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Mechanism of In-medium Energy Loss

For mean free path A << medium size L
we are in the LPM regime

Z = AFE x a,CrgL?

E E-AE

L2 instead of L, due to

|
|
+ AE | E-AE destructive interference
: between scattering centers
X (LPM effect)
(medium)
Quenching depends on color factor
4
Landolt-Bornstein 23 (2010) 471 3 g|uon jets

Cr = <

4/3  quark jets
Jet: a powerful tool for the understanding of QGP )
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Early Measurements at RHIC (2001-3)

pm| X PRL 88 (2002) 022301
‘Nuclear modification factors’ N
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Strong suppression of high p; hadrons

Quark Gluon Plasma

Modification of the leading fragment

INSTITUTE for
NUCLEAR THEORY

N .
I I I I I Yen-Jie Lee (MIT) Experimental Study of the QGP with Jets and Open Heavy Flavor 3



Jet Quenching without Jet: Charged Particle R,

’ - 27.4 pb™ (5.02 TeV pp) + 404 ub™ (5.02 TeV PbPb)
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Greatly improved results at RHIC since the * Aprominent °S shape” in charged particle Raa

first measurement « Good agreement between experiments at the LHC
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Jet Quenching without Jet

27.4 pb™' (pp) + 35 nb™! (pPb) + 404 ub! (PbPb) 5.02 TeV
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Probe the QGP with High Energy Quarks and Gluons

Proton+Proton
Lead+Lead

Asymmetric di-jets in Lead+Lead collisions!

PRC 84 (2011) 024906

PLB 712 (2012) 176
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QGP Transport Properties and Structure with Jets

 Jet broadening effects from multiple soft
) Jet/ scattering () ——»—s—s
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QGP Transport Properties and Structure with Jets

w
~
_________
_____________________________

|  Jet broadening effects from multiple soft
Jet/ scattering (§) —>-»s—s

 Contribution from medium response

« Reveal medium recoll (the propagation of
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QGP Transport Properties and Structure with Jets

Jet broadening effects from multiple soft
scattering (4) »——

 Contribution from medium response

« Reveal medium recoll (the propagation of
-
* With the precise understanding of the
phenomena above, one could reveal the
QGP structure with Moliere scattering %
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Jet as a Proxy of Parton: Jet Clustering Algorithm

JHEP 0804:063,2008 Anti-k+ algorithm R: distance parameter

p. [GeV] |,, _ antiX, R=1._ |

Cluster smallest distance dab pair first

Agf —|—A¢2
RQ

Distance between d — min k‘ k’
pseudo-jets i and & ( tyi o )

Distance to beam B dip = kt,i

* Give close to circular jet, Cluster high momentum particles first
 Jets with a radius of roughly R
« Most popular algorithm used in analyses of pp and heavy-ion collisions
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Underlying Event Background

ATLAS

01 E, [GeV]

9 Calorimeter
3] | Towers

Multiple parton interaction

Large underlying event from soft scattering

¥ Need to subtract the underlying event background

INSTITUTE for
NUCLEAR THEORY

N .
I I I I I Yen-Jie Lee (MIT) Experimental Study of the QGP with Jets and Open Heavy Flavor 11



Constituent Subtraction

JHEPOG (2014) 092

f@:' Constituent subtraction with flow modulation
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Constituent Subtraction

JHEPOG (2014) 092

Let the “ghost” remove the
underlying event

Modulate the number of ghost!

Fa ﬁ%‘ﬁqﬁqh*%'h%'rﬁ

f@:' Constituent subtraction with flow modulation
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Constituent Subtraction

JHEPOG (2014) 092

__
»

f@:' Constituent subtraction with flow modulation
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Summary of Jet Reconstruction

clusters and tracks

HCAL
Clusters

1 correction

ECAL
Clusters

v
v
y

. Background Jet energy Ly
R [, SIS g subtraction > correction JEs Bl
Remove underlying MC Simulation
events contribution PYTHIA
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Probe the QGP with High Energy Quarks and Gluons

Proton+Proton
Lead+Lead

Asymmetric dijets in Lead+Lead collisions!

PRC 84 (2011) 024906

PLB 712 (2012) 176
o
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First Measurement of Full Jets in Pb+Pb at LHC

Ay = (pT,1_pT,2)/(pT,1+pT,2)

P

Small A, Large A,
(Balanced dijet) (Un-balanced dijet)

I N
I I I I Yen-Jie Lee (MIT)

CMS/ |
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\ﬂ _2 76 TeV 0 10 /0 . : 0-30% -
ATLAS . 40r- , .
Pb+Pb - : .
_ -1 - —~ 20 . b —
++ Lin=1.7ub™ ; ! -
g S o
AI—
o |
=20 - , _
- ® >05GeVic
- [_10.5-1.0GeVic
- [ 11.0-2.0GeV/c
-40 - [ 20-4.0Gevic
- [ 4.0-8.0 GeVic
r . [ >8.0GeVic
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A, Ay
Dijet Momentum Imbalance Missing Transverse Momentum
Jet quenching with jet Quenched energy carried by low
Energy flow out of the jet cone pr particle out of the jet cone
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High Transverse Momentum Scattering

CMS
event display Jet

Energy density 0

, 0

Photons or
o Z bosons
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Probes Produced with the QGP

LBTCCNUNbdd

: Jet Quenching

Quarks

o (As Probe!)

(fm)o

Jet direction
Energy density

L_

PP

PbPb

Photons or
Z bOosSONS (s Tag))

Medlum response

Quark jets in PbPb could become broader
Yen-Jie Lee (MIT) Experimental Study of the QGP with Jets and Open Heavy Flavor 19

INSTITUTE for

- NUCLEAR THEORY



Transverse Momentum Ratio of Quark-enriched Jet and Boson

0
Photon + Jet  arLas Z” boson + Jet
————————————— . pp 5.02 TeV, 25 pb’’ 1 1\sNN_soz TeV  PbPb 404 ub™, pp 27.4 pb”
CMS JetQuenchlng Pb+Pb 5.02 TeV, 0.49 nb’ - CMS s lil
1.2 :- LOWGI’ the I’a'[IO p’-Yr — 100_158 GeV 0.8_ ;
1E e CMs/| t=} pp (same each panel) [ + Cms /| ]
21508} 0© e = PorP o 1T = -
0 6 N + * + '®) - g :Ilg = A) 1—|ZN 04:_ ]
04F _o© 1214 ; $ + :
L ¢ ‘.O ] < 121 = PP @ 0.2/ -
o . : . E EXPERIMENT - D - -
J - SSETTEELEELC . LY YO e
0.5 1 1.5 02040608 1 12141618 - X' ) pjet/l'oz S
PLB 718 (2013) 773 Xy = Py /Py PLB 789 (2019) 167 7| PRL 119 (2017) 082301 Sl .
 Initial transverse momentum ~ 0
« Photons and Z bosons are not affected by QGP
@&

Quark-enriched jet (70% quark) to boson momentum ratio lowered
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Quark Jet Shape and Fragmentation Modification
PRL 122 (2019) 152001 Radlal Shape

oS " Cent. 0 - 10°/
Q_ CMS 0 -

Energydensity 10 @ o pp E
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r (Distance to Jet Axis)

 Broadening of the quark-enriched jets
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Quark Jet Shape and Fragmentation Modification

PRL 122 2019) 152001 Radlal Shape Constituent Momentum Spectrum
— I Charged Particles
CMS,/| Cent 0 10% High momentum Low momentum
a i < >
o ' & PbPb T Cent.0-10%-
Energy density = - i 1
10 5 0l pp 1 o ..~ ColBT-hydro -
: 0 { & 2 rHybrid :
pPp — - I w/o back reaction E
=) O w/ back reaction + i
PbPb 8 % ﬁ I
1 S RN
C :I Medium response?
O _
"r I- I Medium response? T e
A~ A 1 2 3
0 O - 1 0 * 2 0 - 3 PRL 121 (2018) 242301 gY
T

r (Distance to Jet Axis)
| ched cles & =In[=|FFP/ (- 7]
 Broadening of the quark-enriched jets, enhancement of low momentum particles T Pt Pt

« Strong indication of QGP medium response!
L P
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Search for Quasi-Particles in the QGP

“QGP Rutherford experiment”

Syny = 0.02 TeV
5 Jet o 5p0—m™m™m™mmm———————- ' RARERARRARNRERSRERE AR RRR
) CMS CMS, ! 100 < pl < 150 GeV
Preliminary [
] = — Tear P> 50 GeV
v =3 0.3Helpp (smeared) 5,02 TeV 155%) g
3 0-30% L ATLAS _
Photon .. 0.2[40 < p’ < 50 GeVic = B
'\—lz_-’ T i =+
0. P+P R H* o
‘Backscattering”?  Oleg.e.e wesowet S’ PN (AT T
Jet """""""""""""""" TC/2 375/4 AdD T
- - 0 05 1 15 2 25 ’
A¢]V< E (sensitivity limited by ISR) Ad Jy
Photon LB 718 (2013) 773
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Lessons from Jet Spectra and Structure

Strong QGP stopping power; O(10x) larger
— than normal nuclear matter
Modification of jet shape and fragmentation

".
H"
)]
‘ )
WT|000000007000000¢

I

Evidence of medium recoil and QGP wake Ph@ﬁ@ng or
- Z bosons

No sign of backscattering effect
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Focus on the Hardest Substructure

=== - - -

Does the magnitude of quenching depend on the structure of parton shower?
Shower shape dependence of energy loss!

