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?E/RW Hard Probes “Rutherford experiment”
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- Hard Probes — particles created from scatterings of large momentum transfer Q
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(iE/RW Hard Probes “Rutherford experiment”

- Hard Probes — particles created from scatterings of large momentum transfer Q
» Get information of medium by measuring how hard probes are modified
compared to no medium — normally pp collisions as reference
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cErn)) Hard Probes vs Soft Particles

Hard probes — large Q
Heavy-ion collisions

« Q ~ 1/1 creation time \
"\

* Produced early — experience whole evolution
>~ Unigue access to high temperature stage QGP 4

+ Q » Aacp ~200 MeV /' -
» Initial production calculable with pQCD ﬁ”
[

w

Q

* Q » Taqap ~400 MeV for LHC
» Seldom produced in QGP — Keep identity

Pb

» With color charge EM Bosons are also hard probes
» Strong interaction with QGP

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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E) Heavy Flavors vs Other Hard Probes

N/ S

Heavy quarks (charm, beauty) = large mass mq

* mq ~ 1/T creation time
* Produced early — experience whole evolution

~ Unigue access to high temperature stage 7\
* Maq » Nacp 'I.
> |nitial production calculable with pQCD even at low pr 3
~ Different length scale structure by varying pr {
N
)
* ma » Tagp /
» Seldom produced in QGP — Keep identity /'
» Brownian motion — Diffusion coeff. Ds (Fokker-Plank) "

° MNqQ > mq
» Strong interaction with QGP differently from light quark

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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B Life of a Heavy Quark in HIC

N/ S

Relativistic heavy-ion collisions
Produced early

%0

c quark

® Mesons

Interact with medium

\ differently from light quark

N

Initial production N ,
calculable by pQCD % 0

Fragmentationtoc /b
hadrons and decay

\\» 0 S

Transport can be described
by Fokker Planck

Yen-Jie Lee, Andre S. Yoon and Wit Busza
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CER)) Connaitre Representative Heavy Flavor Hadrons

10 (c=Do ~ 0(50%)) Bt (b—=B* ~ 0(40%))
Mass 1.865 GeV Mass 5.279 GeV
ct ~ 120 um cT ~ 490 pm

Study of heavy quarks enabled by measurements of heavy-flavor hadrons
- DO and B+ mesons are go-to proxy c- and b- hadron

> Best fragmentation fraction

> Relatively simple to reconstruct

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)



CER)) Connaitre Representative Heavy Flavor Hadrons

10 (c—Do ~ 0(50%)) Bt (b—B* ~ 0(40%))
Mass 1.865 GeV Mass 5.279 GeV
ct ~ 120 um cT ~ 490 pm

Displaced secondary vertex is an experiment signature of open HF mesons

Primary Secondary
vertex B meson = vertex

@ —mme———f
Decay length

can be ~1 cm in lab frame at LHC

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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‘i@ Connaitre Representative Heavy Flavor Hadrons

10 (c—=Do ~ O(50%)) Bt (b—B+ ~ 040%))
Mass 5.279 GeV

Open Mass 1.865 GeV
heavy ¢t ~ 120 pm ¢t ~ 490 um
flavor

Y (1S5)

Y(2S), Y(3S)

Quarkonia J / ‘-I)

V(2S), Xc
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e How to Measure Open Heavy Flavors

N/ S
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G Measure Heavy Flavor HF Decayed Leptons

N/ S

+

\4 Decay

> -
" &""v Measurement objects k‘
4 /v +
\‘

N

Inclusive decayed leptons Displacement

* Leptons only carry partial .
\

kinematics of parent hadrons .0 7 Fragmentation | )X ‘Do
* Inclusive c/b-hadrons only D

O\
O
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CERN :
\\/)/ Measure Heavy Flavor Fully Reconstruction
, = \ -
- Measurement objects ‘
.\.( & I, vL k
K _
Decay - /
Inclusive decayed leptons Displacement Exclusive hadronic reconstruction
 Leptons only carry partial » Good control of kinematics

@

kinematics of parent hadrons .0 7 Fragmentation | SN, Do » Distinguish type of hadrons
* Inclusive c/b-hadrons only D - Statistics limited by -, BR
» Better statistics e.g. FF x BR (c—=D%—Ki) ~ 0.02

