERPA)
107", I I | | =
2 £ -+CCNU E
% E * 5
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15 F ' + PYTHIA 3
= 1 =
o 1 ] + + -
Q e -
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27.4 pb” (502 TeV pp) + 404 ub (5.02 TeV PbPb)

L
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* Lower pr D mesons accessible at RHIC energies

e Contribution from the underlying background is smaller at RHIC for a given jet p;
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PbPb

Generator

[a]
=

pd

pp

CMS, Phys. Rev. Lett. 125 (2020) 102001
27.4 pb” (5.02 TeV pp) + 404 ub" (5,02 TeV PbPb)
C CMS pD > 20 GeV/c ]
2
"F D + jet Iyl <2 3
- I’ > 60 GeVic 1
10 ; "< 1.6 -
i CCNU 3
- =+ PbPb ]
L -+ pp (SHERPA)
10
= = PbPb :
: pp "!'"‘-!""II.“T'I L LR DL j
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STAR Detector & Selection Criteria

Time Projection Chamber (TPC)

- Measures momentum, track trajectory, and identifies charged particles

Time-of-Flight Detector (TOF)

- Identifies charged particles

EEMC Magnet MTD l BEMC TOF Y/ BBC

Barrel Electromagnetic Calorimeter (BEMC)

- Measures neutral component of energy in jets

Heavy Flavor Tracker (HFT)

- Improves position resolution for tracks
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Event Selection:

Au+Au Vsyy = 200 GeV, Year 2014

Minimum bias (MB)
Centrality € [0, 80]1% (3 bins: [0-10], [10-40], [40-80])

Constituent Selection:

0.2 < Prrack [GeV/c] <30 ;0.2 < Eryye [GeV] < 30

IMtrack] <15 Meower| <1
D'> K’ + 7 ¥ [BR. =3.82 %]
For D%reconstruction: Tracks contain at least three hits on HFT

5< Pt D° [GCV/C] <10

DO Jet Selection:

Anti-kt full jets of radius R = 0.4, area-based background subtraction
IMjet| <0.6




D? Reconstruction

* Kaons and Pions identified using TPC and TOF

— 30
HFT |

+ 20

+ 10

1 .10

<= <20

1 .30

AN

%Q/Q

Sl

~1mm
TPC Tracks

Beampipe

STAR, Phys. Rev. C 99 (2021) 034908

D’ Decay

1 D Decay detail

~

-\

Primary Vertex

Topological cuts on the D° candidates improve signal significance
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> B +0p
» ata

Q | Au+Au \/ Syn = 200 GeV

= 400 0.80 % — Fit (Gaus + pol2)
o o - o —_— . .

g - P [GeV/c] €(5, 10) Combinatorial
~— | —_j 1

- B igna

=

£ 300

2 »

U -

100
0 e f T - — Ty
1.7 1.8 1.9 2 2.1

my . [GeV/c?]
Yield is calculated using sPlot method [1]

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




Correction to the Jet Yield

1. Response matrix for p+p /s = 200 GeV from PYTHIA and GEANT3 to mimic the detector response

2. Single Particle (SP) embedding in heavy ion events to model fluctuations in area-based background subtraction

anti-kr jets with D?, R = 0.4 \/E = 200 GeV p+p
5 <Prin < 10 [GeVic] PYTHIA 8 + GEANT 3 _ [ furAdfieawy '?”,B?c'fgrf)u,”d
— 30 - —
2 : : % IL © 0-10% J
I 1. <] C * 10-40% ]
|_:_‘25— —510 - H10—1|=_ -
52 [ 3 2 E .« 40.80% 3
go_i: E E % % i 40-80% ]
20|~ C E
- 107 F |
151 102 X S £ ;
B 1074 { $ E|
100 10 ; 4 ‘, ;
E 107 T il
L i m"
5" , s |} i 1 | T
5 10 15 20 25 30 -40 =20 0 20 40
pge. [Gevic] AP 1 sp s [GEVIE]

[1]. FONLL, JHEP03 (2001) 006
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Correction to the Jet Yield

