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Jets in Heavy lon Collisions

Strong interaction between high pt partons and medium = Way to probe QGP’s transport properties

» Jets reconstructed by a sequential clustering algorithm, commonly anti-kt
FASTIET, Phys. Lett. B 641 (2006) 57-61

* Loss of parton energy in the QGP medium

* Parton shower broadened due to medium-induced radiation and scattering
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Jets in Heavy lon Collisions

Strong interaction between high pt partons and medium = Way to probe QGP’s transport properties ALICE, JHEPO3 (2014) 013
STAR, Phys.Rev.C 102 (2020) 5, 054913
e_) 1 1 | L B R B | I 1 1 1 L I 1 T 1 LI DL I
—%— ch. jets 0-10% / 60-80%
oC Au+Au \s, = 200 GeV
Vo —#— ch. hadrons 0-5% / 60-80% -
| Pb+Pb {5,=2.76 TeV' 1
jo-1- ~® ch.jets 0-10%/50-80% PTleas = 5 GeVic |
- R=0.3 .
C ch. hadrons 0-5% / 60-80% ’
i 1 1 [ A M I | I 1 1 1 Ll 1 1.1l I 1 1 1 (PN e ] ] | I i
1 ) 10 ) 10°
. . . . e F V/
» Jets reconstructed by a sequential clustering algorithm, commonly anti-kt pT, iet’ pT (Ge C)
_ . FASTIET, Phys. Lett. B 641 (2006) 57-61
* Loss of parton energy in the QGP medium ,L

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




Motivation

1 1 Ltracké(raﬂ“b) pT,traCk

B AT Met ot pT,Jet r= \/(ﬂtrack - 77jet)2 + (‘Ptrack - (Pjet)zr
Je

p(r)
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Motivation

1 1 Ltracké(raﬂ“b) pT,traCk

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

CMS, Ys,, =2.76 TeV pp, PbPb

ERAEEBEERE S R
1.5+0-10% -
- anti-k; jets: R=0.3

0.5 1 .

0 01 02 |03

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 Ltracké(raﬂ“b) pT,traCk

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

CMS, \s,, = 2.76 TeV pp,PbPb

15 0-10 % ' g N Total p2**°° > 1.0 GeV/c
1 anti-k, jets: R= 0.3 0= s
& C Leading Jets
Q;: B A STAR Preliminary
=1 = i "
8 1+ ... ........ ) < <] E . A .
o —o— —o— ~—" C
o B Q. [ Au-Au s, = 200 GeV, 0-10%
—~
= 107" - Anti-k; full jets, R=0.4
Q = pchene  _ 20.40 GeVi/c
O T unc, jet
i | - pShe, EYY>2.0 GeV _
0.5+ - 102k T = All angles combined
L v s o by 3 5 o 1, o8 1 E 1 I L | 1 i . L K . . | L | |
% 2 .
0O 01 02|03 ¢ ¢ Ar 03
r

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

(r) = 1 1
s _A'r]vjet

Ltracke (Ta ) PT track

r = \/(Wtrack - Wjet)z + ((Ptrack N (Pjet)zi

i PT.jet
CMS, ys,, = 2.76 TeV pp,PbPb
R IR Y assoc
1.5L0-10% _ - Total P3¢ > 1.0 GeV/c
 anti-k, jets: R =03 10 ety i
& C Leading Jets
Q. i N STAR Preliminary
— A
Q. — 1 = A
S~ LR - ]l g F A R "
& —o— —e- = T
o =) Q. | Au-Au |5y, = 200 GeV, 0-10%
= 107" - Anti-k; full jets, R=0.4
= - pyhne = 20-40 GeV/c
i - phe, EY">2.0 GeV _
0.5+ - ~ = All angles combined
) I 2 o o 3 0 ¢ a0 31 . I 4 102 ] I T s A S S S S | TR
0 01 0203 ° APt - !
r
CMS, 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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* Multiple scattering

* Medium response

Possible mechanisms:

* Medium-induced Bremsstrahlung

Dependent on the
mass of the
underlying parton

Motivation to study
heavy-flavor jets
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Heavy Flavor Tagged Jets

ALICE, arXiv:2106.05713 (2021)

el /" Fully reclustered jet
2 3
;\é’;‘r‘ —ac RSN
e | ]
f ERadiator B b — o AV \ charm

— Charm quark
» Gluon emission vertex
- Emitted gluon
0,>6,>..>0,
>

Dead-cone effect

ERadiatonI e > ERadiator,5
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Heavy Flavor Tagged Jets

