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Lattice QCD

o " B " oDing et al. 12'
Produced before the QGP formation 401 O gBaneriee etal 12
i OO\fO aKaczmarek et al. 14'
. : : L : - ot . OFrancis etal. 15' o
Hegvy qu_ark diffusion goefﬂmgnt (D) provides ! T sBrambila etal. 20 -
a direct window on the in-medium QCD force B ; mAltenkort et al, 21' —
Q j- oDing et al. 21 7
- Hadronization of heavy quarks could be lt:
modified in the presence of QGP, AN

recombination of heavy (and light) quarks from
Independent hard parton-parton interactions

* Fast moving heavy quarks: suppression of
radiative energy loss due to dead-cone effect
compared to light quarks

Compilation from Xin Dong, Ralf Rapp, YJL
Review from Liliana Apolinario, Michael Winn, YJL in preparation
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Study of Beauty Hadron

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

Con: Partial reconstruction of b hadron momentum ¢-~

From various b hadron decays

Pro: Full reconstruction of b hadron momentum and flavor

Con: low statistics
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Non-prompt J/@y Ry, in 0-100% PbPb at 5 TeV

* Precise measurement of beauty 1.0
suppression from non-prompt J/y m B* CMS PbPb 5.02 TeV, 0-100%, |y| < 2.4
from b decay in PoPE g Japud i o e i Sres )
' o (b—) Jiy ATLAS PbPb 5.02 TeV, 0-80%, |y| < 2
* In MinBias PbPb collisions, the
results from CMS and ATLAS are 06 ; ! +
consistent 1 v
3 .
| | v tog® %# b
* Rpa first decrease with p; and then 04l ILEQ 6@ ¢ ?
stay at around 0.4-0.5 at high p+ L]
(10<p;<50 GeV)
0.2}
* Non-prompt J/y R,, (from various
beauty hadron decays) and B* Ry,
are very close to each other 0.0 5 10 15 20 25 30 35 40 45 50
pr (GeV/c)
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Beauty Ry, in 0-10% PbPb at 5 TeV

* Precise measurement of beauty

suppression from non-prompt 1.4} )
3/ and from b decav in (b—) D" ALICE PbPbL 5.02 TeV, 0-10%, |y| < 0.5
W, H y ® (b—) Jlw ATLAS PbPb 5.02 TeV, 0-10%, |y| < 2
0-10% PbPb 1.2} ® (b—) Jly CMS PbPb 5.02 TeV, 0-10%, |y| < 2.4
O (b—) p ATLAS PbPb 5.02 TeV, 0-10%, |n| < 2
* Rparesults are close to each other 1.0
at high p; (although J/y, D" and p
carry different fraction of beauty ,E 0.8 f
momentum)
06 F
« Some difference between +
i} 04 f o
non-prompt J/p from ATLAS and .2 o .*;. > J« a
CMS, to be followed up with 5 > ¢
Run 3+4 data 0.271
10 15 20 25 30 35 40
pr (GeV/c)
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Charm and Beauty Hadron R,,

- Summary of the highest precision charm 18— T R

and beauty hadron measurements |Gl T AUCED!DNDTPUROS02TeV 0:10%, <05 -

E —=—— CMS D, PbPb 5.02 TeV 0-10%, |y|<1.0 E

o Very good agreement between 1.4 :_ ——e—— CMS b—J/y, PbPb 5.02 TeV 0-10%, |y|<2.4 _:

ALICE D Rps and CMS D° R, 1.2;— —

* p1<20 GeV: non-prompt J/@p Ry, 1S s o {} """""""""""""""""""""""" -

significantly higher than D Ry, X o8b -

B = L — ]

06 | -

* pr>20 GeV: non-prompt J/y Ry, is ' + :

close to D Ry, 041 Hyoo Hﬁ E

0.2 i e -

 Consistent with the expectation from the L]
mass dependence of parton energy loss 1 10 102

