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Heavy-ion data in CMS I l I i l-

Run . Collision : Enerqy : Lumi . Scaletopp
. 2011 * Pb-Pb : 276TeV : 0.17nb?' 7.5 pb-t '

O-O/p-O ! 7/99TeV ! 0.5/0.2 nb

Jing Wang (MIT), Heavy Flavor Physics with CMS, Snowmass EFO7 2



%. Heavy-ion data in CMS I l I i l-

Run . Collision Enerqy : Lumi . Scaletopp

iRun1]

_

- -1
. gglg :ZE:ZE: (1)? 2'8_1 ) 3-10x statistics
-+ Run 2. pPb: 0.18 pb-

7x statistics
0.38x errors

T Aun 3 We will have

PbPb: 13 nb-1
pPb: 1.2 pb-1

Run4!
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Big Questions?

Models: Approximation QCD

We want to know In experiments

Jing Wang (MIT), Heavy Flavor Physics with CMS, Snowmass EFO7



Big Questions?

Models: Approximation

We want to know In experiments
Onset of QGP, Number of DoF change QGP existence
Energy loss, Collective motion, Diffusion Particle behavior

Formation/hydrodynamize, Evolution Medium feature
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Solve Big Questions?

Models: Approximation

We want to know in experiments
QGP existence
Particle behavior

Medium feature

Prerequisites

CNM effects
baseline/
reference system
initial energy
density distribution
hadronization
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Heavy quarks as golden probe:

behave different from light quarks We want to know in experiments

QGP existence
Particle behavior

Medium feature
Unique characteristics
* "Simple”: Prerequisites

« Slow but hard: . CNM effects

o baseline/

. “Feasible”: . rcference system
initial energy

. Clean: U RN cnsity distribution

hadronization
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% Solve Big Questions with Heavy-flavors? I||"

Models: Approximation Sy

Heavy quarks as golden probe:

behave different from light quarks We want to know in experiments

t=st models —
Different response to medium [/ Yd 33 ‘Hawrs existence
- Flavor dependence (dead cone effect)

\_______; Particle behavior
- Harder to be dragged by medium 0

uﬂi fQ ?TO(‘Q“ Medium feature

Unique characteristics
* "Simple”: Prerequisites

« Slow but hard: . CNM effects

baseline/
* "Feasible™: reference system
Initial energy
» Clean: density distribution
hadronization
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We want to know in experiments

QGP existence

Energy loss, Collective motion, Diffusion Particle behavior

W7 \7 W aVY. \ Y4

Medium feature

Prerequisites

CNM effects
baseline/

reference system

initial energy
density distribution
hadronization
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HF Raa
5.02 TeV pp (27.4 pb™) + PbPb (530/368 ub™)
_ Beauty
1.6 CMS Supplementary T Bt |y < 2.4
~  Charm B % (b—) n°
Lar oo+ (b =) Jy
1 2‘_ + 18<|y|<24
B | ¥ |yl<24
== [,a umi.
§ L] VL P s
T 0.8t + n .,,:*:
0.6 It -l -
- DAL
0.4 rH 33
i lyl <1
0.2 Cent. 0-100%
0—ll| | | lllllll | | lllllll | |
1 10 10°

p_ (GeV/c)

Raa and vo

D meson v»

CMS Preliminary PbPb 0.58 nb™” (5.02 TeV)

BRBRERREES B
0.25 Calculations for prompt D™ +

- .- LBT

PHSD CUJET 3.0
TAMU
- Prompt D° + DV

D°

- = SUBATECH

, vl < 1

» CMS has measured Raa and vz of various HF hadrons
* Precision expected to be improved significantly with 2018 and Run 3 data
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H
Modeling Raa and v2 1

> Kinematical approximation

D meson Raa D meson v>
(5.02 TeV PbPb, Centrality 0-10%) (5.02 TeV PbPb, Centrality 30-50%) o _

2.2 D+ D° Iyl < 04 D%+ DY Iyl <1 What do we distinguish

ol 777 Diordjevic et al. (T CUJET 3.0 035 — LBT — pASD - =n= SUBATECH among models?