1. Response matrix for p+p /s = 200 GeV from PYTHIA and GEANT3 to mimic the detector response

2. Single Particle (SP) embedding in heavy ion events to model fluctuations in area-based background subtraction
3. Reweight PYTHIA with c-quark distribution from FONLL [1] to modify the shape of the jet pr spectra
4. Heavy-flavor jet fragmentation modeled using PYTHIA
5. Systematics from variation in fragmentation model will be studied later
anti-kr jets with D?, R = 0.4 \/E = 200 GeV p+p
5 <pre< 10 [GeV/ Au+Au Heavy lon Background PYTHIA 8 + GEANT 3 + Au+Au Heavy lon Background
a0 Ptk [GeV/c] PYTHIA 8 + GEANT 3_ - L : : | J = 301 .
QO - 3 Q ~ -
S | ) SEE: 0-10% 2 [ Totow 1
[} B ., L C ] L -
- (D ° - () 9 — °
S o5 o 2 oL 10-40% 1 = 25¢ 1
Tt o B = anl ° © = - J
g;f - E % % 40-80% S : E
20__ 10° -2 10_2 E 20__ .
: “ FONLL |
i X 10—3 - . I~ 10
151 102 : Reweight15
i 107 F
10 10 : 10
E 10‘5E 1
S T R e RN IR 1 S R R N S B
5 10 15 20 25 30 -40 40 5 10 15 20 25 30
€
pTJ t [GeVic] pT,jet [Gev/c]
[1]. FONLL, JHEP03 (2001) 006 -
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Correction to the Jet Radial Profile

0.3

[GeV/c] € (11,13)
o
N

o
—

part
T,jet

[GeV/c] € (5,7)  pr;

I.part

0.3

anti-krjets with D%, R = 0.4
|[Mjet| < 0.6

PT.const > 0.2 GeV/e

5 < prie < 10 (GeV/c)

Vs = 200 GeV p+p
PYTHIA 8 + GEANT 3
Au+Au Heavy lon Background

part
pT,jet

01 0.2 0.3 det 01 0.2 0.3
I

Complete 4D response matrix to unfold radial profile

pist; [GeV/cl € (5,7)  pffec [GeV/c] € (11,13)
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Jet Spectra

(\I']_1 3 B I I I I I | I I I I | /Q\ | I I I I I | I I I I ]

L 10°F stAR Preliminary e 0-10% (x10%) T g STAR Preliminary e 0-10%

> — AutAu |5 =200 GeV > o0 T AutAu 5 =200GeV  m  10-40% 1

[} - , ® 10-40% (x107) 1 o .

(2‘ 10 anti-k., R=04 | ¥ - anti-k,R=04 [[111] Sys. Unc. (Uncorrelated) T
~ [ P> 3 GeVie °© 40-80% 1 = b p>5GeVic B 0-10% <N_> Unc. -
o n []Sys. Unc. ] " 2k B 10-40% <N > Unc. |

e B E

n - ] i i
f\i "%; — e @ - - s
3. e
Hlo 3 - .—' Ll e . B RARNRRY "SNNRRNY 7
Q .—..—. | -
‘5 C - 3
= L N IHE-——= S - ———
B B AN L | s rare i
N | N [
L O - L , yasmoes -
107 F : T
C HHOHHHH N L 777717777777 .
7.7
— _ @ - L *Fragmentation from PYTHIA 8
*Flragmentatlon from PYlTHIA 8 0 | |
5 10 15 5 10 15

pT,jet [GeV/c] pT’jet [GeV/c]

* Peripheral events have limited D pt reach
* Yields in most central collisions are more suppressed than mid-central
* R(p shows strong suppression at low prje, hint of an increasing trend with prj

« DO-tagged jet measurement for R, will be explored using high-statistics p+p data in 2024
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Energy dependence

*

R, (/40-80%)

\®)

* Similar nuclear modifications of D’-tagged jets at 200 GeV from STAR and 5.02 TeV from ALICE

October 15, 2022

STAR Preliminary
- Au+Au m =200 GeV

- anti-k,R=04
- p_,>5GeV/c
TD

e 0-10%
m 10-40%

[L110] Sys. Unc. (Uncorrelated) T
B 0-10% <N;> Unc. A
Bl 10-40% <N ;> Unc. _|

: 7T7 i
2000 NN )
7‘7
*Fragmentation from PYTHIA 8
I | | | | | | | | |
5 10 15

pT’jet [GeV/c]
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1.4

1.2

III|III|III|III

T

T T T | T
ALICE Preliminary
0-10% Pb-Pb \'s, =
charged jets, anti-k;

T T T

5.02 TeV

e D%jet, R =0.3
3< P;p < 36 GeV/c

e Inclusive jets, R =0.2

.III|IIIIIII|III

0.8
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III|I
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10?
P, (GeV/c)
ALICE, arXiv:2208.10908
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Radial Profile of D° Mesons in Jets