Review from Liliana Apolinario, Michael Winn, YJL in preparation pT ( G eV)
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Beauty Quark Hadronization

CMS PbPb 5.02 TeV (1.7 nb’) CMS PbPb 5.02 TeV (1.7 nb')
0_9_I I'TT | TTTT I ITTT | IIIIIIIIIIII I TTTT I TT i 0_9_| TTT | T TTT I'TTT1 I'TTT I ITTTT | T TT | IFTTT I T TT | 1T I_
: |y| <24 : - Centrality 0-90% 1
0.8:— 10 <p_ <50 GeV/c . 0.8:— o15<ly|<24
T 4 PbPb : B -
0.7t _ . : 0.7p popb: TAMU  * VT34 E
- —PbPb: Langevin o - .
-% 0.6;— —pp: LHCb 7 TeV — = 0.6 _—\\\ —PbPb: Langevin (Centrality 0-80%) E
% 0.5F30 - 90% 0 - 30% 0 - 90%- o 0.5 N PP LHCb 7 TeV =
>0.4k i P > 0.40 \@ -
2 el e :
0.3} [ﬂ : o 0.3 i_ ——
U S - eoee | \\+7 :
0.2F ¥ - 0.2F ° :
0'1; global uncertainty: + 8.0% _ 0'12_ global uncertainty: + 8.0% _i
:I 111 | L 111 | | | L 111 | | | || | | | || : O:I 111 | 1111 | 1111 | I | | | | | 1111 | 1 111 | || | 111 |:

0 50 100 150 200 250 300 350 5 10 15 20 25 30 35 40 45 50

<N > P (GeV/c)

 Indication of larger B./B* ratios in PbPb compared to pp reference
« Data are consistent with expectation from theoretical models
ndication of larger B,/B* ratio in central event, to be followed up with Run 3+4 data
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EEEEEEEEEEEEE
TTTTTTTTTTTTTTTT
HYSICS AND RELATED AREAS

arXiv:2109.01908

I I I Yen-Jie Lee (MIT) Beauty and Exotica Production in HIC at the LHC 7 - :(

BRU NO KESSLER




Charm and Beauty Hadronization

CMS PbPb 5.02 TeV (1.7 nb™

o

Centrality 0-90%

0 1.5<|y|<24
¢ Y| <24

0.8} m Prompt Ds / D° ALICE PbPb 5.02 TeV, 0-10%, |y| < 0.5
0 Prompt Ds / D° ALICE PbPb 5.02 TeV, 30-50%, |y| < 0.5
® Prompt D/ D° ALICE pp 7 TeV, |y| < 0.5

¢ B</B*CMS PbPb 5.02 TeV, 0-90%, |y| < 2.4

PbPb: TAMU

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

y||||‘l||||lll
~

©c 0 o 90 0 o O
N W N U1 N ™

IS -
o © \ ]
= ¢ - NO-h, ®pp: LHCb 7 TeV B
< + Beauty D 050 .
o) — N _
S o4l * > A AF - Beauty e
> # Eg. g ' T lv \ g
ST [ T
o0e ! 3
0.2 + $ 1 - e E
Charm : :
PP 0 1:_ global uncertainty: +8.0% =
00 1 I 1 1 1 1 l 1 1 :||||||||||||||||I||||||||||||||||I|I|I|||HI:

0 5 10 15 20 25 30 35 40 45 50 O5 10 15 20 25 30 35 40 45 50

pr (GeV/c) p. (GeV/c)

arXiv:2109.01908

« 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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Beauty Azimuthal Anisotropy

e . . 0.15
« Significant positive v, signals o (b—) e ALICE PbPb 5.02 TeV, 30-50%, |y| < 0.8
have been reported in beauty 0 (b—) p ATLAS PbPb 5.02 TeV, 40-60%, |n| < 2
decay lepton measurements
0.10 }

« However, the correlation

between lepton and beauty p- k,o ¢
In particular, direction) is LTS
(in p ) & 0.05 AREE.