O\
O
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CE/RW
\

Measure Heavy Flavor Partial Reconstruction

~7
'S,’\Y~ $ —/(-A‘ \ Measurement objects “S o Do
M KN
K N
Decay
l
L,
Displacement
b—) J/Ub, nonprompt J/ ’ . - b—) D, nonprompt D
b=) i : | .p v "', }  Fragmentation | /< \B o ’ .p.
- Balance of statistics and B - - Balance of statistics and
kinematics control kinematics control

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)



N\

%E/RW Measure Heavy Flavor HF Tagged Jets

N/ S

N“’ /M" Measurement objects
+

v

Decay

Displacement

L
ﬂ& %

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)

Fragmentatio

b tagged jets
» Displaced secondary vertex
as signature




E) Signal Extraction HF Decay Leptons

- Template fit on a variable to extract the yields of signals
» |dentify sources of backgrounds
o « Determine variables, which should have either

| > distinct shapes between components, or
Signal > well-known yields

— Bkq O » Determine templates
. T 1 o e » Data-driven is the best
Variable > Simulation is commonly used

- Need to correct or evaluate data-MC difference

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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&) signal Extraction HF Decay Muons

3
— >_<|1(|)|| T T T T T T T T T T T T T T T T T 1T ‘SOUFCGSOfbaCkgmundS
'> B | I | #l data B
s M ATL::zT V, 1.17 pb” e E » Pk
0 - pp7 = ev, 1. p | >
ST S, kg
© B ® _
B fake bk .
o T it - fake bkg
% 08—— ® _
0.6 . _:  Variables
- . " P
0'4:_ e E
0.2 o - — > and fake bkg shapes different from signals
" = W : g bkg yields scaled from previous measurements
. 14F =
£ 1.20
% ' o Templates
a 08 > From simulations
06 L1 | | | L1 | [ | [ | L1
02 -01 0 01 02 03 04
1o,
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https://arxiv.org/abs/2109.00411
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@) Signal Extraction HF Decay Electrons

N/ S

8 o5 PHENIX —Data
S 7 E Au+Au, |s,,=200 GeV --Total BG
© [ min. bias ~Dalitz
O, 16-1.8GeVic [ Conversion Extension for homework HF — ¢
= S —J/\]f
- f—q —Misld
oL %1 —Mismatch - What are the background sources?
; J] LL’ ~Ke3 » What are the variables to separate signals and
i . backgrounds®?
10°F : o * How the templates are determined?
103}1- """ AT T + Similar one from STAR
= |
:F Ll | - | | | | I . | L1 | |

L1 | | L1 | L1 |
-0.15 -0.1 -0.05 O 0.05 0.1 0.15
DCA [cm]
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https://arxiv.org/abs/2111.14615
https://arxiv.org/abs/2203.17058
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d°N

<TAA> Nevt de d?] ddO
S

Data / fit

Signal Extraction Separate c— and b—p

_III|III|III|III|III|III_

— ATLAS ¢ c+tb—u in data—

C Pb+Pb, 5.02 TeV, 246 ub™"  ©=3c—u -

~ 6<p_<7GeV T mbou _
20-30%

[
-04 0.2 0 0.2 0.4

d,[m

3

Template fit on Variables do (Distance of Closest

Approach DCA) relative to the beam spot

Beam spot
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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
= B N L L Approach DCA) relative to the beam spot

E 103:_ATLAS ¢ C"'b—),u in data—:

IS = Pb+Pb, 5.02 TeV, 246 ub™"  £3Cc—U -
cv B . -
g | 6<PT<7GeV =} mb—-u s
= 102

ol IIIIIII
[ 1 IIIIIII

d°N

<TAA> Nevt dp-r dT[ ddO
S

O

Beam spot DCA

Data / fit
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https://arxiv.org/abs/2109.00411

N\

&) Signal Extraction Separate c— and b—p

N/ S

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

E 10°- ATLAS & c+b—pu in data—
; - Pb+Pb, 5.02 TeV, 246 ub™ CICc—ou =
3 - = ;
g - 6< p_< 7 GeV J 5 mb—-u i
= 1 02 ~20-30%

Transverse plane

d°N

<TAA> Nevt de d?] ddO
S

14
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S 1
s 0.8 O 3
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https://arxiv.org/abs/2109.00411