40—)1 T T T T I T T T T I T T T T I T T T T A T T T T I T T T T I T T T T I T T T T
el I & - . . - = . .
gfs | osmmpdmn o U5 [ AR breiman e 00
5 10°E N " 10-40% . ST 2 AR e = A EE m
=" F anti-k, R=04 E g | anti-k,R=04 m (10-40%)/(40-80%)
- o 40-80% ] ="
[ P> 5 GeVie . Z | p_,>5GeVic Sve. Unc. (U e
10? g Py, >5GeVie [ISys. Une. ] % Py >S5 GeVie || sys. Une. (Uncorrelated)
E Je 3 o) - e .
C ] = i N
promeetbossrre ] &
10 = 1.5 | 7
F S — i I ! \
. - - boulele y ]
107 E | LR | R — — — — 7
F *Fragmentation ! = i i
C from PYTHIA 8 ] *Fragmentation
1072 & - " from PYTHIA 8 ’
L1 11 l L1 11 l RSN IERNTRNN l Ly 1 1 1 1 1 1 1 1 l 1 1 1 1 l 1 1 1 1
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
r T

« For DY pr> 5 GeV/e, the ratio of radial distributions is consistent with unity within uncertainties

 Extending the analysis to lower D kinematics to further study D diffusion
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Energy dependence

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

27.4 pb™' (5.02 TeV pp) + 404 ub™' (5.02 TeV PbPb)
LA R L LD B T A R
4< p? <20 GeV/c |
ly°| <2
jet
A T T T T I T T T T I T T T T I T T T T ij-: | > 60 GeV/C —
= | . . jet < . E
2-& = STAR Preliminary o (0-10%)/(40-80%) M <1.6 :
3 2t Au+Au \jsNN =200 GeV _ |
S L anti-kT,R =04 m  (10-40%)/(40-80%) : T
M‘Z'ﬂ 5GeV/c ]
p 0 >

| - TD 5 GeV/ D Sys. Unc. (Uncorrelated) T 1= i T n
®op Prga 77OV - : S S—
.g B N : . Pbpb CRERL NI RREE RIRE SRNE TRIE BNEE NI l:
15k ~ i e pp CCNU y
' g -« PbPb !

I + ) + PYTHIA B oo (SHERPA)
L N 107", L l 1 1 =
i \ o 2 -+CCNU + =

L . oo -
| _Jf @‘11: _____ — |
L L, LYAVAVAY —_— L L L L R —— = | E i 4 :
i *Fragmentation | 5| 1.5 f— ' * P'YTH|A =
from PYTHIA 8 T © C i =
PR TR T TN N O O T S S N N NN MO SO W E% 1 ::t:* ‘ * =
0 0.05 0.1 0.15 0.2 8 0.5 ;_ ¢ SHERPA - __
r 0o 01 02 03 04 0.5

r

* No significant diffusion seen for D mesons in tagged jets at 200 GeV from STAR for D? pr> 5 GeV/c and pr e > 5 GeV/e

« Slight diffusion observed for D’ mesons in tagged jets at 5.02 TeV from CMS for 4 <D p1r< 20 GeV/c and pr e > 60 GeV/c
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Summa ry S [ STAR preliminary o 010%
0 T AutAu |5y =200 GeV m 10-40%
g - anti-k,R=04 [111] Sys. Unc. (Uncorrelated) ]
~ o Py 5GeV/c B 0-10% <N ;> Unc.
*né-) = I 10-40% <N ;> Unc. _|
 First D%-tagged jet measurement at RHIC energies
* Fragmentation from PYTHIA 8 used for correcting jet momenta and : i
substructure o +
. . . L *Fragmentation from PYTHIA 8
v" Spectra for D%-tagged jets in central and mid-central events are Lot
5 10 15
. . p... [GeV/c]
suppressed with respect to peripheral events L
. . . . . L E|B [ e i, o100
v" Ratio of radial profiles of DY mesons in jets consistent with unity = | [ wc.e-os . (l0a0%y@050%) |
2 | p >5Gevic
. . . . \;/ r T~Du> Ve {:l Sys. Unc. (Uncorrelated) ]
within uncertainties. R R '
s |
M5

Outlook +

, : L . I ————— )
* Measure fragmentation function for D%-tagged jets in Au+Au collisions et
" from PYTHIA 8
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
 Extend kinematic reach to low D° prto get closer to charm quark mass 0 005 0 015
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Differential jet shape for heavy quark in vacuum

CMS, JHEPOS (2021) 054
CMS (s=5.02TeV, IL dt=27.4pb",  anti-k, jet (R=0.4), pl:t > 120 GeV, '“jeJ < 1.6, p*>1GeV
T PR R M e D O IR SEIEIN AESES LR R A L R T R A
107 Inclusive jets 10g E " b-to-inclusive
E @ Data @ Data S 2_ '@ Data _
I &= PYTHIA® == PYTHIA® = - &= PYTHIA 6
1E £ PYTHIA 8 1E E=1 PYTHIA 8 E = [ S PYTHIA 8
iy : ~—— HERWIG++ & g ~—— HERWIG++ ] S, ! ~—— HERWIG++
3 2 1 & 15
A a | —- 1 = |
Ll wE T 33
_____ ! == < 1E
1072 1072 -
IRE I P S SR T TS P T S 0.5'...1...1...1...1...'
0O 02 04 06 08 1 0O 02 04 06 08 1 0O 02 04 06 08 1
Ar Ar Ar
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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, JHEPOS (2021) 054
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incl