weaker at low p;

L

« Lack of structure: the measured
V, IS not varying as a function of
lepton p+

0.00 f----==m e

-005 i 1 1 1 ] I I

0 5 10 15 20 25 30 35 40
pr (GeV/c)
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Beauty Azimuthal Anisotropy

« Significant positive v, signals
have been reported in beauty
decay lepton measurements

* Indication of larger v, (from

beauty decay leptons)
compared to Y(1S)

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

0.15
o (b—) e ALICE PbPb 5.02 TeV, 30-50%, |y| < 0.8
0 (b—) p ATLAS PbPb 5.02 TeV, 40-60%, |n| < 2
® Y(1S) CMS PbPb 5.02 TeV, 10-90%, |y| < 2.4
010 m Y(1S) ALICE PbPb 5.02 TeV, 5-60%, 2.5 <y < 4

®
0.00 -H- 'l' ————— B GG CTEE L P R R R TP T
-0.05
| 1 1 1 1 | |
0 5 10 15 20 25 30 35 40
pr (GeV/c)
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Beauty Azimuthal Anisotropy

e .. . 0.15
« Significant positive v, signals o (b—) e ALICE PbPb 5.02 TeV, 30-50%, |y| < 0.8
have been reported in beauty 0 (b—) p ATLAS PbPb 5.02 TeV, 40-60%, |n| < 2
decay lepton measurements = (b—) D" CMS pPb 8.16 TeV, |y| < 1
010 F 0 (b—) p ATLAS pp 13 TeV, |n| < 2.4
* Indication of larger v, (from !
beauty decay leptons) 3, Q
Q n
compared to Y(1S) & 0.05F [l 0 0+ . + + +
* Indication of a smaller beauty
Vv, signal in high multiplicity pp !
and pPb collisions e |11
il
-0-05 I | 1 1 1 | |

0 5 10 15 20 25 30 35 40
pr (GeV/c)
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Beyond the Studies of Heavy Flavor Hadrons ()

. ©
1.8III|III|III|III|III|III|III|I

Centrality 0-20%

- e = e e e e e e e e e e e e e e —

1.6 — m——  ALICE Inclusive Jiy, PbPb 5.02 TeV, |y|<0.9
B ——F—— ALICE Inclusive J/y, PbPb 5.02 TeV, 2.5<y<4.0
14+ —F—— ALICE Inclusive J/y, PbPb 2.76 TeV, 2.5<y<4.0
- —@—— STAR Inclusive Jhy,AuAu 0.2 TeV, |y|<0.5
@ 12FEa &

N e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e ==

Run
o o
S Co —_
e

_._
STAR PLB 797 (2019) 134917 02
ALICE JHEP 2002 (2020) 041
PLB 805 (2020) 135434 @ 0|||||||||||||||||||||||||||||

JHEP 05 (2016) 179 2 4 6 8 10 12 14
P, (GeV)
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Physics with B_*

« B.,* mass is below B+D mass threshold
Recombination Dissociation

State I/  Ww(2s) Br Y(1S) Y(2S) Y(3S)
Mass (GeV) 3.10 3.68 6.27 9.46 10.02 10.36

AE(GeV) 0.64 0.05 0.87 1.10 054 0.20 ‘
O _®

 Binding energy of B_.* is between J/y and Y(1S): @
« Sensitive to medium induced dissociation @{J LWQ
C
* Very small production cross-section in pp {3{ ﬁ)

« Sensitive to medium effects such as
recombination of beauty with an
uncorrelated charm quark

Vi
. . L w+ +
« Parton energy loss: interesting combination of - H . .
beauty and charm quarks g+ b < <l y/pl€ Y u
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B.* Ry cOmpared to charged hadron, D° and B

5.02 TeV PbPb (0.37-1.6 nb™") + pp (27-302 pb™)

» Significance of B_* signal is well above 50
* First observation of B_.* production in

heavy ion collisions!