CERN - - :
\\/)/ Signhal Extraction Fully Reconstruction
Discovery of J/Y
Fit on invariant mass T 202 eventsd || -
 SPECTROM
» Pair all the potential decay " B ::
daughter particles in an event ol O-0temmt [
% 50 F
= |
S 40

3.25
me+e—[ GeV ]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.33.1404
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N/ S

CMS Vs=7TeV,L=51f"\Vs=8TeV,L=53 1"
> —I | | | | | | I | | rF Rt
(()) i 5> S B B
O : 8 Unweighted
'-D_ N 01500 "\
: 1 500 \\ E ‘\\’
2 i S |
- 211000}
S I (711000
> -
'_"; 1000 *No 0 T 130
o : m,., (GeV)
L 5 i
D i _
) ¢ Data _
< 500 | —— S+BFit ]
—~ e B Fit Component
? i t1o |
N [ +20 1
:/ 0 | | I | l | | | | | | | | | | | l l | | | | | | |
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Signal Extraction Fully Reconstruction

Discovery of Higgs boson

Fit on invariant mass
» Determine decay channel, which need to balance

» BR
> Purity

~ Acceptance

» Resolution

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


https://arxiv.org/abs/1207.7235

N

‘i{@l Signal Extraction Fully Reconstruction
D — Kknt Fit on invariant mass

D+ — K-mtmt

» Determine decay channel, which need to balance
Dgt — (I) (K+K-) mtt

» BR
D*+— DO (K-m+) m+ > Purity
A — pK-m+ larger BR - iIntermediate resonance improves purity
At — pKo(nrm) Ksimproves purity
B+ — JAp (pp) K+ >~ Acceptance
B+ — DO(K+m)m+ |
>~ Resolution

B — JAp () K0 (t* )
B0 — D-(K+m-m)mt

Bs® — JAp () ¢ (K+K)
Apd = A (p K-1t*) e

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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N/ S

Signal Extraction Fully Reconstruction

D0 — K-mt Fit on invariant mass

» Determine decay channel, which need to balance

> BR
D*+— DO (K-m+) m+ > Purity
A — pK-m+ - Intermediate resonance improves purity

- more daughters have worse purity
- lepton channels lower combinatorial background
B+ — JAp(urp) K+ lower background > Acceptance e.qg.
- muons difficult to access low prt at mid rapidity
>~ Resolution

At — |y K0 (1t* 177)

B+ — DO(K+m-)m+ better acceptance
B — JAp () K0 (t* )

B — D-(K+mm)mt

Bs® — JAp (utp) ¢ (K+K-)

Av? = Act (p K-14) 1c

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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Signal Extraction Fully Reconstruction

D0 — K-m* Fit on Invariant mass

» Determine decay channel, which need to balance

* BR
D*+— DO (K-m*) mt+ > Purity
A — pK-m+ - Intermediate resonance improves purity

- more daughters have worse purity

+ — 0 + rr- " "
A p K0 (m* ) - lepton channels lower combinatorial background

B+ — JAp (urp) K+ >~ Acceptance e.g.
B+ — DO (K*m)mt - muons difficult to access low pT at mid rapidity
>~ Resolution

B0 — JAp (utp) KO (mt* )

B — D-(K*mm)m » Determine templates
Bs® — J/ (utw) & (K+ K) > |dentify potential peaky background

A = At (pK-m¥) 1

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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CERN . .
C)l Invariant Mass Fit D= Kn as Example
CMS PbPb 0.58 nb' (5.02 TeV)
=1 ' ' ' T 1 T T T 1 =
40000 —  Cent. 30— 50% ° E_ata ]
- — It — ! n
- |3? < 1pT< 4.0 GeV 47 signa - Combinatorial
> 30000 — 4 K- swap — . .
= - KK - > Likelihood ratio test
© B +, - o
C\i | JU JU —
@ 20000 ke --- Combinatorial ]
g T _
T - » Peaky background

-
—
-
— ——
—
—_ =
— - -
[
—
— - - -
-
- - —
-
- -
- .
——
——
—

10000 = » K-t swap DO0—KTrt is reco-ed but the
- - mass assignment is swapped
0 ‘1_|75 B - s — L o » KK and it DO—= KK/mrt is reco-ed as
m_ (GeV) DO=Km
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http://arxiv.org/abs/2112.12236