Yen-Jie Lee (MIT) Experimental Study of the QGP with Jets and Open Heavy Flavor 25
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Charged Jet p-D (DlsperS|on) and Jet Girth

Q g'_ 1 I — I - - m T | T T T | T T T | T T T | T T T | L T T :
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— F . > .
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« Charged jets in PbPb are more Quark-like (or “harderlnarrower”) In those observables
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Isolate the Jet Core: Jet Grooming

Recluster Remove if fails
Measured with C/A soft drop

Jet algorithms

Cambridge/ >R

dij = ARijZ/R2
AaChen hierarchical in angle Continue until
SR branching passes Return jet
anti-ke  |dij = min(ka?kq?)AR;?/R2 > —
gives perfectly conical hard jets

Schematic sketch from A. Larkoski

LPC Workshop JetMET Jan. 2014 Soft Dropped jet
: B
P mm(pl,pg) > % Andrew Larkoski, et al
97 pi+po '\ Ry JHEP 1405 (2014) 1465
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Jet Grooming with Soft Drop

Anti-k jet is re-clustered with Cambridge/Aachen (CA)
Then decluster the angular-ordered CA tree
Drop soft branches

Dropped branch - __ P12
PP “8 pT1 + P12

Reminder of jet algorithms

: SR
Cambrldge/ dij = AR];Z/RZ H
Aachen hierarchical in angle esscscsssssssssssca=s L L E LR LR L L
SR

anti-ks | dij = min(ka?kq?)ARHR?
gives perfectly conical hard jets

Andrew Larkoski, et al
JHEP 1405 (2014) 1465
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Momentum Sharing of Subjets

- 1 1 L T LENELEEEL LI = T B B | I I‘/I 1 I | L L I L L I rriri I =
1.6F CMS Centrallty 0 10% i -
- . 140<p._ <160GeV I :
1.4F T jet - 250 < P, < 300 GeV J
Q. 1.2 :— : '
Q. L - ]
— - - -
0 I—--- e - __-__-_ -—- -
& B - -
O _ ] i
Q. 08f . ;
0 6F == JEWEL %o @ C . 5 :
C Coherent antenna BOMPS™SE” I GRStvitey  HT =4 GeVim® '
0.4 -_ — q =1GeV/fm*, L=5 fm . g=18 == herent k
[ = m q 2 GBVI{fm |_ 5 fm |:: iy g=22 Incoherent | | i
0 1 0. 2 0. 3 0. 4 0.5 0.1 02 03 04 | 05

Zg Zg

Quark and gluon Z, distributions are very similar in pp
Jets with two hard subjets (large Z;) “relatively” more suppressed!

Interpretation:

- JEWEL: enhancement of low Z; jets (due to medium recoil)
. modification due to medium induced splitting function
& Coherent antenna BDMPS: Data prefer coherent energy loss

Yen-Jie Lee (MIT)

Experimental Study of the QGP with Jets and Open Heavy Flavor

arXiv:1708.09429
PRL 120 (2018) 142302
PRL Synopsis

Two hard 'subjets
Zy,~ 0.5
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Groomed Subjet Opening Angles

AR < || ] | ] 1 | 1 1 | G P L | I | 1
< 12+ ‘o 2 _
0 —p — o . ATLAS Preliminary 0-10% |
g g R | pp5.02 TeV, 260 pb' anti-k, R=0.4jets, [y| <21
- Pb+Pb5.02 TeV, 1.72 nb™ Zy=02,6=0 4

ATLAS-CONF-2022-026

A | & -
MARN

— —

0.6 ! o)
| e P> 158 GeV ' : & & j
s i e ' t B e
0.4 I
- = 158 < p*' <200 GeV i~
0ol —F200<p" <315GeV d
) : i jet &
Two hard subjets - 315 <P <501 GeV !
0 | L1 1 1 | l | 1 | | I N D) B | l | |
T 0.003 0.01  0.02 0.1 02 03
* Progress on absolute normalization: 5
g

* First measurement of Ra Vs 1
» Jets with small ry are less suppressed
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Focus on the

=== - - -

Have we observed the medium response to hard probes?

Measure the boson-side associated yield with photon-jet and Z-|et

INSTITUTE for
NUCLEAR THEORY

N -
I I I I I Yen-Jie Lee (MIT) Experimental Study of the QGP with Jets and Open Heavy Flavor s1




102 T T T T “t
- . i JEWEL+PYTHIA (0 — 10%), Pb+Pb /5 = 2.76 TeV 16 ‘ ‘ ‘ I m = 2.76 TeV | s CNM only
i (a) Leadlng Jet 2-76 TeV ) L6 L I B L R L Inclusive, PbPb (2.76 TeV) 1.4+ R = 03, 03<| n |<2 CNM+RAA
—— w/o Recoils 15 F o P pr > 100 GeV
= 4 F X 100 GeV/e, R=0.3 r
® PbPb(CMS, 0-30 %) 1o T W/ Recoils 4MomSub B PP> eVie, 2[ centrality 0—10% All effects
101 s — PbPD (W/ Hydro) . L g\isk Re03, | <2 +| S 14r Gg0= 1.7 GeV¥/fm, mey = 1.0 GeVie P (F)Pbpb
I --- PbPb (w/o Hydro) b 7> 100 Gev Ve g éé g PERL0Geve ) ~ Lo welg L g ___________]
I PbPb (Hydro) £ = . ghAs (0-13 0{;) pr) 08'
...... = L . 12 = Shower+Hydro :
1 00__ pp (PYTHIA) E\ 1 ‘é -== Shower d i
= _ = T = 1 . 8 SCET None! CMS
) 08 I [ G ]
U ] 0'40.J00‘ o 10.1051 o ‘o.llol o ,0.\15; . lo.lzol - io.tzsi - lo,éo
1077 0o 1 o —a— 1 )
Gt 7 JEWEL g 08 ‘ | ‘ ‘ |
........ 04 L I T - | ] I ‘ L1 11 | 1 ] O 0-05 0-1 015 0-2 0-25 0-3 18 I
- :. _______ ) 0.05 0.1 0.15 0.2 0.25 0.3 I c 3 = r 0-10% N E;u:lﬁl‘(‘;‘l('ti(')n
1 - 7 from jet axis - LN No Backreaction s
102 plfY>120Gevie L. o it o0 ki —
i : ’t | JHEP 07 (2017) 141
pifiy> 50 GeVic g i — HYBRID
A(/’l > 57/6 E
1 0-3 i | | I =
0 0.2 0.4 0.6 0.8 1 d-f- . f h h
|
P e 11 016 055 Modifications of the shower
PRC 95 (2017) 4, 044909

Models with different mechanisms give reasonable description

Medium Recoil and Response ﬂ

of the inclusive jet shape and many other observables

I m -
I I I I Yen-Jie

How do we make more progress?

Lee (MIT) Experimental Study of the QGP with Jets and Open Heavy Flavor

anti-k; R=0.3
Py =100GeV/c, pi* =1GeV/c
0.3 <[ | <2.0

—— PbPb without source
= = PbPb with source
i He CMS data

Pb-Pb @ 2.76TeV (0-10%)

0.0 0.1

32
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Inclusive Jet EEC PbPb/pp Ratio

CMS 170 nb"PbPb (5.02 TeV) + 302 pb” pp (5.02 TeV)
C === PbPb 0-10% / pp § 25 B No Elastic, No Wake
2 % . HOIgUin, k=0.3 % 1.8:— - With Elastic, No Wake
- —+— —+— JEWEL, no recoils = [] No Elastic, With Wake
}+*_+_ +—+— —«— JEWEL, with recoils § 1 65 ] with Elastic, With Wake
ol 1or 1.41 e CMS Data [CMS-PAS-HIN-23-004]
% ) .20
2l 1ju ............................................ 1E_"_"_"_""""""""" NS N .
osL. anti-k; R=04 ey O8E-
L M 1<1.6 120 < jet p_ < 140 GeV 06— Pb+Pb/pp, 5.02 TeV, 0-10%
] Jet 1 | | [ B |T | l 04:_ Anti-kTR=0.4jets N !
15 N ' - 120< p, < 140, Inl <1.6 Self-normalized, ch-track EECs
- ;%_*'__*_ ++' + QL= peeck> 1 GeV Kudinoor, Pablos, Rajagopal
- E : e +—-|-—_+_+ o | L L L L Lo
E a R 2 " 10 107 R, =Ar
— i R .
o5 "™ Data syst. unc. — - Data stat. unc. . Enhancement at large Ar could be explained by
0 — ;(')_1 — * Medium response / recoill
Ar » Elastic scattering
Exciting new PbPb / pp ratio measurement! « Medium induced radiation
* Features a U shape
: . P : One can read the QGP quenching power directly
* Selection bias: narrows the jet core https://arxiv.org/pdf/2409.07514
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https://arxiv.org/pdf/2409.07514

Medium Response to Hard Probes in QGP

Duck swimming through water Quark plowing through the QGP
de (GeV/fm? Ty = 200 MeV, v=0.999
MR JETSCAPE Framework

01 [MATTER+LBT/MARTINI+CausalDiff.+ MUSIC)

0.08
0.06
0.04
0.02
0
-0.02

-1 -0.04
25-105 0 5 10 15 00

x (fm)

Jet-Fluid Yasuki, Chang, Qin JETSCAPE framework

Tachibana, Shen, Majumder
PRC95(2017)4,044909 PRC 106 (2022), L021902

o ylm]
B W N = O = N W

v-jet + Medium v-jet + Medium Excitation |7

7
5
3
i

-1

3

5

&7

ColLBT Chen, Cao, Luo, Pang, Wang
PLB 777 (2018) 86-90

More water going in the duck direction More QGP going in the jet direction
In Positiog Space
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Medium Response to Hard Probes

Microfluidic Jet against viscoelastic droplet Quark plowing through the QGP

r = 0.9 fm/c e (GeV/fm?)