R(G) 1 dn DO5et dninclusive jet
NDOJet d ln 1/9 chluswe jet dln (1/0)
ALICE, arXiv:2106.05713 (2021)
ALICE pp Vs =13 TeV :
8 | L I | L I L | T 1T 1
N 3
C 10 < Eg,giator < 20 GeV
A R\ ~ 1 . 5 L charged jets, anti-k;, R=0.4 B
o ’3 C/Areclustering =~  mmmm=== - Fully reclustered jet
- . / . s s m=sm=m=-- ‘I- ------- - Y ‘
/ 1 C ook e' 9/‘ ERadzator ;'\'4'»‘.\" Zl : AV Y charm
/ beeess - - gl
S
g * T e csscor i
O = --- PYTHIA8LQ/inclusive 3
ALICE Data no dead-cone limit ~~~ Emitted gluon X mq
— PYTHIA 8 /
- _— 0,>0,> ...> 0
—— SHERPA --- SHERPA LQ/ [nqlu3|ve
no dead-cone limit ERadiatorI > > ERadiator5
oLl 111 RS NN ' '

022 014 008 6 (rad)

Heavy-flavor emission spectra at small angles
suppressed due to dead-cone effect
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Heavy Flavor Tagged Jets

CMS, Phys. Rev. Lett. 125 (2020) 102001
27.4 pb” (5.02 TeV pp) + 404 ub (6.02 TeV PbPb) 27.4 pb’! (5.02 TeV pp) + 404 ub (5.02 TeV PbPb)
i CMS 4< P> < 20 GeVic | CMS pD >20GeVie
2
" D° + jet Iy]<2 1 "E D + jet Iyl<2 3
lp’T | >60 GeVic | |p’e | >60 GeVic 13
jet = e T
™| < 1.6 = 10 "< 1.6 -
a CCNU 3
] al,. —— =« PbPb 3
| sI° - pp (SHERPA)
fa) 3 :
"2 F :
1 t = B Mm 3
- L 10 :
C = PbPb 2 E = PbPb .
- ° pp CCNU - : ° pp LR — -;T- S -j
B =« PbPb & 102
+ PYTHIA -+ pp (SHERPA) E_ + PYTHIA E
e s s pr i s s sV e e % & o B 1 Lig e & ] ]
& 2 :_ CCNU + _: s 2 :_ _:
oo B - ola = ]
Qoo - + z] ala - 3
o iE e e e = o 1 -
P ] - 5
5 15 F ' « PYTHA § 5| 15[ # PYTHIA =
gg_. 1B ; + + - gg ] —o—a—o—' $ ﬁ
Low p; D mesons appear to be ol %% F 1e SHERPA E 1 Gl °°F e SHERPA :
diffused in the presence of QGP at LHC 09 0.1 02 03 04 0.5 96 0.1 02 _ 03 04 0.5

* Lower pr D mesons can be reconstructed at RHIC energies
e Contribution from the underlying background is smaller at RHIC
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STAR Detector & Selection Criteria

Time Projection Chamber (TPC)

- Measures momentum, track trajectory, and identifies charged particles Eve nt Se I eCti on:

Time—of—Flight Detector (TOF) e  Aut+Au \/SNN =200 GeV, Year 2014

- Identifies charged particles
, *  Minimum bias (MB)
EEMC Magnet MTD l BEMC ToF A BBC

. Centrality € [0, 80]% (3 bins: [0-10], [10-40], [40-80])

Constituent Selection:

¢ 0.2 < prirack [GeV/c] <30 ;0.2 < Egyoner [GeV] < 30

*  |Mtrack] <1; Mtower| <1
« DK+ 7 [BR.=3.82 %]
e For DYreconstruction: Tracks need at least three hits on HFT

e 5< Pt D° [GCV/C] <10

DO Jet Selection:

* Anti-kr full jets of radius R = 0.4, area-based background subtraction

Barrel Electromagnetic Calorimeter (BEMC)

- Measures neutral component of energy in jets

. <
Heavy Flavor Tracker (HFT) INjet| <0.6

- Improves position resolution for tracks
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D? Reconstruction

* Kaons and Pions identified using TPC and TOF
STAR, Phys. Rev. C 99 (2021) 034908