- Vitev et al. (g=1.9-2.0) =—— LBT UL T CUJET 3.0 I TAMU

1.8~ = PHSD w/ shadowing AdS/CFT HH D = const 0 3:_ Average D°, D*, D**, lyl < 0.8
1 6: ------- PHSD w/o shadowing AdS/CFT HH D(p) " BAMPS el.+rad. POWLANG HLT « Jet model

O Average D°, D*, D*, lyl < 0.5 - BAMPS el. N\ MC@sHQ+EPOS2 - '
1 4i BAMPS el.+rad. POWLANG HLT 0-25¢ » Medium modeling

TE e BAMPS €. e TAMU oob i % > Virtuality and branching

III|III|I‘"|I‘{III"Y¢{III|II

 Transport model
~ LV vs. BM
> Bulk evolution
> Collisions vs. radiations
> Initial conditions

1

- [ 1 1 | | [ 1 1 | | [ 1 1 | | [ 1 1 | | [ 1 1 | | [ 1 1 | | [ 1 1 | >
R - T ) T e Parameters (To etc.)
p_ (GeV/c) p_ (GeV/c)

 Low prt (convoluting multiple effects) has best distinguish power
- Can we get everything we want to know if we have zero-uncertainty data results?
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IqAA

Projection after Run 4

Syy = 9-02 TeV pp + PbPb
- ® Charged hadrons
1.6: CMS _ (P; <50 GeV), 1.1 nb”
aF Projection (p; > 50 GeV), 10 nb”
' m | D’ (p,<20GeV), 1.1 nb"
. D’ (p; >20 GeV), 10 nb™

m | B, 10nb’

*  Non-prompt J/p, 10 nb™

—h
I|III|IIIIIII|III|

0.8
0.6 nd

B
0.4? kol
0.2 |

- Centrality 0-100%

O_IIII I IIIIII| I IIIIII| I I [ |
1 10 10°
p_ (GeV)

/n.d.f
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v | | A
A | | /
\ | i /
\
\ II II o -0 Gexp current
\\ \ | / A _Acexplz
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| /
\\ \ | [ B- -B8 O'exp/S
\ \ I I
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\ \ \ / / //
\ \ / /
\ / /
\ \ \ / / /
\ \ / //
\ \ / / /
\ \ \ I / P 7
N\ \ 7 7
\\ \ E , ‘e/ 7
© - \\ -
2.5 3 3.5 4 4.5 5 55 6 6.5 7
271;TDS

20 -

»w 15 1

21D

10 -

prior
current Oeyp, 70%C.R
future gexp, 70%C.R

pr=0GeV/c

/

=

H
Diffusion coefficient Ds at statistics limit I||"

I

P

1 2 3
T/T,

» Ds projection too optimistic: systematics limit

» Apart from inclusive Raa and vz
= More differential
= (QOther observables
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H
More “differential” I ! I 1

L2 Mo omso10% ~

I O ALICE 0-10% i
n | aosssions o 0

For example: 1 SR -
= g —>D

I c:+g—>D0 ]

py (GeV)

» Isolate charm quark fragmentation component?

Jing Wang (MIT), Heavy Flavor Physics with CMS, Snowmass EFO7



Other observables: D-jet Correlation

D-jet correlation vs. models D-jet projection after Run 4
- 27.4 pb™ (5.02 TeV pp) + 404 ub™ (5.02 TeV PbPb) a5 Vs\y =5.02 TeV pp 650 pb™' + PbPb 10 nb”
- B | | | | I | | | | I | | | | I | | | | I | | | | | .
- CMS 4 <pP <20 GeV/c CMS 4 < pP <20 GeV/c
3 Supplementary WOl <5 7 3 Projection WO < o
i DO - y I< ] DO . y
- D+ jet 5 . + jet
- 7 Q.
—~ 2.5 je ] 25 i
Qo °F 10 > 60 GeVic - S 01 > 60 GeV/c
Sla T j-lc;t N Q ,-Zt
o of Mi<10 - S 2™
Q I - 0
| s - - - —
S P15 1 9|15
g [ ! R 1 %
Z 1_ E g I RAL _REEE RREE RERR BB " i A
B— 1 ST PTPTIPT R : ‘_Izﬂ | e L L L P L P L PP T
\ : CCNU :
0.5 =
W Yost o R
B ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ] |
0 o1 02 03 04 05 % 01 02 03 04 05