140

Current time ; -I,'IHE,'IJ'EE_E ms

David Fernandez LBT Model

https://www.youtube.com/watch?v=TPRur72FGyk

More going in the jet direction More QGP going in the jet direction

In Positiog Space

INSTITUTE for
NUCLEAR THEORY

N .
I I I I I Yen-Jie Lee (MIT) Experimental Study of the QGP with Jets and Open Heavy Flavor 35



https://www.youtube.com/watch?v=TPRur72FGyk

Measure the “Depletion” due to Medium Recaoll

Jet and Hadron correla;'tljonYin TPhLotcavn;;]et event 70 and Wake Hadron correlation in model
QGP wake in CO L BT Lor?gr;gangnlgz’angejnanudos(in-leqianG\zlr\}éang J et Daniel Pablo, Krishna Rajagopal, YJL POSltlve Wake
PRL 130, 052301 %023) sy
pt=0-2GeV/c :
S-1120 3
< 1.2:
~c T10.0 13
g'- 8.0 0.84
ST 6.0 0.6—;
=T 40 0.4+
& 20 027
- 0.0 0-
3 —0.2%

Negative Wake

More QGP going in the jet direction, however, with complication from induced radiation
Less QGP left behind in the opposite direction of the jet!!!
> Measure the Boson-side associated yield with Z%-Jet In Momentum Space
0

- '
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Direct Evidence of Medium Response

First direct evidence of medium CMS CMS

response to hard prObeS n QGP 4 40<pz<350 GeV 1<p$_h<2 GeV E 40<p$<350 GeV 1<p$h<2 GeV
S E yl<24 o TE vjl<24, 0, I<5
2“ — jewe: \|<|2.2.0 ' +\a -LC; E e PbPb 0-30%
(& — ewel No recoi Jd N L Hybrid
< 2 — ColBT . .\';. > 0.5 - Hib::d No wake
_g E -~ PYTHIA8p%-20GeV |/ [ - v ] _g = - - PYQUEN .
/\\.C 1 :_ + ’ ““ \ /\\ 0 [~ TESsI ._,.+.|—_".
% F K - Z% N N ALEEEEL e Ph
v 0 e —— > ‘:1 0.5 S
, . H
TN o4 -1 + 1 +—7
>~ 037 - ~-+ - Y
9, 02f —2 - -
S 0.4 o =i - Q. -
3 o Q. 21 E +, $ ) o 1
Z-E RER : = + *.' A AN : o —o—
S EPPE O 0;:;;::::::;:?44 ~--Fiesi O 0_—==-i;=-===_=_,=_=_::::::_=;'_===r¢i-==
z al N 5 o Ao - :
o IE ﬁ++ t t o _4FE e ol
4 D— _2:|_IIIIIIIIIIIlIIIIIIIIIIIIIIIIIl n— :IIIIIIIIIIIIIIIIIIIII|II|II|II||||I|I||
a2 -1 0 1 2 3 4 -3 2 -1 0 1 2 3
g 0 y -1 o ! — (PZ L (Ptl‘k Ay n.7
< —1 4 3 B AY ol - PLB 874 (2026) 140120 cn,

Projection onto Ay axis
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Summary: Jet

* High p; partons lose energy in QGP, lost energy is redistributed to soft,
wide-angle particles

Inclusive jet substructure:
« Measurement of jets that “survived” the jet p; selection
* Those jets tends to be “harder” than that in pp collisions
« Harder fragmentation, narrower, smaller subjet momentum imbalance

Size of jet quenching depends on parton shower
* In fact, this is the main reason of dijet momentum imbalance in central PoPb
collisions!

« Jet Grooming: a powerful tool for observable design

* Evidence of medium response from Z-hadron correlation
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Slow Moving Hard Probe?

Hadrons: participate in the strong interaction

mediated by gluons 1l
=173.1 GeV/c?
23

«

_

top '

mass =2.2 MeV/c?
charge | %
spin | Y2 U

_

Mesons Confinement up
(quark and anti-quark) '

_ T Mo 96 Vevic:
—-1s -14

« .

@ down ' strange '
Baryons When the quarks form a hadron, the total color charge needs to be neutral

(Three quarks)
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Relativistic Heavy-lon Collisions

|| Before collisions (fwo pancakes of nucleons)
<

LR

Collisions (the harder ,the earlier)

>

QRGP emeraence (fons of Soft sctterings)
l 9 e ¢ Hadronizattion
_ Cgoldown while expansion e

E %
Attt

Relativistic heavy-ion collisions

# Mesons

Yen-Jie Lee, Andre S. Yoon and Wit Busza
Jing Wang



Life of a Heavy Quark in HIC

Relativistic heavy-ion collisions
Produced early

%0

c quark

® Mesons

Interact with medium

\ differently from light quark

N
Initial production

N
# =
calculable by pQCD % m » Fragmentationtoc /b

hadrons and decay
N
28 - ean - e

Transport can be described by
Fokker Planck

Jing Wang
Yen-Jie Lee, Andre S. Yoon and Wit Busza

. %
en-Jie Lee Xperimental Stuay of the wit ets an pen Heavy kFlavor f NUCLEAR THEORY
Yen-Jie Lee (MIT Experimental Study of the QGP with Jets and Open Heavy Fl ‘““‘INSTITUTE for




How many c¢ and bb are produced in 0-5% A+A?

3 IIIII |l ' lllllll I I lllllll 1 | IIIIIII 3
3
= —@— ALICE (total unc.) o 3 10 =
S 4| E ALICE extr. unc. - 12 —
(&) 1 0 — == ATLAS Preliminary (total unc.) e - = —
bo e [ ATLAS extr. unc. = E © 102 =—
| —/A~— LHCb Preliminary (total unc.) L .3 _ =
- A PHENIX o - n
s % STAR &% .
[0 HERAB (pA) Lo g 10
10°F W Ess3pen - s - —
-V E743(pA) & L = —
C W NA27(pA) ' R = 1
B ¢ NAIG(pA) .’ R = = Ry
- O E769(pA) ,,’ P 7 - +*'//NLo pacb
= . - B .* / .+ (Vogt; Eur.Phys.J.ST 155:213-222,2008)
NLO (MNR) /, 10! & ETT1 p+Si-’ / .
102 -3 -’ = = +,"
- - [ ' /HERA-B p+CIT/W
£ _ 102 7 £
» ] 0 = },E'IBQ p+Au @)
— "+ . R S S S T | |
! [ —
o s 3 ®
1 0 =3 ’ = -ﬁ 35 . -
= ' . ? -------------------- N TS
1 191 ] 1 )’llllll ] L ol ] L 1l _ E iz . -q-.T ---------- -.-_i ------------- - o - *
3 = o ooiiiseece-esseesmeseeeeessmsssssssssscsesseessaBscoeeessstoosoaee.
10 102 10 ) 104 Q 0'!"""1 .I ||||||2 |||3 L ||||4
)
's (GeV) 10 10 s (Gev) 0

~ 15 pairs of ¢ in 0-5% AuAu at 0.2 TeV ~ 0.25 pairs of bb in 0-5% AuAu at 0.2 TeV
~ 200 pairs of ¢c in 0-5% PbPb at 5 TeV ~ 5 pairs of bb In central PbPb at 5 TeV
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Experimental Measurement of Charm Quark

Heavy flavor electrons or muons:
Pro: Higher statistics than fully reconstructed ¢ hadron

Con: Partial reconstruction of ¢ hadron momentum AN

From various ¢ hadron decays

Exclusive D hadron decays
Pro: Full reconstruction of hadron momentum and flavor

Con: low statistics and high background

-
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Experimental Measurement of Beauty Quark

Non-prompt J/p (or D° or lepton):
Pro: Higher statistics than fully reconstructed b hadron

Con: Partial reconstruction of b hadron momentum AN

From various b hadron decays
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Experimental Measurement of Beauty Quark

Non-prompt J/p (or D° or lepton):
Pro: Higher statistics than fully reconstructed b hadron

Con: Partial reconstruction of b hadron momentum AN

From various b hadron decays

Pro: Full reconstruction of b hadron momentum and flavor

Con: low statistics
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Entries / 2.6 MeV

40000

30000

20000

10000

CMS

Invariant Mass Fit D’—Kr1r as an Example

PbPb 0.58 nb’ (5.02 TeV

p —

IIII||III|I

IIII|IIIJI

Cent. 30-50%
3.0 <p_< 4.0 GeV

lyl <1

|
e Data

—Fit
D’+D° signal

[ K-t swap

KK

RE

---- Combinatorial

 Combinatorial

» Likelihood ratio test

e Peaking background

= » K-11 swap D°>Kris reco-ed but the mass
- assignment is swapped
_ 0 : _ 0
e B e . » KK and 1111 D°>KK/mtis reco-ed as D°—>Kn
1.75 1.8 1.85 1.9 1.95 2
m,., (GeV)
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http://arxiv.org/abs/2112.12236