— 30 SSD

IST / Beampipe
HFT | Pixel Pl 3
A 20 Detector Q Q >_<|1 IO T I I T I I T I L I UL I T ]
45E Au+Au 0-80% =
T W 2k 1<p. <8 GeV/c]
1 10 Y F T ]
-~ = -
V > sl VS = 200 GeV 3
T @ -
D = 30F ® =
1 0 - @ .
| o S E
1 ‘ D' Decay = T — 25F 3
ﬁ AN g | g
1 .10 ::'. Q 20F —
& m 2 - E
| ~300 pm i s °F E
+-20 B T ," ,::Db‘cu_v Length O 10 = 900M events —]
§—~ % i BN D’ Decay detail g S_~210 ““000..5
T DCA A kg M\ 5F \s+b E
L -30 T r 1 mm ' \"I‘: /’/L’)(‘;\_- 0 :| oo e e e b b b |:
TPC Tracks DCApet® * 1.7 175 18 18 19 195 2 205 2.1

Primary Vertex

Invariant mass M, . GeV/c?

* Decay length of D° ~ 123 pm.
 HFT has a resolution of 30 um for kaons at ~ 1.2 GeV/c

« HFT can reconstruct DY candidates based on the decay topology
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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

e Unbinned maximum likelihood fit to invariant mass integrated over all kinematics

*  DPr,et and radial distributions with all DO-tagged jet candidates using sWeights

* Easy to include reconstruction efficiencies versus DY 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(mKﬂ,i)

€ (mKw,i)

Efficiency Correction =y sPn(me’) —

For more information about sPlot, visit poster by Matthew Kelsey [T11_2, #367].
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STAR

Au+Au \] Syn = 200 GeV

0-80 %
Porkn [GeV/c] €(5, 10)

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

— Signal

my [GeV/c?]
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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

anti-kr jets with D%, R = 0.4
5< pT,KT[< 10 [GCV/C]

= 200 GeV p+
pT,Jet>3 GeV/e \/E s

PYTHIA 8 + GEANT 3

10°

10*

10°

102

10

5 10 15 20 25
pT,jet [GGV/C]

30

[1]. FONLL, JHEPO3 (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 event to model fluctuations in area-based background subtraction

anti-kr jets with D%, R = 0.4

5 <Prkn<10[GeV/c] \/s = 200 GeV p+p Au+Au Heavy lon Background
pT’Jet > 3 GeV/c PYTH IA 8 + G EANT 3 '—’t‘ L T T T I T T T I T T T I T T T J
C 10° = LE * 0-10% E
I [} F 3
- < 1 C © 10-40% 1
C o 107 F E
- 10* s 3 . 40-80% 3
[ z |5 f 40-80% f
__ — E -2 E -
- 10° z 107 :
= 107k 4
C 102 X F ,’ i E
107 { { a3
0 : 4 ,.*u. ]

107 ﬁT ﬁ# '.%'H

5 1 O 1 5 1 1 1 1 2|0 1 1 1 1 2'5 1 1 1 1 30 1 L L L l L :“ "H'w i
det GeV /] —40 20 0 20 40

DT jet '€ /c Ap [GeV/c]

T, SP Jet

[1]. FONLL, JHEPO3 (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 event 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
> <Prgn = 10 [GeVic] /s =200 GeV p+p Au+Au Heavy lon Background PYTHIA 8 + GEANT 3 + Au+Au Heavy lon Background
Prie > 3 GeVie PYTHIA 8 + GEANT 3 ; L T | | J = 10*
3 30: % 1 - " 010% ;
% ) s o) B . 10-40% 1 8 s
O, K s 40-80% ] o
gz%z :_ E 252 10?
=7 : 1 FONLL .
151~ : 7 — 10
: HE 1Reweight
10 Qfﬁ : 3 10 1
W +
T TR Hiﬁj| 5 0 15 20 . 25 _ 30
5 10 15 20 ~ 25 30 0 0 20 20 1 det
p%,}et [GeV/c] AP o [GeVIC] p T’Jet[Gev/ c|
[1]. FONLL, JHEPO3 (2001) 006 Complete response matrix to unfold pr e
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Correction to the Jet Radial Profile

| IIIIIII|

[GeV/c] € (11,13)

part
T,jet

[GeV/c] € (5,7)  pr;

I.part

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

P const > 0.2 GeV/e
PTjet > 3 GeV/e

5< PTKn <10 (GCV/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

(\Ir]_1 3 B I T T T T I 1 1 1 1 | /Q\ I 1 1 1 1 I 1 1 1 1 |

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

> — Au+Au |5y =200 GeV 5 o0 AutAu 5 =200 GeV  w  10-40% 7

[} - , ® 10-40% (x107) T =) .