* Similar suppression in B, and B_*

* B, py is partially reconstructed (tri-muon)
» Large experimental uncertainty to be

Improved with Run3+4 data.

At low p+: the B.* Raa central value is higher
than charged hadron h*, B* and D° R,,

* At high p+: similar suppression

« Mass dependent medium modifications
such as dead-cone and hadronization

effects reduce at high p+

* R, Of all flavor identified hadrons seem

to converge above ~ 20-30 GeV

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

— 2015, lity 0-100%

3: CMS 0 5.centﬁityh;)| <02/
- Preliminary ’

o 5l = DOjy<t

L ¢ By <24
- + Bg, lyl<2.4

2 2017-18, centrality 0-90%

F +
- ‘ B, (visible kin.)
[155,155:_ L4 o 1.3-<|y|<:2i3

T ' o |yl<23
— Taa and lumi.

eI .
_ . (X * {
. o °
- . g0y
- Q...

0.5ge® FY LN

T
- [ ]

0_ | | | L1 1 11 | | | | L 1 1 11 | | |
1 10 107

p_ [GeV]
CMS-PAS-HIN-20-004 T
*
4 :( Eqmm
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B.* Raa Compared to Quarkonia at CMS

State w(2s) Y(2S) I/ B Y(15) 5.02 TeV PbPb (0.37-1.6 nb™") + pp (27-302 pb™")
Mass (GeV) 3.68 10.02 3.10 6.27 9.46 3 CMS 2015, centrality 0-100%
AE(GeV) 005 054 064 087 1.10 " Preliminary orompt Jy - B<lv<24
> ¥ ly|<24
Small binding energy Large binding energy 2.5 w(2S) x |y|<16
Y(1S) = |y|<24
* B.* Rp4 is higher than Quarkonia 2 : Y(25) 4 lyl<24
» Binding energy between J/p and Y(1S ’ 2017-18, centraty 0-90%
g ay P (1S) < ¢ B° @ 13<|y|<23

Cc

« Large experimental uncertainties prevent o 1.5 (visible kin.) " @ |y| <2.3

a firm conclusion

—_
IillllII!IIIIlIIIIlIIIIlI

« Recombination of charm and beauty could i et (2016)

increase the B.* Ry, 050 * | PR ¥
B f oo x ¥

* Would be interesting to go to low p;+< 5 GeV LA o £ +

with future CMS and ALICE data in Run 3+4 O g Y e g e A e g e

p_ [GeV]

CMS-PAS-HIN-20-004

R

[ | | _ =5 T
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Beyond the Studies of Heavy Flavor Hadrons (Il)

Increase the number @ @
of valence quarks
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X(3872): Observed by Belle (2003), its internal structure is still under debate

« Quantum number determined by CDF and LHCb data: JP¢=1+* BELLE PRL 91, 262001 (2003)
« Charmonium interpretation: abandoned, predict wrong mass with JP¢=1+* [HCh PRL 120, 222001 (2019
* Remaining possibilities:

» D-D* hadron molecule:mass X(3872) = D(1875)D*(2007), large & extended state Hybrid

» Tetraquark: a compact four quark state

 Hybrid: mixed molecule-charmonium state —
y D° — D** molecule >

Charmonium Tetraquark (4q) @ EPJA47 (2011) 101

o @ \

f4q = Tcc - 'molecule

=~ 0.3 fm D*® as large as 5 fm

PLB 590 209-215 (2004) PRD 71 (2005) 014028 PRD71 (2005) 014028
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Probe the Nature of X(3872)

Tightly bound Loosely bound

D% — D*Y molecule

Tetraquark (4q)

@ T
\
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Probe the Nature of X(3872) with Comoving Particles

Tightly bound Loosely bound

D% — D*Y molecule

; -y ©°
Tetraquark (4q) D - -
L
@
- g
£/
@%@ © ~~~~~)
D*0 W
©
Smaller dissociation probability Larger dissociation probability
Esposito et al, arXiv: 2006.15044
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X(3872) Production in Heavy lon Collisions