« Different trends from models
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— H
% Other observables: D-D Correlation I l I l l

D-D in pPb

~_ 25 NN

bs : o DD’
E , - LHCDb preliminary -e-DOﬁO -
= F TID’D’ Pythias :
< I S " :
§ 15F D-D data | | PYTHIA -
1 C [ | -
TP e T T
05F! T -
0
0 0.5 1

Ap(DD)/m

- D-D correlation as a more sensitive observable than inclusive Raa and v»
» Relatively simpler (no jets) to calculate for theorists
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Onset of QGP

Models: Approximation

We want to know in experiments

@ Onset of QGP, Number of DoF change QGP existence

Y 2V \Y.

Particle behavior

Medium feature

Prerequisites

CNM effects
baseline/
reference system

. initial energy
density distribution

hadronization
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% Onset of QGP Illil-

Prompt DO v; in various systems

_I I | L | | | T I | | ] | | | [ | T | [l I_
0.25[ '@ CMS PbPb 5 TeV. B
i 30-50% Prompt D i
- © CMS pPb 8 TeV -
0.2 NS} "°[185,250) Prompt D°
- '@ CMS pp 13 TeV -
- NC"°= 100 Prompt D° :
0.151 PLPb ~ * Non-zero prompt DO vz in pp, pPb, PbPb
- - « When we will get QGP?
st 0.4 ¢ "o E - What is the smallest droplet of QGP that
- I = behaves hydrodynamically?
0.05— + + _
- pPb -
O —
_0.05 PP -
_I | | | L 1 1 | | 1 1 | | 1 1 | L 1 1 | | 1 1 | L 1 1 | | 1 1 | | 1 1 | | | l_
O 2 4 6 8 10 12 14 16 18 20
p_ (GeV/c)

Jing Wang (MIT), Heavy Flavor Physics with CMS, Snowmass EFO7



Onset of QGP Illil-

Prompt DO v, vs. centrality

CMS Preliminary PbPb s, = 5.02

TeV

0.25

0.2

< 0.15

0.1

0.05

~ Prompt D’ + 50, 2.0< P < 8.0 GeV/c

-V, lyl <1 Syst.
——V,, 1 <lyl <2

(0]

HC DN
]

IIII|IIII|IIII|IIII|I

[F@E D]

/

0O 10 20 30 40 50 60
Centrality (%)

70

« Some bridges connecting small and large system
> High-multiplicity pp
> Intermediate ions (O-0O)
> Very peripheral events (proposed record all
70-100% events in Run 3)
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Medium evolution

Models: Approximation

We want to know in experiments
QGP existence
Particle behavior

Formation/hydrodynamize, Evolution Medium feature

Y N4 L QL I

Prerequisites

CNM effects
baseline/
reference system

initial energy
density distribution

hadronization
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% - Time structure of evolution: Top quark

0GP

‘ - Hard probe Raa
Indyswe m(.zduum \ e > > Experience the whole evolution
N ' wteract >~ Only see accumulated effect
Jer ( w/wed v \ . T ) ”
)et Ime dependence’.
\
t 0t — T T Tt
:"‘t“\i_’i‘—tw'—’? ! > Interaction delayed by
To ; | ) ! = Tip: toOp lifetime
projw.ed : ' w l ; = Tw: W lifetime
| -
aet ' t -7 | ; > Study top production helps
+——N U

understand evolution time structure
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=
Time structure of evolution: Top quark IIIII

4OCMS 1.7 nb™ (s, = 5.02 TeV)
*cé) - eu ¢ Data I tt
o mVvV mtw .
L|>J - Nonprompt ZIy* Hard pr.obe RAA _
30[ Total unc > Experience the whole evolution
> Only see accumulated effect
- ~ Time dependence?
100
Qe s - Interaction delayed by
8 150 ‘ = Tiop: toOp lifetime
-Ic\_q O ..o« s.o.o.o.o.o.o.o.o.o.o.o.o.o.o.o.o.g.o.o.o.o.o.:.:.:.g et ot tete st Setete ooty ,o,o,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,, ko500 ‘ TW: W Ii feti m e
®© A T
o % 0.2 04 06 0.8
5DT ~ Study top production helps
» More statistics needed to extract the info understand evolution time structure
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Models: Approximation , el » QGP