(2‘ 10 anti-k., R=04 | ¥ anti-k.., R =0.4 [L111] Sys. Unc. (Uncorrelated) T
— b,y >3 GeVie °© 40-80% I = P> 5 GeVie I 0-10% <N > Unc. -
o N []Sys.Unc. ) B 10-40% <N > Unc. —

B :_h, | —

" - ] -
‘\E 'gl - e e -
0 _ bt YA
10 3 - . -
QT e Uty i
‘5 n N T ~
—= | AR _ 1
& | AN 4+_ ‘ -
-7 i ] |
10" Ot = HAH A -
7.7
— _ @ - . *Fragmentation from PYTHIA 8 -
*Flragmentatlon from PYITHIA 8 0 | |
5 10 15 5 10 15

pT,jet [GeV/c] pT,jet [GeV/c]

* Most central spectrum is more suppressed than mid-central
* R(p shows strong suppression at low prje, hint of an increasing trend with prj
* Peripheral events have limited statistics with the D pt selections

« DO-tagged jet measurement for R, will be explored using high-statistics p+p data in 2024
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Radial Profile of D° Mesons in Jets m

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
K= = - = - ..
z ‘—c ; Elilul Prelin;géaGriv o 0-10% : 2‘% = f ETIZR P relﬁ”;g’g“éyv o (0-10%)/(40-80%)
3 10°F P = " 10-40% - S| T 2 AvHAR T =20 0 -
=" F anti-k, R=04 E g | anti-k,R=04 m (10-40%)/(40-80%)
o o 40-80% ] =
F p, > 5 GeVie . Z | p, >5GeVic D Sve Une. (U e
10% & P> 5GeV/e [7]Sys. Unc. - "% Po> 5 GeV/e ys. Unc. (Uncorrelated)
E ¢ 3 ) - e -
C . = L N
ot ] &
10 £ . 1.5 | \
F s B i I ! \
1 I | i o ]
107 g | A 1 RS = i
F *Fragmentation P PP ! B = i i
 from PYTHIA 8§ il *Fragmentation
10_2 E = B frOm PYTHIA 8 T
PR R ST TR AN TR TR N S AAAR SRR TAARTANRTANN INARNRARNRARNRAN" 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 r

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

 Extending the analysis to lower DY kinematics is essential to study D diffusion
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Radial Profile: Data vs Model m

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 0-10%/(40-809%

S 2f AutAu i =200 GeV 1 21 ,| avvaufig=200Gey 0 IR

S L p+p Vs =200 GeV = CCNU i — Z_*Q | anti-k,,R=04 m (10-40%)/(40-80%)

} . _ p_,>5GeV/c

= - anti-k, R=04 7 N~ [ TD S 5 GeV/e Sys. Unc. (Uncorrelated) |

<:£ - pT,D0 >4 GeV/c - *O L Prjer -

¥ N ] = N N
<

:1" a7

(U
()
[
|
[
n
[
-
|

*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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Summa ry S [ STAR preliminary o 010%
0 T AutAu |5y =200 GeV m 10-40%
g r anti-k, RG= 0‘/4 [111] Sys. Unc. (Uncorrelated) ]
~ L TD“>5 eVic B 0-10% <N ;> Unc.
.X.ME‘J oL b B 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 JL e
5 10 15
. . . . . Pr [GeV/c]
consistent with being suppressed with respect to peripheral events Tt 7
v" Ratio of radial profile of DY mesons in jets consistent with unity = | [ wc.evos . o000 ]
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
TR SR R I IE S A ST AE ST LI TR L L L L N B B
10 Inclusive jets 10 3 E i b-to-inclusive
E ®  Data ®  Data = 2_ @  Data _
I = PYTHIA®6 &= PYTHIA6 = - = PYTHIA 6
1E E=1 PYTHIAS 1E S50 PYTHIA S 3 = B S5 PYTHIAS
iy : ~—— HERWIG++ & g ~—— HERWIG++ ] S, ! ~—— HERWIG++
N N [ 1] & 15
A a | —o— 1 = |
107 L S - 33
_____ I == < 1k
1072 ER [V -
T T S IR S S L S PR B 0.5'...1...1...1...1...'
0O 02 04 06 08 1 0O 02 04 06 08 1 0 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

April 7t, 2022

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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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 .
- ——
10"
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 . L PT.const > 0.2 GeV/e o
2| Prrn> 5 GeVie 107 Eprin> 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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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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