X(3872) production in Heavy lon Collisions
* Production yield in QGP strongly reflects internal structure in the coalescence model

« Hadron Gas Phase: Interact with other hadrons: production + absorption
m X = DD, DD* & pX = DD, DD*, D*D*

* Radius r,, <'r Molecule easier to be produced and destroyed than tetraquark Hybrid

mol*

= Production in heavy ion collisions: Reveal the inner structure of X(3872)
o) Eé?l?o(é()(g%aﬂrfg?gom DO . E*O molecule >
10 . Coalescence Model '
10" | &
§ MOIQCUIQ Tetraquark (4q) @ EPJA47 (2011) 101
wZ M Stat. Hadronizat ©
| al. maadronization COTT
E 1 B Model @%
Q i C 4
“1071 @
? Tetraquark ragq = rcc molecule
2 ~0.31m D as large as 5 fm
10 PRD 71 (2005) 014028 PRD71 (2005) 014028
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X(3872) in High Multiplicity pp from LHCDb

Prompt X(3872)/y(2S) vs. multiplicity in pp

O.ch(3872) BR(XC](3872)—> J/(//]T+7T_)

BR(w2S)— J/wm'm)

T yes)

0.14

0.12

0.1

0.08

0.06

0.04

0.02

. Molecule

(coalescence)

~+- Prompt

Compact
tetraquark

L

-+ b decays

Comover Interaction Model, Esposito et al.

Molecule
(geometric)

PRL 126 (2021) 9, 092001

0 50

¥

* Slope significance: 5 ¢

100 150

]
)
o

NVELO

e Destroyed by interactions with other

hadrons due to smaller binding energy?

Yen-Jie Lee (MIT)

tracka ;

Prompt X

Beauty and Exotica Production in HIC at the LHC
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Non-prompt X(3872) in pp from LHCDb

Prompt X(3872)/y(2S) vs. multiplicity in pp

O.XM(3872) BR(XCJ(3872)_> J/([HTWT‘)

BR(w2S)— J/wm'm)

T yes)

014 LHCD 4 —
C pp V5= <+ Prompt 4 b decays .
"PE b > 5GeVieg | | —
- Comover Interaction Model, Esposito ef al. -
0.11— . Molecule Compact gég% Molecule —]
= E (coalescence) tetraquark (geometric) -
0.08 p— —_—
- . R
0.06 [— _ @ W
- 5 S
0.04 [~ -
0.02 —_
PRL 126 (2021) 9, 092001 -
o b I TR R TS ST _
0 50 100 150 200 Prompt X
O

NVEL

track
74 * Slope significance: 1.6 o %"

X(3872) from b decays seems to follow a different trend
Look forward to the future high multiplicity data from pA collisions

Yen-Jie Lee (MIT) Beauty and Exotica Production in HIC at the LHC

— X + hadrons
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X(3872) and y(2S) In pp collisions at Tevatron

= 1_llll|l|ll|llll|llll| llllllll |llll|llll|llll|llll_ gy B N L B L L L L
p= i DO Run I, 104ﬂ;ﬂ i Q - DO Run II, 10.4 fb' .
< I ] S 03F =
0.8_— i g ' :
06E ¢ wEsSh b N 02r E

= — m - —

- 4 X(3872)m ] X 01 -
0.4 o < a i
0.2F iF — I [ .

[ A i -0.1- -

OF 2 — ' ]

T T T T T T T ey ] T P P PP P PR PNl STl fTETY ferrl

01 02 03 04 05 06 []T 08 09 1 0 0102 03 04 05 06 07 08 09 1

0 : :
% ; Isolation Isolation
‘Z % * Slope significance: 1.2 o z

* Normalized isolation distribution (1 = fully isolated, no other activities in a cone AR<1)
« Modest support for the hypothesis that increased hadronic activity near X(3872) suppresses

its production PRD 102, 072005 (2020)
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X(3872) in PbPb?