Separate Prompt and Nonprompt D mesons

e Template fits on D meson DCA

CMS PbPb 5.02 TeV (0.58 nb™) » DCA ~ 0 for prompt D
10°=  Centrality 30-50%
- >
~ 6<p_<8GeVLc Large DCA for nonprompt D
lyl < 1
< 10 y ® Data 5
5 =D from b hadron decays DO
< P 0 p
O =Prompt D -
O 10 ’f
A Beam spot 0 =
O
= 0/.
T 10° o
& C
DCA\, -
o -
10*
0 002 004 006 008 01 012 DCA of nonprompt D

D’ DCA (cm)
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https://arxiv.org/abs/2212.01636

Huge Combinatorial Background in HIC

CMS Experiment at the LHC, CERN A\ £ . .
Data recorded: 2018-Nov-12 08:36:52.866176 GMT Up to O(10°) final-state particlesin a

Run / Event / LS: 326586 / 2491137 / 6 central heavy-ion event

/ / ./ v’ , ‘ /‘;/‘:’{'”I“ l,’. ( \ A\ |
777 e , \ Need to find good selections to

i suppress backgrounds first before
J & ICHERITNERSRS

. ;;.
Yen-Jie Lee (MIT) Experimental Study of the QGP with Jets and Open Heavy Flavor A INSTITUTE for
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Suppress Background: Multivariate Classification

If want to keep red and remove blue balls...

Keep E Remove

Variable |

Some variables can separate signals
and backgrounds to a certain extent

e Decay length significance
e Secondary vertex probability
e Pointing angles

Animation from Jing Wang * . [Animation]

LV
X INSTITUTE for
o NUCLEAR THEORY
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https://www.dropbox.com/s/y3u44c0y2ujw8x1/0001-0200.mp4?dl=0

Suppress Background: Multivariate Classification

If want to keep red and remove blue balls...

Variable 2

(27T XY T}

Combining multi variables in a smart way
separate backgrounds and signals better
- where ML can help

Animation from Jing Wang [Animation]

LV
X INSTITUTE for
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https://www.dropbox.com/s/y3u44c0y2ujw8x1/0001-0200.mp4?dl=0

Example: Background Suppression in PbPb with CMS

107§ L L I L L L R R ? 1012 T T T T T T T T T 7
- : . 11 )
10°F Before Selection 1 10 Before Selection
.y C ] 10
© 105 - ' . -
r %_) éaa..".".......'............"...-..........‘..E % 1 09 :? é:
S el ] 5 -
5 10 v - 1085 K- 3
8" {ﬁ%é : T #D/O><: ;
= C ] = 6 ]
5 10° Decay 3 e 10 E Decay Tt 3
; . 10°E g
10L Jy 4 W -
Background : E 0% E Background
H PR N TR N NN T TS NN TN A TN NN SO MR N B L L | L L I . =
reduction by 5 5152535455565.75859 6 17 775 18 185 19 195 2 reduction by
a factor of mg (GeV/c?) m,, (GeV/c?) a factor of
103 104 351 ub™ (PbPb 5.02 TeV) 10° 530 ub” (5.02 TeV PbPb) Ax10%-1 08
501_ CMS 10<p_<15 GeV/c 120- CMS - Data
L _ T No o — Fit
— B'+B lyl <2.4 . [D°+D i
NQ 40— + . D.ata ci(?_ 100_75 <p, < 6 GeV/c Signal
> i — Fit = Lyl < 1.0 === Combinatorial
2 Signal 2 8o ' 7
E 30 Cgmbinatorial = f Cent.0-100% K swapped
i e L)
< F B — Jiy X = cof
- 0 20 3 i -,
c i = i
O [ e} 40_* <=
= B c i
© 10 - 20[
PRL 116 (2016) 032301 i ‘ | ‘ PLB 782 (2018) 474
PRL 119 (2017) 152301 e R s DO . ‘ . - L : PRL 120 (2018) 202301
PLB 796 (2019) 168 05 52 54 5.% 5.8 6 1.7 176 182 188 194 2 (2018)
mg (GeV/c?) m_ (GeV/c?)
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Heavy Flavor Meson Production in pp

DO

—~ 10T = —— T T
0 E . . E . I : : T T T l T T T T T T I T T T ] T T T I T T T I T :
S f ALICV_E_P{gl'er'n\?W 05 1< 102:EALICE Preliminary B” mesons é S ALICE Preliminary -
8 103— pp, Vs=13.6TeV,|y|<0. 13 = pp collisions ALICE, s=136TeV 5 @ - op, V5=5.36TeV |
= E 10 - y| <05 S T _
9 Prompt D° R E - s 3 = N Inclusive Jy - e*e’, |y | < 0.9 =
~ - T —=— Data 1 © - RE: ~ ——— . -
g i -qE - 1= Z - Lumi. uncert. £4.5% -
> 1078 [ |FONLL, f(c—D%=0.542, 3 é: = - CMS | 3 %.- B h BR t+053/° 7]
- . - | ~ .uncert. £0.53%
Q]_ :— NNPDFSO"IO_&SO1 18 . %5 10_1 = =" — % » e
g’ 10 & — = - E ;.6 107 = = 3
°© 1 0t - <4 % E -
"o B ’ = & 3 - —=— -
15t - 107 = *.; B —— ]
- — - B mesons FONLL é 1072 - 3
E ] 10*5"CMS, Vs=13TeV = (s=13.6TeV, |y|<0.5 — - =
107" - = —— vl <;-15 FS: 12?33 ly| <12-?5 3 C Inclusive J/y ]
E . 3 s —— : = (s = : : B |
£ o]t T V<2 e <21 = CS + CO, NLO (Butenschoen et al. LDME) + FONLL
- - — - - - -3 —
g2 32 of iy =+ 10°E E
o ELbib bR e s E 1%&—‘@‘@**?;“—@**‘@_ - J/y from beauty hadron, FONLL -
& R eyl d B = - P S T NN T TN SN NN SN TR SN NN SN SRS AN T SO SN NN S S SR NN
0 10 12 14 16 - 0 > 4 6 8 10 12
1 10 1 Sov)
p. (GeV/c) p. (GeV/c) p; (GeVic)

« DY and B* meson p; spectra can be * ALICE showed 5.36 TeV inclusive J/y result

described by pQCD calculations
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Quark Mass Dependence of the Hadron Suppression

— Charm quark
» Gluon emission vertex
- Emitted gluon

0] > 92 e > 95

ERadiator;I Z e 2 ERadiator;5

\\\\\

Figure from ALICE publication in
Nature 605 (2022) 7910, 440-446

Yen-Jie Lee (MIT)

3

Radiator

CUJET3.0 O- 60% 5.02 TeV PbPb

1 : [ I [ | [ [ I [ I 1 | :
0.9F — Charged Hadron
0.8 f_ D meson _f
Fully reclustered jet . —— B meson 0
/—\r“‘ei 0.7 - ]
L\\\ charm 0.6 E
quark < n .
’ 0.4F , =
Dead-cone effect / - .
Gluon emissions are / 0.3 —]
suppressed in a cone = ]
with Oac = mQ/ERadiator 02 - —_
01 f_ A _f
O - L1 1 | 1 1 1 I | | ]
10 10°
p_ (GeV)
Mass effect Dead cone
(Dead cone) goes away
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DY R,, in 0-10% A+A Collisions

R, first increases with p+, reaching a peak 14
value at pr ~ 1 - 4 GeV, then decreases :

| | IIIIIl|

0 Prompt D° (CMS) PbPb 5.02 TeV 0-10% |y| < 1
® Prompt D° (ALICE) PbPb 5.02 TeV 0-10% |y| < 0.5
12 @ Prompt D’ (STAR) AuAu 200 GeV 0-10% |y| < 1

CMS 1

« Minimum of R,, is at around 10 GeV -t I
* R,, INCreases with p; at pr > 20 GeV < 0_8:_
04 :
* The results from RHIC and LHC are 06 H |
similar at the low p+ ‘
02 || )
N

ALICE JHEP 01 (2022) 174
CMS PLB (2018) 474
STAR PRC 99 (2019) 034908

I N
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Bullet in gelatin block
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10
pr (GeV/c)
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Beauty vs. Charm Rx,

N .
I I I I I Yen-Jie Lee (MIT) Experimental Study of the QGP with Jets and Open Heavy Flavor SE

18: I T II\‘ T I I \wl II\‘ I 1T II\| : 25_ PHENIX ._-.v—_ |
160 ——)—— ALICED’. D", D", PbPb 5.02 TeV 0-10%, [y|<0.5 i Au+Au, MB PH._ENIX <STAR |
- = cums D’ PbPb 502 TeV 0-10%, Iyl<1.0 : 2— | Syn=200 GeV .
1.4 :_ — e CMSb—Jhy, PbPb 5.02 TeV 0-10%, |Y|<?f4 _: I Beaut — PHENIXb e ]
12— | * i Y _PHENIXc e i
1‘_ o alcE B ] o 1.5 © STARb—e 7]
5 - i $ ‘\ STARC e |
0.8 — i ]
B L + i O 4 O
| ] e Ll ]
0.6+ T + g RN ]
N ] - N T i
0.4 ++¢¢+ Eﬁ — 051 \\ o \if 'y =
- Charm 3 ] - ~ |
02— J; = - T4 g
- i - Charm T ——
O_ Lol RN Ll | 0_||||||||||||||||||||||||||||||||||_
1 10 102 1 2 3 4 5 6 7 8
pT (Gev) p$ [GGV/C]