0

b

Y(Ar) -Y(Ar)

CMS, pp /s = 5.02 TeV

b jets —inclusive jets

®  Data
PYTHIA 6
== PYTHIAS8
—— HERWIG++

an.ti-kT jet (R=0.4)
p’:‘ > 120 GeV,

K

Y(Ar) =

1 d2 N, track

Njet dA'rde,track

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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DC-Jet Yield Extraction

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

Native class in RooStats, and widely used in HEP

Unbinned maximum likelihood fit to invariant mass integrated over all kinematics

Pr,jet and radial distributions with all D%-tagged jet candidates using sWeights

Easy to include reconstruction efficiencies versus D kinematics §
Nrp 2
2 i1 Vnifj(mgnr,) = 400
P = = z
sI™n (mK 0 ) — Ny E/
it NVefre(mKni) £ 300
o
Unbinned max. likelihood fit ©
n = n-th fit component(sig/bkg) 200
Ni= k-th yield (T=2)
fi(mkzi) = per-event PDF value with k™ hypothesis
V = cov. matrix 100

sPn(mKw,i)

€ (mKw,i)

Efficiency Correction =y sPn(mKw,i) —
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0-80 %
Porka [GeV/c] €(5, 10)

—I— Data
— Fit (Gaus + pol2)
= Combinatorial

— Signal




Closures For Unfolding

Vs = 200 GeV p+p V5 = 200 GeV p+p
PYTHIA 8 + GEANT 3 PYTHIA 8 + GEANT 3
- 10°e Au+Au Heavy lon Background Au+Au Heavy lon Background
Q N i —4— Particle Level s, [ .
= r Simulation —&— Detector Level E < |} Simulation D Baf[t'dte th_avell
C Unfolded | —&— Detector Leve
S - —= —_B —&— Unfolded
3| & <
s| & | B
3ls 1 .
10*- . -
u B I
L o _D_—D—_ = o .
- ——
107"
10° = .
| anti-kyjets with D%, R = 0.4 - anti-ky jets with D%, R = 0.4
- |mied] < 0.6 - [mjec| < 0.6
Pr.const > 0.2 GeV/e . > PT.const > 0.2 GeV/e o
2| Prrn> 5 GeVie 107 Eprn> 5 GeVie
10°E F 5 <prjet (GeVie) <15
C 1 | 1 1 1 | 1 1 1 1 1 1 1 1 1 1 B |
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
ol® —_— o -
b T e
T === g —
£E SE |
D E B [ > L
- Sl L
0.5_ . . . . I . . . . 0.5_
° 10 15 0 005 01 015 02

pT,jet [GeV/c]
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Radial Profile: Data vs Model

CCNU, Eur. Phys. J. C79 (2019) 789

% T T T T I T T 1 1 I 1 1 1 1 I 1 1 1 1 HA 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
o - - 2|« | STAR Preliminary o (0-10%)/(40-80%
§ 7| AutAu |5y =200 GeV 1 Z P 5| Auru i =200 Gev (O-A0%E0-80%) |
o L p+p Vs =200 GeV = CCNU - _| B | antik,R=04 = (10-40%)/(40-80%)
—

. | antik R =04 | Z | p. ,>5GeVic )
= NU-Kr, : N T.D Sys. Unc. (Uncorrelated)
= L p >4GeV/c . * | Py, >3 GeVie -
< T,D’ .C !

+ - I S T \

<

j:" aZ

(U
()
[
|
[
n
[
T
|

*Fragmentation
i | | | ] from PYTHIIA 8 | | ]
0 0.1 0.2 0.3 04 0 0.05 0.1 0.15 0.2
r r

Note: calculation uses p+p as reference

Theory calculation shows small amount of diffusion - consistent with data within uncertainties
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Sources of Systematics

Dominant systematic uncertainties are.

* Difference in yield extraction from the two methods, ;Plot and like sign subtraction

 Systematics from DP reconstruction (Details here: Phys. Rev. C 99 (2021) 034908)
Sub-dominant systematic uncertainties are:

 FONLL as a prior vs PYTHIA 8 as a prior for the jet spectrum for unfolding

* [teration parameter in unfolding
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