Prompt X(3872)/y(2S) vs. multiplicity in pp

E,-\O-M_—IJHCb' F T '

4 b~ - <+ Prompt 4 b decays 7

ghtz 0.12 [— —

X E- Comover Interaction Model, Esposito ef al. -

T ~ 0.1 — . Molecule Compact Eégg Molecule —]

~ T = (coalescence) tetraquark (geometric) .

S @ o008 —

) ) _ .

3| - .

X 006 —]

| - =

A 0.04 [ |

2|4 o F o Breakup due to comoving particles 7

b)(t; bS)- . _ f
0 | M
0 50
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Invariant Mass Spectra in PbPb Collisions at 5 TeV

1.7 nb” (PbPb 5.02 TeV)

< 400F- CMS 15<p, <50 GeVic 33  First evidence of inclusive X(3872)
2350 nelusive Cent 0.00% 2 production in heavy ion collisions!
2 300 l .44 + ;g (statistical significance 4.20)
‘%250 /. + ; . X(3872) + -1
EZOO w(28)+ -:23 » The fact that there is a X(3872) peak

(Y S S IS already very interesting!

f'__J ;g%: b-enriched (Ixy > 0.1 mm) ¢ f;::} o 3
S of ~bacgouns 2+ Aclear y(2S) signal to the same
o 40F- 0 T final state Is also observed
~ 30 1
§ 2o W Nt 3
5 10E ¢ by 3

0= 365 37 3I75 | 3l8 | 3:85 | 3|9 | 3|95 4 arXiv:2102.13048

muum (GeV/CZ) submitted to PRL

EEEEEEEEEEEEE
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Ratio of X(3872) to @(2S) Yields in pp and PbPb

1.7 nb™" (PbPb 5.02 TeV)
D= N(Corr) /N(Corr) 1.8 CMS
X(3872)  w(25) 1.6 prompt
R | m PbPb (5.02 TeV)
> e 1.4¢ ly| < 1.6, 0-90%
In PbPDb collisions: I 2 1 2F
5 B | "
p"PP® = 1.08 4 0.49 (stat) + 0.52 (syst) <[> |
- 0.8F H pp (7 TeV)
a i ly| < 1.2 (CMS)
s 06 " pp(8TeV)
Indication of P enhancement in PbPb 2 04F |yl < 0.75 (ATLAS)
collisions with respectto pp at 7 and 8 TeV 0.2F
'!.||.p__'h.h_______. _
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Ratio of X(3872) to w(2S) Yields in pp and PbPb

1.7 nb™ (PbPb 5.02 TeV)

1.8
- CMS
PbPb 368 1b™, pp 28.0 pb™ (5.02 TeV) 1.6 Prompt
< T T T T B PbPb (5.02 TeV)
oc 1.4 Cent. 0-100% CMS - o I ly| < 1.6, 0-90%
- lyl<1.6 - S > -
1.2F - T F1.2F
L | AN =~ |
- ~ O i -
1 £ S5 1
N 1 ><2 < [
0.8 e Prompt y(2S) ~ 08 B pp (7 TeV)
: ] a X ly| < 1.2 (CMS)
L | o _
06 - s 06 ® pp (8 TeV)
0.4 - &O_ 0.4F ly| < 0.75 (ATLAS)
0.21- # - 0.2F
I ,_%_,_@_1 .......... e Cmm e ;- —
O_I [ | I I | | I N | I | | I N L1 I_ L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1
0 s 0 8 20 25 a % 20 30 40 50 60 70
EPJC78 (2018) 509 T cubmitied 1o PRL P (GeV/c)
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X(3872) Production in Theoretical Calculations