* Nuclear modification factors of depends on quark mass:

« ALICE and CMS data though various fully / partially reconstructed decay channels at LHC
« STAR and PHENIX HF electron data at RHIC
* Observation of the mass dependence at low p; and disappearance at high p+
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Heavy Quark (Charm and Beauty) Diffusion

<
>N
%o
‘d"

27-{ dN > P:; :’.‘ﬁg e o e 20 o
Wd_(;{) =1 + , OS[”(QD —-T-n)] ‘:.:'o 4 m...:..::...: . ...9.' :':0. &.. e e

n= ]

Charm quark Fokker-Planck eauation

after passing QGP O O o2

5 fe(tp) = 8—ppx4(p)f@(t,p) + %B(P)fQ(tvp)

A and B are transport coefficients

T
mqA(p = 0)

Charm quark “at birth”

>
Particle Momentum D. =

« Since the QGP is expanding radially, QCD force (like ‘wind’)
increases the azimuthal anisotropy (v,) of the charm quarks in the QGP bath!!
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2t dN ad
I 2 S 4
N dgb + n 05[”(4’ n)]

Charged hadrons

Charm quark
after passing QGP

Charm quark “at birth”

>
Particle Momentum

« Since the QGP is expanding radially, QCD force (like ‘wind’)
increases the azimuthal anisotropy (v,) of the charm quarks in the QGP bath!!
« Hadronization effect could change the v, of the heavy flavor hadron further

N .
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Heavy Quark (Charm and Beauty) Diffusion

© u
Charm Meson
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Extraction of D° v, with Two-Particle Correlation Function

* Projection in long-range

CMS Prellmlnary pPb 8.16TeV
(IAn | > 1) 9,8 185 < Ng{(ﬂme 50 | 1]
* Fit by Fourier - 4.2 < pT <5 GeV/c
.. _ 03<p™<3GeV/ )
decomposition to get V_, 9.6/ N |<F;T <o Levie
- Anl >

1 dNpir N E 31 - — Fourier fits -
= —heecx {l-I-ZZV,mcos(n&gb)}, =0 g4l -
n - . ]

=

I\Jirij% Ciﬂkli) :Z;T‘

* Anisotropic harmonics 0ol
extracted by
| V,. T, pref’ )
vn{2, |Ay| > 2} pr) = m(“ }_T )_ ) e
\/ Via ( p%?', p%f") 0 2 4

A¢ (radians)
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Collective Flow Open Charm

— T T T T T T ] o .
0.3 _ e Significant non-zero open charm flow signal
- Light @ 1t (ALICE) lyl <0.5 - .
Charm = Prompt D° (CMS) Iyl <1 - > Smaller v2 than light hadrons at low pr
jL Prompt D (ALICE) lyl < 0.8 - » Magnitude reflects thermalization degree
i ] 0 (c—) 1 (ATLAS) Inl <2 i
02 o - Cent. 30-40% 7
- E-j . —
= =) o ﬁ' |
>r.\| I i % Chorf‘ ]
0.1+ _
C G i1
i %l | + m|
= - % I .
[ + |-
0 e ) gt -
i PbPb 5.02 TeV Cent. 30-50% ~ | e Consistent between LHC results
L o > (c—>) L seems to shift to lower pr
1 10
p; (GeV/c)
PLB 816 (2021) 136253 PLB 807 (2020) 135595
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Open Charm Flow LHC vs RHIC

- ]
0.95 _ PbPb 5.02 TeV ™ Prompt D° (CMS) 10-30% _
=¥t AuAu 200 GeV = Inclusive D° (STAR) 10-40% -
02 f E RHIC 7 e Similar D vz between LHC
015k ; and RHIC
N i : » despite different temperature & size?
> - . .. . .
01 Lo § » decisive precision at sSPHENIX
[ "3 T i
0.05 F 4 LHC JLIE
b it
i lyl <1 E
-0'05 B | 1 1 | | 11 1 | 1 1 | I—
1 10

p; (GeV/c)
PLB 816 (2021) 136253 PRL 118 (2017) 212301
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Collective Flow: Charm vs Beauty

"
Charm = Prompt D° (CMS) 10-30% lyl < 1

0'25:_ Beauty * (b—) D° (CMS) 10-30% lyl < 1 -
: ¢ (b—) JiY (CMS) 10-60% lyl <2.4 1
0.2 # (b—) u (ATLAS) 10-20% Inl <2 - L ,
: 1 e Significant non-zero open beauty flow signal
- PbPb (5.02 TeV) -
0.15] 1 »Smaller vz than charm hadrons at low pr
o~ F : - Weaker collective flow behavior
01 E > Similar v2 with open charm at high pr
0.0 - - Path length dependence of energy loss
oF =
-0.05 } L A
1 10
p; (GeV/c)

JHEP 10 (2023) 115 PLB 807 (2020) 135595
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Collective Flow: Mass Hierarchy

_ S
[ PbPb (5.02 TeV) m e (ALICE) lyl <0.5
0.25 |- D° = (CMS)lyl <1 N
i (b—) D" o (CMS) lyl <1 ]
0.2F - .
: ] * v hierarchy from to hadrons
0.15F -
> :
0.1 - —
. T
0.05 | afEE ]
; :
1 =
Semi central -
-0'05 B 1 1 ] 1 L | ] ] 1 ] N
1 10

pr (GeV/c)
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°)

o

Charm Quark v, vs. Light Flavor v,

0.607 nb™ (PbPb 5.02 TeV)

— CMS Preliminary
- bl <1

Slope: 1.00 + 0.06 (stat) = 0.04 (sys)
Intercept: -0.03 £ 0.06 (stat) = 0.04 (sys)

Cent: 20-30%
2 < p, < 4 GeV/c

0-

Low &, -» Small v,

High ¢, - Large v,

I |III‘III|III|III|III|III

1 1 1 |l|||||||l|
02040608 1 1.21.4161.8 2
V(v (h)

Yen-Jie Lee (MIT)

Do charm quarks develop elliptic flow through
Interactions with the light partons in the QGP?

Vary initial eccentricity by Event Shape
Engineering g, while keeping the same
centrality

Experimental Study of the QGP with Jets and Open Heavy Flavor

DO v, significantly increases with g,

_inear correlation between D° v, and light
nadron v,

Slope is consistent with 1

This shows DO v, is driven by initial shape,
similar to light flavors
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Charm Quark v, vs. Light Flavor v,

0.607 nb™' (PbPb 5.02 TeV)

Cent: 20-30%
2 < p, < 4 GeV/c

3 CMS Preliminary

T
=
A

-

Slope: 1.00 £ 0.06 (stat) + 0.04 (sys)
Intercept: -0.03 + 0.06 (stat) + 0.04 (sys)

1.5
(N

—

IIIIIIIII|IIII|IIII|IIII|

vo/(v,) (D°)

Low €, = Small v,

High ¢, » Large v,

0.5

IIIII

|
o
4y

1 1 II|Il|III|III|III|III|III|III
0.6

IIIIlI
0.2 04

o

Vv, ()

DO v, is driven by initial shape,
similar to light flavors at low p;

I N
I I I I Yen-Jie Lee (MIT)

08 1 12141618 2

| Inear correlation observed

In both p; ranges

Collisional Radiative

0.3[ —

| ® 11* (ALICE) PbPb 5.02 TeV/ 30-40% |y| < 0.5

0.25 - e Prompt D° (ALICE) PbPb 5.36 TeV 30-50% |y < 0.8

i 0.“..°.
02 = °

[ - o

L e
[ + &
015 L

01F Lo

0.05F |

Prompt D° (CMS) PbPb 5.02 TeV/ 30-50% |y| < 1

IIIIlIIIIlllIIJIIllIIII]IlIIJIII

p; (GeV/c)

- JHEP 09 (2018) 006 ]
-> ALICE Preliminary [
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0.607 nb™' (PbPb 5.02 TeV)

3 CMS Preliminary ~ Cent: 20-30%
- byl < 10 <p_<30 GeV/c
2.5
- Slope: 1.13 £ 0.27 (stat) = 0.34 (sys)
2:_ Intercept: -0.15 + 0.29 (stat) = 0.32 (sys)
215 ’
S
s
> C
0.5
O
_0'5_—III|\II|III‘III‘Illl\lll\ll‘lll‘ll\lll\
0 02040608 1 12141618 2

V(v ()

Also true at high p, regardless of
the underlying mechanism
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Hadronization of Heavy Quarks in QGP

Hadronization: from Quarks to Hadrons

Strange quark content is enhanced in QGP @ @ @ @ @
(Due to the high temperature) @ @ @ @

Idea: Probe the partonic QGP by heavy quarks!