Heavy flavor production in proton-proton

We want to know in experiments
QGP existence
Particle behavior

Medium feature

Prerequisites

CNM effects
baseline/
reterence system

initial energy
density distribution

hadronization
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H
Production in pp vs. pQCD calculation I||"

- Open charm ., i 5027ev on) . _Open beauty ;.7 o502 ey
102 CMS D° + D° - CMS B
= = =
11(())102 lyl <1.0 2 - ) EONLL \
ok _ 1O6§— —— yl < 2.4 ']P
Q 18 1—;’ - Global uncert. 3.8%
_8_%) 10" E 8 - ==
10k g 10°F -
10°E === - [ — 2017: 7-10x more statistics
% Q_I_1O4_E pp == B Q_I_ —
pper GM-VFNS — 10* =
j0E Global uncert. 2.5% - .
15 -
2.5 E — -
% zl 1'51 ;:.++ ___________ === === e e CE) = == : ...
N|O = @ F
L 09 T 0.5
O ;_ D - - | | | | | | | | | | | | | | | | | | | | | | | | | |
C£ 2.5 E 10 20 30 40 50
Sl g 3 p_(GeV/c)
c(=> '""YE :
as 1 » Decent agreement of pQCD calculation to data
© oF =T, — ¢ * Data precision (even if 2015 statistics) much better than " fs
p_ (GeV/c) calculation =» good input for for theoretical models - |
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% Production in pp vs. pQCD calculation Illil-

p(Ar) /p(Ar)
O1

Jet shape: b jet / inclusive jet

- CMS Supplementary f L dt = 27.4 pb’
anti-k_ jet (R=0.4) (s =5.02 TeV
p"Tet > 120 GeV

Data
m I<1.6 .
jet — PYTHIA 6
p™>1 GeV
! data PYTHIA 8

1 -

Structure of beauty jet
- Particles shift further away from jet axis in b-jets
- Feature not captured by PYTHIA at large r

, e

hadron

dea=-" ~;)
Jet shape: pr radial sg
distribution w.r.t. jet axis y o=
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Hadronization mechanism

Models: Approximation

We want to know in experiments
QGP existence
Particle behavior

Medium feature

Prerequisites

CNM effects
baseline/

reference system

initial energy
density distribution
hadronization

Jing Wang (MIT), Heavy Flavor Physics with CMS, Snowmass EFO7



H
Hadronization in pp collisions I I I | |

Ac:/ DO in pp vs. models
PbPb 44 ub™, pp 38 nb™ (5.02 TeV)

0.7 op
E CMS "4 Data
0.6]y| < 1.0
g - = PYTHIA8 + CR
S - — EPJC78 (2018) 348
0 0.5 - - - - arXiv:1902.08889 S .
+ d For the underestimation of Ac production
> T pp data Feed down .
= 0.4~ _] from excited by PYTHIA fragmentation only
=~ L ETem hadeons + Is color reconnection a good solution?
L0330+ o —F, T
+ [ B
+ 90,21 T
=7 x 9
0.1 PYTHIAS
PYTH"A# | | | I | | I | | | | I lop ] | | | 201 7: 7X more Statistics
COLOR 8 10 12 14 16°\{8 20
RECONNECTION p. (GeV/c)  iescence +
fragmentation
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% Hadronization across collision systems

Ac / DO vs. multiplicity

o 1 4<pT<GGeV/c
S~
+é)0 o ALICE Pre"minary
| I » |s transition smooth?
P = High-multiplicity pPb in CMS
0.6 ¢ = \What does it mean if A;/D° same for
pp and PbPb at same multiplicity?
04 PP .i_ - Is dN/dn a good scale for systems?