Status of current X(3872) theoretical calculations in heavy-ion collisions

Coalescence model AMPT transport model TAMU transport model
coal - ;stat 1 . ‘ ‘ : : 4
_ >_.N /N 107 | | | ' i Tetraquark === | |
S S o o o9 i —_— aarz ) Molecular mmmmm | EPJA 57 (2021) 4,122
z D 2 = - o 1072 = Molecule == Molecular |3 ‘OI’-\ 3 EQinit
g o : % s eza  Tetraquark 1c_) quinal . °
&% E = 1073 - 5 = .
B = & | 82 -
C L o Q  § I, S
B I = 0E _ = [
S - : : SH Tetraquark -E‘
10-5;— - % 1 |
Tetracuar ] PRL 1l26 (2021) {1 012301 | L .
106 ‘ ‘ . - — | 1
0 20 40 60 80 100 0 0 100 300 400

PRL 106 (2011) 212001

» Molecule easier to be

produced w/ recombination of

qguarks in medium
>  NmMolecule > NTetraquark

Compilation from Jing Wang (MIT)

Yen-Jie Lee (MIT)

Centrality (%)

¥

Molecule production per event
decreases from central to
peripheral

Tetraquark no centrality
dependence

Nmolecule > NTetraquark
Beauty and Exotica Production in HIC at the LHC

I\lpart

¥ ¥

> Molecule (more loosely

bound) regenerated later in
the evolution compared to
tetraquark

>  Nmolecule < NTetraquark
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Unresolved Issues for X(3872)

1. What is the role of multiplicity selection bias?
2. The accuracy of the current PbPb data and low p; reach

3. Consistency between theoretical calculations:
Relevance of coalescence hadronization, model dependence
and absolute branching fractions
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Unresolved Issues for X(3872)

1. What is the role of multiplicity selection bias?

* Change the source of comoving particles using ep, eA, pp, pA collisions

2. The accuracy of the current PbPb data

« Large dataset from Run 3 and Run 4 at the LHC; new detectors such as
large acceptance CMS tracker in Run 4 and future ALICE 3.

3. Consistency between theoretical calculations:
Relevance of coalescence hadronization, model dependence
and absolute branching fractions

e Stress test with system size scan: from ep, eA, pp, pO, OO to PbPb
« Centrality dependence
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G.Xd(3872) BR(XC](3872)—> J/(,U]T+7T_)

BR(wQ2S)— J/wmm)

T ys)

0.14

0.12

0.1

0.08

0.06

0.04

0.02

Studies of X(3872) in HI and future EIC

CMS PbPb +
oPPPP = 1.08 + 0.49 (stat) 4 0.52 (syst)

S LB
LHCb

pp Vs =8TeV

P, > 5 GeV/ .:.3;:0

~+- Prompt

Comover Interaction Model, Esposito et al.

C t
tet‘;:;l:;ik Eggg Molecule

:  Molecule
(coalescence)

-+ b decays

(geometric)

Coalescence?

?

Breakup due to comoving particles

< TTT]

50 100 150 200
N VELO %
“M% LHCb SMOG
pp pA, OO
| | - - ( ECT*
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- Beauty Hadron:
« Observation of mass dependence of parton energy loss
* Indication of modified beauty hadronization via B,/B* in PbPb
« Similar to that was observed in D/D°

« Beauty hadron v, in PbPb via HF leptons
* Interesting to follow up with fully reconstructed b mesons and baryons in Run 3+4

- B.© Meson:
 First observation in PbPb, larger R,, than B* and quarkonia
* Intriguing new R,, results, sensitive to recombination effect (of beauty and charm)

« X(3872) Hadron:
 First evidence of X(3872) production in PbPb, X(3872)/@(2S) decrease with multiplicity in pp
 EXxciting new probe which is sensitive to comoving particles and recombination effects
« X(3872) internal structure: inconclusive due to the current experimental accuracy and model

dependence

« Many interesting issues to be followed up with future large data in various collision systems
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Thank You!