Example: in additional to parton shower, @ @@ @ @

B, could be enhanced via parton coalescence in QGP

Parton shower 2% %
y % > Parton Coalescence
.‘\..; .‘.‘\3/,\ = 5> \\'.,'.". °o
.t“.':'l 9 2555 S e 5
e = e N = -
o= ﬂ ‘ , = s ‘ : ;5: oA —
. 0‘..;‘ \\\ : ; :::. AN ) b S
.. '\ @ L B0
® :'r .0 Y S
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Beauty Quark Hadronization

CMS PbPb 5.02 TeV (1.7 nb™)

_5 S F u 0_9 :I L | (L ||||I|||||||||||||I|||||||||||| ||||:

n 3 CMmS,/| Centrality 0-90% E

5 0 B+ BS/B 0'85 e 015<|y|<24

° 0.75 o ¢lyl<24 3

Parton Coalescence o » PbPb: TAMU _

= 0.6 —PbPb: Langevin (Centrality 0-80%) —

@ @ @ o s:\ _ §

() S .50 N *Pp:LHCb 7 Tev E

e ®e @ 6 s b :
@@ @ @ @ g N 04:_ \j’_ _:
@ ................ . (@& @ a : N | -

5y Sl wos |} —
s B e > it L .

& b By @ ..... B 0.2¢ ’ E
@ @ 0-12_ global uncertainty: + 8.0% _i

 Hint of enhanced production of B.°! PRI b b b b b bl
» To be followed up with Run 3+4 data 5 10 15 20 25 30 35 40 45 50

p_ (GeV/c)
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Charm Quark Hadronization

é __l I LI I I I LI II I I 1 1 I__ OD T T T I T I T T T T I T T T T I T T T 1 i
g 1-6: ALICE Pb-Pb, |s,, = 5.02 TeV 1 Z 14 A|_|CE_ Sy = 5.02 TeV, |y| < 0.5
- Centrality 0-10% 4 2 1
1.4 4 <
B -I-PromptD 7 1.2
1 o = Prompt average D°, D', D** - 1
; : —— 0-10% Pb-P

b
—— 30-50% Pb-Pb

1.0 o
- ; 0.8
0.8 i

IIIII

A

| ]ij[ — —— PP
N ™ ; 0.6~
% 11 T
0.4F y# 1l - 0.4 # +
: E _ﬁ_ 3 5 | ! : E}—m— 1]
- Boag eahc= A 0.2
0.2 Fioig 0 1 . Z
. open markers: P, -extrap. reference i -
I A I Lo vl 1 I T B | L | ' R
0 5 10 15 20

1 2 3456 10 20 30 "
p. (GeVic) p. (GeVic)

Indication of enhanced production of D (2.30)

n PbPb collisions! Enhanced production of charmed baryon in PbPb
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Charm Hadronization in ee, ep, pp and pPb

« Charm hadronization is already
modified in pp collisions!

» Suppression of D°, D*, and D**
« Enhancement of A,
« Challenge to the “universal”

fragmentation function in
theoretical calculations

I N
I I I I Yen-Jie Lee (MIT)

—~1.0
£
I, 0.8
0.6
0.4

0.2

+ LEP, e'e’, \s = m,

o ALICE, pp, Vs =5.02 TeV
= ALICE, p-Pb, \sy=5.02 TeV
+ B factories, e'e”, Vs = 10.5 GeV

j‘“’ « HERA, ep, DIS
> HERA, ep, PHP
2k
B (o] =] gy o
] | | | w | m E| x20 |
0 + + + —~0 *+
° D* DI A = Jy D
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Summary:. Open Heavy Flavor

> 1.0 i I I \ \ \ I
< o ALICE, pp, Vs = 5.02 TeV |
T 08  *ALICE p-Pb, {5,=5.02 TeV |
o 0. Co \
= - + B factories, e'e”, Vs = 10.5 GeV |
B 3 +LEP, e'e”, Vs = my ‘
0.6~ “+ <HERA, ep, DIS |
> HERA, ep, PHP }
\
\
\
\
\
\

« Charm production has been studied extensively with various
experimental techniques

 Large elliptic flow and triangular flow signal 0.4 &21* :
02 % “
* Mass dependence of open heavy flavor hadron R, ? T

D’ D D A = U D*+_
« Large difference between charm hadronization in ee and pp

18 ‘ CMS PbPb 5.02 TeV (1.7 nb™
T I R R R R R RN LR RN RN RRRRS
. . o . 1.6:* ——f+—— ALICED", D*, D", PbPb 5.02 TeV 0-10%, |y|<0.5 E . Centrality 0-90% E
- Indication of further modifications of charm and beauty | - eesemomm 2§E s1s<<24
. . . . . - r ——e—— CMS b—J/y, PbPb 5.02 TeV 0-10%, |y|<2.4 . . PbPb: TAMU E
hadronization in AA collisions 12 G5 | 2 0,60\ | ~Por:Langovi (Contaity 060%)
< A AUCE B o g5 Ny *PPiLHCD 7 Tev E
© os- Djﬁ ] ;0.4 J\\E: -
* Next lecture: Quarkonia and small systems % | ﬁ seauy | ++ 1 foa = ]
0.4 ‘tg +++*+H+i+{( - 02k vt -
0.2; Charm * if .!‘Jﬁ_"i é 0.1 global uncertainty: + 8.0% —E
O O 50 5 50 580 48 o
P (GeV) pT (GeV/c)
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Backup Slides
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Z° Boson and Charged Hadron Track Selection

- : . PbPb =5.02 TeV 1.7 nb™
° ZO%“-I_“ SeleCtlonS- 120011 ﬁl T |e| IS B B B B B B |n =
* Muons: |n,| < 2.4, |pr,| > 20 GeVic, -~ Opposite sign CMS -
e 70 Bosons: 1000l % Same sign Supplementary _|
* 60 GeV/c? <M, < 120 GeV/c? - = Pythia+Hydjet -
* 40 GeV/c <|p+4 <350 GeV/c . i + 1
o lyd <24 o soo £ THH -
> - Cent. 0-90 % ]
' O T }
+ Charged hadron selections: Qoo P 720 CeVie -
~ . p$ > 30 GeV/c P -
* Nl <2.4, 1< p;"< 10 GeVic. K - + -
* Muon rejection: AR, > 0.0025 between = 1001 N
Muon candidates and charged hadron tracks L - -
— _‘_ —
200— —
70 | i _
«-----— > oitiatolgeere®t I9101g:00l0:0 0100
( Quark (Gluon) % 70 80 90 100 110 120
M (GeV/cz) CMS HIN-19-006

PRL 128 (2022) 122301
LY.
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Z%-Hadron Correlation Function: Event Mixing

Average Signal pair distribution: Average Background pair distribution:

same evitpw«\ 70 Event 1 mixed event pairs

N

b

Z% Event 2

./

- 1 d&EN™
S A 7 A ch,Z — B A A B
(A, ,, Ay.,,) N dhp_dhy.. \ / (Ad ch,Z? ych,Z) N dA by Aych,Z

Aych,Z = Yz Nen
A(pch,Z = P,~Pch

Demonstration with PYTHIA+HYDJET
~. (Generator level events)
Integral of the AN, correlation function will be ~0

B(A(I)ch,Z’Aych,Z)
T T TR P O

o

02537

5 02
>
< o0.15
N

AN,y =S —B i~

-0.054
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Mixed Event Subtraction in PYTHIA8 pp Events

» Mixed event subtraction Is also performed in PP analysis

 Tight correlation between charged hadron in jet and Z° not
only in A¢ but also Ay due to Z° p and rapidity selection

« The procedure suppresses the uncorrelated
‘Multi-Parton Interaction (MPI) ridge” at fixed An (Ay)

.
I I I I I Yen-Jie Lee (MIT) Evidence of QGP Medium Response to Hard Probes 74
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Predictions from Models in pp for Charged Hadron p+ 1-2 GeV

PYTHIA8+MADGRAPHaMC@NLO Hybrid pp

(PYTHIAS)

ANCh(A(l)Ch’z ’AyCh,Z)
ANCh(A(l)Ch’z ’AyCh,Z)

-1 1
M gz TR Nz
 NLO event generator gives a slightly broader jet peak than PYTHIAS

 Identical subtraction procedure applied to both MC model results and the data analysis

N ’-
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Predictions from

Models for Charged Hadron p+ 1-2 GeV

d'
AT

3
2
<7g 1

C
7o

4

5 3

0

1
0
o 1

-1 B
- Ay onZ

—4

ANch(Afpch:z’Aych z)

057"

—02_

4

3
2
<1Q 1
O,ée

03_

0

1

-3

Hybrid No-wake ™ { "

—2

PbPb 0-30%

1
—1 0
b\J chz-

« Hybrid: QGP wake creates a Z-side dip structure and significantly enhance the jet peak
(pQCD parton shower + AdS/CFT drag + hydro medium response)

Yen-Jie Lee (MIT)
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Predictions from Models for Charged Hadron p; 1-2 GeV

. PbPb 0-30%

TN 04 N N 054
2 0.3 2 sl
N 029 nes N
5 o 1\ 5 0.24~
< 1 g 0.1t
—02—; _02_;
4 4 ;
3
2 A 4 P 2
qg 1 0 2 (73 A o )
% O ey % Ty
4 3 Ny 4 - NP

. QGP wake creates a Z-side dip structure and significantly enhance the jet peak
. recoll partons are responsible for the effects (pQCD with no re-scattering)

o
X INSTITUTE for
o NUCLEAR THEORY
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Measure the “Depletion” due to Medium Recaoll

Tan Luo, Xin-Nian Wang

COLBT-HYDRO MINUS BACKGROUND

-0.075 -0.050 -0.025 D0.000 0025 0.050 0.075 0100 00250
energy dens lty

+ Au+Au jet-only

* p+p

(b) 1< ph <pGeV/c

A

* 0=0.681
+ 0=0.472
* 0=0.396

Measure the boson-side associated yield with photon-jet and Z-]et

Yen-Jie Lee (MIT)
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Ky algorithm

jet From Gavin Salam

BN dj = min(pg, Py)—5-»  diB = Py

>
2
|

=i —y) + (0 — 9))

1. Find smallest of d;;, dig

2. if ij, recombine them

3. if iB, call i a jet and remove from list of particles
4. repeat from step 1 until no particles left.