%E/RW Invariant Mass Fit Extension

Extension for homework
x10”_

250 FF 71 LR | T T —~~ ~ L B L L
‘§ - LHCb pPb - N§ - D > Kxand chargeconj. 0« p_ < 1 GeV/c -
> 200 & |sny =816 TeV 4 Data — 2 " w/o vertexing )
E —Fit < 10_— T ~
< 150 [~ — Signal ~ — i _
PR FPartial : 2 2 _
= - L S - = 1867 £ 2 MeV/c -
S 100 |- — > ¥
S "k @l Combinatorial - 2 5| o = 11 MeV/c? fixed to MC —
= i BB iyt i , . -
S 50 - - S =3546114 + 758011 _

byt : A Event-mixing background subtracted _
S PO T | . ; - 0 T N B B R
5100 5200 5300 5400 5500 1.75 1.8 1.85 1.9 1 -952
m(J/IWK*) [MeV/c2] M(Kr) (GeV/c?)
» What peaky backgrounds for B+—J/(pK+? » What is the event-mixing technique used to
» What functions are used to model each achieve measurements down to O pt by ALICE

component?

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


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

N

CERN

\

N/ S

)

dN/d(D° DCA) (cm™)

10’

Separate Prompt and Nonprompt D mesons

CMS

PbPb 5.02 TeV (0.58 nb™)

Centrality 30-50%
6 < p_ < 8 GeV/c

lyl <1

0.02 0.04 0.06 0.08 0.1 0.12
D° DCA (cm)

@ Data

=D’ from b hadron decays

= Prompt D’

- Template fits on D meson DCA
» DCA ~ 0 for prompt D
> Large DCA for nonprompt D

Beam spot

Y o=

B meson

DCA of nonprompt D

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)



https://arxiv.org/abs/2212.01636

N

%E/RW Yield Extraction Excited State Quarkonia

N/ S
%10° PbPb 1.61 nb™" (5.02 TeV)
IIII|IIII|IIII|IIII|IIII|IIII
10 __CMS p_ <30 GeV/c ¢ Data
lyl <2.4 — Total fit

Centrality 0-90% -*-- Signal
><.103 -. Baékground

00

N
N

—i
oo

excited states

~ Require ~100 MeV resolution to separate

_: » Mass resolution is critical to separate
Y(2S) and Y(3S)

AN

—k
o

Events / (50 MeV/c?)
N

Events / (75 MeV/c?)
@)

Iy
......
W,

m,, (GeV/c?)

N
I I I | I

8 9 10 11 12 13 14
2
m,, (GeV/c?)
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https://arxiv.org/abs/2303.17026

N

%E/RW Yield Extraction Excited State Quarkonia

N/ S

X1 93 PbPb 1.61 nb™" (5.02 TeV)

p_ <30 GeV/c ¢ Data
lyl <2.4 — Total fit

Centrality 0-90% -*-- Signal
><.103 -. Baékground

o
|
O
=
/p

» For a pair of particles with same decay mode,
commonly use yield ratio, e.g.

[ Nes)su
00QS)—>upu = 0(18)—pu

N18) = up

00

N
N

—i
oo

to measure the low-stat particle

> avoid systematics convoluted with statistics for
low-stat particle if they can be canceled in ratio
- muon efficiency & resolution for Y(nS)—ppu

N

—k
o

Events / (50 MeV/c?)
N

] |
l-,.
.....
.....
'
1

Events / (75 MeV/c?)
@)

m,, (GeV/c?)

N
I I I | I

8 9 10 11 12 13 14
2
m,, (GeV/c?)
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https://arxiv.org/abs/2303.17026

E) 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(104) final-state particles in

Run / Event / LS: 326586 / 2491137 / 6 a central heavy-ion event
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Need to find good selections to
suppress backgrounds first before
Invariant mass fits

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)



N

E) Suppress Background Multivariate Classification

N/ S

If want to separate red and blue balls...

Variable |

Some variables can separate signals
and backgrounds to a certain extent

» Decay length significance
» Secondary vertex probability
» Pointing angles

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


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

N

E) Suppress Background Multivariate Classification

N/ S

If want to separate red and blue balls...