gk pp, Is=13TeV
SPD multiplicity classes

02 O p-Pb Minimum Bias, |s,, = 5.02 TeV

{ Pb-Pb, s, =5.02TeV
VO multiplicity classes

10 10° 10°
(dN ch/ d 77>m|<o.5
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H
Hadronization of beauty I I I | |

Bs / Bt vs. centrality

CMS Preliminary PbPb 5.02 TeV(1.7 nb™)
1.8_| 11 | 111 | 111 | 111 | 111 | 1 171 | 111 | [ I__
i BO |y| <24 1 -
1.6 =s 10<p_<50 GeV/ic T ]
i B+ T 1 |
141 % PoPb: CMS 5.02 TeV T E
o 1.2 —pp: LHCb 13 TeV — -
£ 1 T : - What will happen to Bs in high-multiplicity pp?
£ 0.8:— Global uncert.: = 8.1 % | -
D i T j
> 0.61-30 - 90% 0-30%  10-90%
0.4F- % + i -
0.2i_:::::::$::::::::::::::::::::::::::::::::::::::::::::::::::::_i?_:::::::::::::f
O:I | 11 | I 111 | I 111 | I 111 | I 111 | | 111 | I 111 | | I__
0 50 100 150 200 250 300 350
<Npart>
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H
“New physics”: X(3872) internal structure I I I | |

» Heavy ion collisions not only for studying QGP

1.7 nb' (2018 PbPb 5.02 TeV)

10°E Tetraquark
= CMS Preliminary op (7 TeV, CMS) o
i yl < 1.2 » Small raq = Pee
" PbPb (5.02 TeV, CMS) e Inclusive =~ (0.3 fm
10 Iyl < 1.6, Cent. 0-90% pp (8 TeV, ATLAS) » Tight bound
- - ® Prompt lyl <0.75
N i ® Prompt
% § - R(Pbpb) o  Nonprompt Hadron molecule
Z>< Z4 | N + """"""""""""""""""""""""""""""
1 - » Large rmol
I =~ 5 fin
o ' R(pPp)
10— ° .
pye » Loose
l O © bound
1 0—2 L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1
10 20 30 40 50 60 70
pT
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H
“New physics”: X(3872) internal structure I I I | |

» Heavy ion collisions not only for studying QGP

AMPT transport model

vs. multiplicity in pp

Ncoal/Nstat
1 l . . . ' 4 — |
S S 3 35 5 i _ maeiw| | Tetraquark me |
b — S — D 10_2: — X3872 1 i Molecular = ] Tetra.qua.rk
e g—r—rry - S = Molecuar |3 S 4 EGi: o 1 -
. - Tetraquark |1 | | . | @012 3
: E é 10_3;_ Molecule — _; t; i qulnal N 2 o1 _ LHCb ata X(3872)/1P(25)
- |y S— T I S2 | oesp
A NG 210 I € : 0.06
C 1 O i i C
: 5| Tetraquark m | =z 1 ° : . . 0'045— tetraquark: 1.3 fm
TetPa.quaPk MOleCIﬂe ® q - © i 4:—: ] 0'02;_ molecula: 10 fm :
106 | . | . | . | Al I — | | | | ] 020 30 a0 50 s 70 80 s
° 20 0 6(_) % 10 % 100 200 300 400 e
Centrality Npar
~ Molecule easier to be > Centrality dependence > Molecule (more loosely bound) - Destroyed by comover
produce_d w/ rgcomblnatlon of > Nwmolecule > NTetraquark regenerated later in the evolution » Recomination not included
quarks in medium compared to tetraquark - Including recombination
g NMoIecuIe > NTetraquark g NMoIecuIe < NTetraquark gives Wrong trend
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H
Summary I I I l l
S , oGP J§

aco

« CMS has performed various HF measurements with hadrons and jets

- Expect significant improvement on precision with 2018 data We want to know in experiments
+ Close to statistics limit with Run 3/4 (Systematics start to dominate) _

QGP existence
- More differential measurements in plan

- Explore observables more sensitive to HQ diffusion Particle behavior

. o . L . Medium feature
» High-multiplicity pp, intermediate ions, and ultra peripheral to study

onset of QGP -
Prerequisites

CNM effects

- HF production in pp collisions is not perfectly understood baseline/
- Study hadronization mechanisms across system sizes reference system
initial energy
density distribution
» Answer other physics questions w/ HF in Heavy-ion collisions hadronization
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Back up

Thanks for your attention!
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Thanks for your attention!