S.D. Ellis & Soper, '93

Clustering start from low p; particles. Clustered shape has irregular shape.
In heavy ion collisions, the large background fluctuation could affect the clustering more
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A et event In CMS

oo
L)

£
|

P [GeV/c]

= =
NI A

(5]

Background changes with n due to particle density and detector geometry
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Constituent Subtraction

JHEPOG (2014) 092

f@:' Constituent subtraction
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Constituent Subtraction

JHEPOG (2014) 092

Let the "ghost” remove
the underlying event

f@:' Constituent subtraction
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Constituent Subtraction

JHEPOG (2014) 092

f@:' Constituent subtraction
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Constituent Subtraction

JHEPOG (2014) 092 “CMS”

sEssssssssnsssmsssnnsnnfannnnnnnnnnnnnnnnnnnn s nnnnnnnnnnnnnnnnnnnnnnnaannnnnnnnnnnnnnnnnnnnnnnnnnfannnnnnnnnnnnnnnnnnnnnnnnnndunnnnnnnnnnnnnnnnnnnn

n
* SIGNAL: Hard-scattering in PbPb collision producing jets

UNDERLYING EVENT: Uncorrelated particles from other

parton-parton interactions | |
From Chris McGinn (MIT)
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Constituent Subtraction

JHEPO6 (2014) 092

GHOST PARTICLES: Artificial particles added to the event
on an n-¢ grid. Ghosts are given a praccordingto p times
the area the inhabit, Ag

From Chris McGinn (MIT)
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Constituent Subtraction

JHEPO6 (2014) 092

) ] _ d SIGNAL
* Add "ghost” particles on
UNDERLYING EVENT

_ ﬁdang-,mZ
N-¢ g P =2agP GHOST PARTICLES
mg = Ag - pm

N .
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Constituent Subtraction

“CMS”

L . . SIGNAL
« Combine iteratively with real

particles by minimizing metric: UNDERLYING EVENT

GHOST PARTICLES
AR; . = pT; - i— 1))’ i — ¢9)° %
k= P \/(y i) + (@ = 9) From Chris McGinn (MIT)

Yen-Jie Lee (MIT) Experimental Study of the QGP with Jets and Open Heavy Flavor 87




Constituent Subtraction

T L L T T T

sessssssssnsssnnsnnnnnndannnnnnnnnnnnny Nenpopannannnnnnnnnnnnnnnnnnnnnnnnndfannnnnnnnnnnnnnnnnnnnnnnnnndannnnnnnnnnnnnn tessssasfensssnasannnnnnnnnnnn;

« Particle pr> Ghost pr ! SIGNAL
. Ghost pr=0 UNDERLYING EVENT
« Particle pr-= Ghost pr % GHOST PARTICLES
From Chris McGinn (MIT)

Yen-Jie Lee (MIT) Experimental Study of the QGP with Jets and Open Heavy Flavor 88




Constituent Subtraction

JHEPO6 (2014) 092

. . N
* Note: Some signal will SIGNAL
occasionally be subtracted by UNDERLYING EVENT

probability. Relatedly, some UE GHOST PARTICLES
will remain. | |
From Chris McGinn (MIT)
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Constituent Subtraction

JHEPO6 (2014) 092

- SIGNAL
 Particle pt < Ghost pr
* Ghost pr-= Particle pr UNDERLYING EVENT

» Particle pr=0 % GHOST PARTICLES
From Chris McGinn (MIT)
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Constituent Subtraction

N SIGNAL

 Particle pt < Ghost pr
* Ghost pr-= Particle pr UNDERLYING EVENT

» Particle pr=0 % GHOST PARTICLES
From Chris McGinn (MIT)
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Constituent Subtraction

“(::;p\/lfs;,’

Rassssmsssssssadsassnssansansnnsnnnnns

sEssssssssnsssmsssnnsnnfannnnnnnnnnnnnnnnnnnn s nnnnnnnnnnnnnnnnnnnnnnnaannnnnnnnnnnnnnnnnnnnnnnnnnfannnnnnnnnnnnnnnnnnnnnnnnnndunnnnnnnnnnnnnnnnnnnn

. | . d SIGNAL
« Continue until ghost or real particles are

exhausted UNDERLYING EVENT
« Cluster remaining event into jets

« Treat the distortion as resolution effect (to % GHOST PARTICLES
be corrected in the analysis) From Chris McGinn (MIT)
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Dependence on the Azimuthal Angle

“Jet response” vs. azimuthal angle
u=1: perfectly subtracted

CMS Preliminary Simulation

~ PYTHIA+HYDJET
1ol |Sw=02TeV 100 <p_ < 150
. s 150<:pT<200
R
Q T S S
g g | —‘—'.L.w.l..ﬂ ___________________
o T b b b b bbb bbbl s ‘- ------- L EIEL
o —
=.
0-10%
0.8- R:(I].B :n’u-kt jets
Irljet <
||I|II||III|||I|II||III|||I|II|
02 04 06 08 1 12 14
PP?J"F ) ¢Jet|

Large dependence on the azimuthal angle with respect
to the event plane
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Invariant Mass Fit Extension

6
P2 O i D L R B I ' >_<10| 0' —  r - 11 T ]
% [ LHCb pPb - § - D° —» Kn*andchargeconj. 0<p_<1GeVic -
2 200 | sy =8.16 TeV 4 Data - 2 " w/o vertexing |
= —Fit ; S 0T g ~
T 150 - — Signal 7] Z N i
P B Partial : 2 B -
= - T S - =1867+2MeV/C -
< 100 - — 2

S F Ml Combinatorial 2 51 - 11 MeV/c? fixed to MC —
= i BB Iyt ] O = -
5 sof E I S - 3546114 £ 758011 -
] I Event-mixing background subtracted i

:0’0’0‘02020’020‘0’0.0.0.\. - 4 \ Y v - 0 , \ . , \ \ \ \ 1
0775100 5200 5300 5400 5500 1.75 BE 785 BED 1-952
m(J/WK*) [MeV/c2] M(K=) (GeV/c?)

« What peaking backgrounds for B+9J/L|J K*? e Whatis the event-mixing technique used toachieve

e Whatfunctionsare used to model each measurements downto 0 pr by ALICE

component?
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https://arxiv.org/abs/1902.05599
https://arxiv.org/abs/2110.09420

Heavy Flavor Hadron Detection

DY (D~ 0(50%))

B" b—B*~ 010%))

Mass 1.865 GeV Mass 5.279 GeV
ct ~120 pm ct ~ 490 um
Displaced secondary vertex is an experiment signature of open HF mesons 3PIX

. L4 1 ‘fJ '| 0.5 dl' 1.0 | 1.5 D3 1-7.0
. Phase-1 109mm L3 - . > = ] _ ] n=2.5
Prlmary Secondary upgrade _ | /S == =
vertex vertex -
. . # 50.0 cm 2

r=44mm

Original ~ =7mm

r=102mm

canbe~1cminlabframeat LHC!
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QGP Transport Properties and Structure with Jets

Jet broadening effects from multiple soft
scattering (4) »——

 Contribution from medium response

« Reveal medium recoll (the propagation of
-
* With the precise understanding of the
phenomena above, one could reveal the
QGP structure with Moliere scattering %
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Signal Extraction: Heavy Flavor Decay Leptons

Template fit on a variable to extract the yields of
signals

e |[dentify sources of backgrounds

e Determine variables, which should have either
Signal > distinct shapes between components, or
» well-known yields

Bkg 2

e Determine templates
» Data-driven is the best
> Simulation is commonly used
- Need to correct or evaluate data-MC difference

Variable
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Signhal Extraction: HF Decay Muons - Example

e Sources of backgrounds

— ><|1(|)3|||||||||||||||||||||
5 - | | | +|data ]
S 1.4__A-’-LSI-‘(‘)SZT V, 1.17 pb™ =erbu E
Q _ pp, O. eV,117p -
= 1.2 6<p <7GeV Eprompt'bkg -
S B T 3 hadronic bkg ]
b| = 1 1 fake bkg _
C"‘J_c'DF : :
Q‘ B —
© 0.8— —
0.6 -
0.4 -
0.2 =
ama®= L b L L 0
. 1.4F | | | =
< 1.26 3
E 1+ _____ ‘_!__.__Q_..._'..-.._._._...._._.__..._.._.__.___._f_f__+___
S 08-¢* :
0 Ll b b oo Lg g =

I N
I I I I Yen-Jie Lee (MIT)

0.2 0.3

Experimental Study of the QGP with Jets and Open Heavy Flavor

bkg
bkg
bkg
e\ariables
> P
and bkg shapes different from signals
bkg vields scaled from previous
measurements
e Templates

» From simulations
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https://arxiv.org/abs/2109.00411

Signal Extraction Separate c— and b—p

Template fit on Variables do (Distance of Closest Approach
L I B DCA) relative to the beam spot