Variable 2

e — A o

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

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


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

cEun)) Initial Production pQCD Test

| < 0.5
DO
PIO'SZIaDO : » Measurements can be described by pQCD calculations
FONLL with sizable theoretical uncertainty at low pr
| kfact. E
GM-VENS 5 - Different factorization schemes
: ~ FONLL
l=-i-=: ] _ _ o
: - Dominant theoretical uncertainties
102k o nOtSh:-Tl _ > Factorization aqd renorm.alization. §cale, PDF
e i i morshour | ———— ~ Can be constrained by high-precision measurements
' ' : - Simultaneous constraints by varying collision energy
B and rapidity
i
g8
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https://www.lpthe.jussieu.fr/~cacciari/fonll/fonllform.html
https://arxiv.org/abs/2308.04877

CERN .g = = " gn o
\\/)/ Initial Production Nuclear Modification
) _ _ | Is initial production in A-A collisions just
= 7t | ' [HCh 1 superposition of nucleon-nucleon collisions?
- F Syy =2 TeV -
15L 1 < p-Acollisions to test these kind of effects
) Enhanced - > lon as collision particles
[ - >~ No medium effect expected
1 PP —
i ]« Observable of particle yield modification in pA
[ Suppressed _ collisions compared to pp
0.5 -
] : . do,,/dpr
: : pA A dapp/de
P, (GeV/c] * Rpa should be 71 in the naive picture above

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)



Initial Production Nuclear PDF

Forward D° Rppb
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» DO suppressed at low prt in forward rapidity in pA

» Nuclear PDF model can describe it
Nucleons in ions have different PDF from free protons

» NPDF is common input for theoretical calculations
Not limited to heavy flavors

> constrained by different probes, among them
> heavy flavors are important probes for gluon nPDF
> gluon nPDF is one of the poorest constrained

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


https://arxiv.org/abs/1707.02750

cEun)) Initial Production Nuclear PDF

lllustration of nPDF / proton PDF

) Le
llll | || llll‘ll | I Il‘ll

1.4

= 1.3

o 1.2 antishadowing maximum
= ~—_

» For low-pt D mesons in A-A collisions

Vb +pd

'EPPS16

B By C TR PPPPPY ;'—ya X~ 2 e’
S i N Vo
0.9 — ----------- Ye » X ~ 10-3-10-2 for mid-rapidity
0.8  small-x shadowing » mix of x ~ 10°-104and x ~ 10-2-10-1 for LHCDb

0.7 |- i rapidity

(0.6 [rmmmmmerrr e T - 10

05 - * In most cases for HF hadrons, nPDF leads to

0.4 I T E Y T B > suppression at low pr shadowing

4 3 2 1 | ~ mild enhancement at very high pr anti-shadowing
10 10 10° 5 10 1
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https://arxiv.org/abs/1612.05741

N

?E/RW Nuclear Modification Factor Raa In AA Collisions

N/ S

1.4 "lllll I I lllllll

1.2 — Enhanced —

Recall

Nuclear modification factor Raa

AN, 4/dpr
Ryp =
TAAdep/de
0.2 _ Suppressed _
oLl TR L )
1 10 100
p; (GeV/c)

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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CE/RW
\

N/ S

Nuclear Modification Raa D9 Mesons

1.4 ——— T T L . . .
: o ] * Prompt DO suppression in wide kinematics
" Prompt D’ PbPb5.02TeV @ (ALICE)lyl<0.5 . .

10 Y OMS) lyl<1 - > Charm quark lose energy in QGP via
; AuAu 200 GeV = (STAR)lyl<1 collisions and radiations

L -
U e
0.8 I- Collisional '\ N

> | : - . “: energy loss /o -
* 0.6 _ I 10 et F LHC §—'_’ _ Ty : ,
Pb / n.

041 +—@— + - x Medium-induced B
F % - A radiative energy loss $igai s ‘
0.2 B N Q™\ Pb |
: R H]-C Cent. 0-10% - QGP
I | L1 111 | | | | L1 1 11 I | | | L1 11 I-
0 1 10 100 Energy loss of hard parton in Bullet in gelatin block
p; (GeV/c) QGP in pQCD picture

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)



CE)) D9 Raa Understanding the Shape

1.4 ———r — . .
: - ' 1+ Multiple effects interplay
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https://arxiv.org/abs/2202.00815

Azimuthal anisotropic initial shape in peripheral events

[Animation]



https://www.dropbox.com/s/2vdx4i9y8qfn4eg/0015-0131_fps15.mp4?dl=0
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https://arxiv.org/abs/cond-mat/0212463
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