H
Production in pp vs. pQCD calculation I||"

pp 302 pb™' (5.02 TeV)

S 4.5
S T CMS Preliminary . L
z 4 p L/ | J/Y fragmentation function in jets
N bty ohod d | + PYTHIA8 misses the shape
3-55_ 30 p_ <40 GeV - Hadron production mechanism not very well known
3:_ InJetI <2 —#— prompt data
E —— prompt MC X
251 P;t
? i 4
of- _ ,T
B I ” \‘I
1-oF data | \-~ .r'
n : LI | '
- . \
- | Y 1k
o - pytHA | WY 8!
R | 1 jet 0
11 | [ 1 1 1 | I I | I I . | I I . | L1 1 1 | [ 1 1 1 | [ 1 | 1 \Q. Z —_ pJ/l/j/pJe b
0 . ) T T <
03 04 05 06 07 08 009 &=
V4 .. “
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Hadronization

Ac: / DO vs. multiplicity

4<pT<GGeV/c 007
ALICE Preliminary .

00.6f

0.5

gk pp, (s=13TeV

SPD multiplicity classes
O p-Pb Minimum Bias, |s,, =5.02 TeV
{ Pb-Pb, s, =5.02TeV

VO multiplicity classes

10 102 10°

(dN ch/ d 77>|n|<o.5

A {) Pb-Pb (2018), |s,,, = 5.02 TeV

Ds / DO vs. multiplicity

| 4<p <6 GeV/c 3
A

LICE Prellmlna ]

- b pp, Is=13TeV
i SPD multiplicity classes

" (O p-Pb Minimum Bias, VS =5.02 TeV 1

arXiv:1906.03425 :
.
1

¢ Pb-Pb (2015),|s,, =5.02 TeV
JHEP 10 (2018) 174
VO multiplicity classes

VO multiplicity classes

10 102 10°
(dN Ch/d )

I71<0.5
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NnPDF

arXiv:2003.12797
PLB 800 (2020) 135048
PRL 121 (2018) 062002

Small system

arXiv:1910.04812
PRC 101 (2020) 014912
PLB 791 (2019) 172
PRL 121 (2018) 082301
PRL 120 (2018) 092301

Only from publications w/ Run Il data...

Initial stage
arXiv:1910.08789

PRC 100 (2019) 064908

PLB 799 (2019) 135049
PLB 789 (2019) 643
PRC 97 (2018) 044912
JHEP 01 (2018) 045
PRL 119 (2017) 242001

Heavy flavors

arXiv:1911.01461
PRL 123 (2019) 022001
JHEP 03 (2018) 181
PLB 782 (2018) 474
PRL 120 (2018) 202301
PRL 119 (2017) 152301

=» CMS Heavy-ion Publications

=> CMS Heavy-ion Preliminary

Jet quenching

JHEP 10 (2018) 138
PLB 785 (2018) 14
PRL 119 (2017) 082301
JHEP 04 (2017) 039

Quarkonion prod.

PLB 790 (2019) 270
PLB 790 (2019) 509
EPJC 78 (2018) 509
PRL 120 (2018) 142301
EPJC 77 (2017) 269
PRL 118 (2017) 162301

Jet substructure

arXiv:2005.14219

arXiv:2004.00602
PRL 122 (2019) 152001
JHEP 10 (2018) 161
JHEP 05 (2018) 006
PRL 121 (2018) 242301
PRL 120 (2018) 142302

Hadronization

PLB 803 (2020) 135328
PLB 796 (2019) 168

Look into what you are interested in!

H
Summary (lI): We have learnt a lot before III| |

Collective dynamics

PRC 100 (2019) 044902
PRC 98 (2018) 044902

PLB 776 (2017) 195

More preliminary

results in queue...
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIN/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN/index.html