E 10°- ATLAS & ctb—u in data—
Y E Pb+Pb, 5.02 TeV, 246 ub”"  =3c—u E
[0 N o .
2 | 6<p_|_<7 GeV = =] :Ib-)ﬂ ]
=,

-
o
X%

20-30%

d°N

(T, New de dn dd,
S

Beam spot

Data / fit

.OF l I | l | L 1 1 | I | L 1 1 | 1 I I
-06 -04 -02 0 0.2 0.4 0.6
d, [mm]
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https://arxiv.org/abs/2109.00411

Signal Extraction: Separate c— and b—|

Template fit on Variables do (Distance of Closest Approach
L I B DCA) relative to the beam spot

E 10°- ATLAS & ctb—u in data—
Y E Pb+Pb, 5.02 TeV, 246 ub”"  =3c—u E
[0 N o .
2 | 6<p_|_<7 GeV = =] :Ib-)ﬂ ]
=,

-
o
X%

20-30%

d°N

(T, New de dn dd,
S

Beam spot DCA

Data / fit

.OF l I | l | L 1 1 | I | L 1 1 | 1 I I
-06 -04 -02 0 0.2 0.4 0.6
d, [mm]
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Signal Extraction: Separate c— and b—|

Template fit on Variables do (Distance of Closest Approach

A =L L L I L OB DCA) relative to the beam spot
E 10°- ATLAS & ctb—u in data—

L C Pb+Pb, 5.02 TeV, 246 ub”"  mmc—u E

[} - o) 7

2 [ 6<pT<7 GeV = ] mbou i

= 102 20-30%

d°N

(T, New de dn dd,
S

Data / fit

B

.OF I | | I | [ 1 | | [ 1 1 | L1 1 | l I l
-06 -04 -02 0 02 04 0.6
d, [mm]
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Inclusive Jet Transverse and Longitudinal Structure

Jet Transverse Structure

Jet Longitudinal Structure

1 | MSI bepbl, | SNN =I 2l?6 Tlev S ZI— : o Ch i B

ST [ gt = 150 ub™ . =16t ATLAS E

- =0 H o 0¥ P Pb+Pb \[s=2.76 TeV g

Pbpb N - anti-k; jets: R =0.3 . 1.55— 0.14 nb” E
aQ__ — 1.4F anti-k; R=0.4 3

— C jet N

k=t 13 pJT >100 GeV 3

£ ¢t ¢ 0-10%/60-80% , |3

PP e 1287 ATLAS |

- CMSs, | P > 100 GeVic | te \ } I 5

i = 0.3 < <2 15 $ ; ; $ IE

_ N-10° track | 0.9F ) | -

0.5~ 0-10% p; % >1 GeV/e : 3

I S R R A T TR T N NN TR TN SR RN N . o Ll

0.8

0 0.1 0.2 0.3 10 102

r P, [GeV]

PLB 730 (2014) 243-263 PLB 739 (2014) 320-342

* Modification of average jet structure when compared the jets in PbPb to the pp reference at

the same p;
 Jet structures, defined by clustering and background subtraction algorithms, are modified in
PbPb collisions
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1.4 ———

" Prompt D°
1.2

D? Raa Understanding the Shape

0.8 |

0.6
0.4

0.2}

III

PbPb 5.02 TeV ® (ALICE) lyl <0.5
¢ (CMS) lyl < 1

| I 11 1 I 11 1

JHEP 01 (2022) 174 PLB 782 (2018) 474
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e Multiple effects interplay
» Collisional and radiative energy loss
» pT shape before modification

Toy Spectra

10°

10

10°

T IIIIIII‘

T IIIIIIII

T Illlll‘

— PP

100 120 140 160 180 200

pT
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1.2
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D? Raa Understanding the Shape

III

PbPb 5.02 TeV ® (ALICE) lyl <0.5
¢ (CMS) lyl < 1

i — :
lllllllllllll 1 I 11 1 I 1 1 I L1 1 7

Cent. 0-10% 4

100

e Multiple effects interplay
» Collisional and radiative energy loss
» pr shape before modification
- lower slope at high pr
» Collective flow + hadronization

- medium pushes very low-pt partons to higher pr

- get kinematics from light quark
» nPDF shadowing
- suppress low prt

Experimental Study of the QGP with Jets and Open Heavy Flavor
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Mass Dependence of Energy Loss

e Flavor dependent energy loss:
Dead cone effect

» Radiation is suppressed inside 8 < m/E
> Energy loss AE| > AEc > AEp

Pae ﬂ\‘
_ m/E L--P\WM/E £.-7 | ym/E
T\ T l !
Larger energy loss - Smaller energy loss
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Charm and Beauty Hadronization

m_
o

9 CMS PbPb 5.02 TeV (1.7 nb™)
. [T TTT | I'TTT | T TT | I'TTT | T T | I'TTT | T T | T TT | L
- CMS /! Centrality 0-90% 1
0.8 m Prompt Ds / D° ALICE PbPb 5.02 TeV, 0-10%, |y| < 0.5 0.8 15 o4
o Prompt Ds / D° ALICE PbPb 5.02 TeV, 30-50%, |y| < 0.5 - ¢ 0 15<lyl<2. .
@ Prompt Ds / D° ALICE pp 7 TeV, |y| < 0.5 0.7 PbPb: TAMU ¢ lyl<24 —
¢ Bs/B*CMS PbPb 5.02 TeV, 0-90%, |y| < 2.4 o . ' ]
0.6 = O,GR —PbPb: Langevin (Centrality 0-80%)
o CMS /| o - .
2 ¢ - B, ®pp: LHCb 7 TeV i
£ + Beauty ' o OOFIN | ]
S 04 $ > 045 \—+— Beauty =
> # + @ - , ‘\R I N
[ ] o wm C n
A’ 0.3 _ —
ity [
0.2 ¢ + t 0.20 E
Charm : .
PP 0-1:— global uncertainty: £ 8.0%
00 | 1 | l 1 1 | 1 1 O:||||||||||||||||||||||||||||\||||||||||||||:

0 5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45

pr (GeV/c) p. (GeVic)

« The magnitude of D./D® and B,/B* are similar in pp and PbPb collisions
» Difference between PbPb data and pp reference decreases at high p-
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Collective Flow Open Charm

0.3F T T

Light ® " (ALICE) Iyl <0.5 1 *Non-zero D meson v2 up to high pr
Charm = Prompt D° (CMS) lyl <1 1]

™ ] » Same magnitude with light hadrons
b » Path-length dependence of energy loss

PbPb 5.02 TeV Cent. 30-50%

1 10
p; (GeV/c)

PLB 816 (2021) 136253 PLB 807 (2020) 135595
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Example Heavy Flavor Hadrons

DY (=D~ 060%)) B* (b—B*~ 0(20%))

Open Mass 1.865 GeV Mass 5.279 GeV
heavy ct ~120 pm cT ~ 490 um
flavor

Quarkonia T(lS)

Y'(2S), Y(3S)
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Signal Extraction Fully Reconstruction

D’ - K Fit on invariant mass
D" - Kna'n*
e Determine decay channel, which need to balance

Ds*— ¢ (K*K) n* » BR
D**— D°(K m*)m* > Purity

larger BR - intermediate resonance improves purity
Ad— pKm

Ad— K (e ) Ks improves purity

B — JAb () K* » Acceptance
B - DY(K*m)m*

B — JAp (uw) K (t* )
B - D (K'mm)mnt
Bs’ — JAp (utw) @ (K*K)
A’— Ad(pKnH)m

» Resolution
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Signhal Extraction: Fully Reconstruction

D’ - K Fit on invariant mass
D" - Kna'n*
e Determine decay channel, which need to balance

Ds*— ¢ (K*K) n* » BR
D* > DK ) > Purity
- intermediate resonance improves purity
Ad— pKmt .
- more daughters have worse purity
Ad— pK (" m) - lepton channels lower combinatorial background
lower background
B* — Jib(uu)K 8 > Acceptancg g.g. | N
better acceptance - muons difficult to access low pt at mid rapidity
B* —» D%(K'm)mt -
» Resolution

BY — JAp (uw) Ks (mt* )
B —» D (K*m m)m
Bs’ — JAp (utw) @ (K*K)
A’— Ad(pKnH)m
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Signhal Extraction: Fully Reconstruction

D’ - K Fit on invariant mass
D" - Kna'n*
e Determine decay channel, which need to balance

Ds*— ¢ (K*K) n* » BR
D*— DY(K n*) > Purity
- intermediate resonance improves purity
Ad — pKm .
- more daughters have worse purity
Ad— pK (" m) - lepton channels lower combinatorial background
B — JAb () K* > Acceptancg e;ag. | N
. 0 (K o) e - muons difficult to access low pt at mid rapidity
B® — DIK'm)m » Resolution

B - JA (up) K (tt )
BY — D (K*rr )t e Determine templates

» |dentify potential peaking background
Bs' —  JAp (up) @ (K*K)

A — Adf(pKnH)m
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Signhal Extraction: Fully Reconstruction

Discovery of J/y
Fit on invariant mass 80T 242 Events+ || F—
3 : !
. . 70 SPECTROMETER
e Pair all the potential decay
. . - E2 At normal current |
daughter particles in an event sol OI-10%current

> 50F
2
= |
N
& 40r
z L
Z

30

20

NS ey
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