Hybrid
?
Tetraquark (49)
C
BC

®

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

DY — D*Y molecule

Beauty and Exotica Production in HIC at the LHC
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Charmonium
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Backup Slides

Hybrid

Tetraquark (4q)

RO

C

®

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

DY — D*Y molecule

Beauty and Exotica Production in HIC at the LHC
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Charmonium
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LHCb HI samples

Fixed-target mode samples Collider mode samples

& T a2
o 102 Beam Ener o 10

= %_ ¥ = B 5. =502Tev

B 10E " |2500 Gev %‘ 10 B s..-816Tev

% - B 4000 Gev o

— L — 1

= 1 = B 6500 Gev 5

—_— 8 B © 10*1

e b_;l I I I g I I
~ o o

w L[ Q 102

g™ i B = e, pPb Pbp PbPb
o pNe pHe pAr pAr PbAr pHe pHe pNe pNe | PbNe |

a 2015 | 2016 | 2017 2018 2013 | 2015 | 2016 2018

~ 20 times 2015 luminosity
* Large variety of samples to study !

+ Two new samples : PbNe at vsnn = 68.6 GeV and PbPb at vsnn = 5.02 TeV

Benjamin Audurier (QM’19)
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X(3872) peak in LHCb pPb sample

<, [ LHCb Preliminary

S 300:_pr \ISNN=8.16 TeV { } + }

) - 1.59< y*<4.0

= 250 p.>5 GeV/c

< i

\Té/ 200—

S 50 — Total fit

LICJ ..... Background
100 il . (3872)
50?—

I B R B R R B

_I 11 | I 1 1 | 1 1 1 I [
3%00 3820 3840 3860 3880 3900 3920 3940

My o - (MeV/C?)
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Charmonium R,, In PbPb and pp

PbPb at 5 TeV R,p, PPD at 5 TeV

PbPb 368 (<30%) / 464 (>30%) ub™', pp 28.0 pb™ (5.02 TeV) 16 pPb 34. 6 nb pp 28.0 pb™ 5.02 TeV
< BERE RN RN R LR RN RN R RN et S DU B
[fc 1.4F lyl<1.6 CMS = - Prompt y(2S) CMS -
- 6.5<p_<30GeV/c . 140 o 6.5<p_<10 GeVic B
12 - 1.2/ J¥ -
i S ILIIE. §
Lz - n n | ]
] m Prompt JAp - 1_‘***7"*’*”**T |8
O-BTE e Prompt ¢(2S) ] E; 0.8 | T + | N
i 1 0C i + | ]
0.6 E n 0.6 ! _
N ] O v e > _
0.4 : . 1 od ¥(2s) :
0_23_$ é @ i B - Prompt Jiy [EPJC 77, 269 (2017)] ]
- l ] 0'2:_ m65<p <10 GeVic _:
[ 1 L | = .
%50 100 150 200 250 300 350 400 T T S
N
OO Per O You
« J/W and Y(2S) difference increases as we move to
e Prompt W(2S) Ry, < J/¥Y Ry, in PbPb backward (lead-going) direction (higher dN_,/dy)
at5 TeV « Can not be explained by nPDF or coherent energy
PbPb EPJC 78 (2018) 509 loss model
pPb arXiv:1805.02248 « Final state effects from comoving (local) medium?

ECT*

EURQPEAN CENTRE
FOR THEORETICAL STUDIES
IN NUCLEAR PHYSICS AND RELATED AREAS

I I I I I Yen-Jie Lee (MIT) Beauty and Exotica Production in HIC at the LHC 37 - :(

FONDAZIONE
BRUNO KESSLER




Upsilon suppression

Y(2S)/Y(1S) ratio vs. multiplicity pp at 7 TeV
0 5 LI I I L I| | I L I| | | [ CMS Prejimfnary 4.8 fb--l (7 TeV)
n - . _ =
%0453_ pp \S =2.76 TeV  pPb \s,, =5.02TeV PbPb s =2.76 TeV Ef_J 0.5'_ PT(MM):" 7 GeV, ly(uw)l<1.2
) - O ly,,l<1.93 ® |y l<193 Wy, | <24 1 = -
o 0.4F — ‘?: |
: 1 Dl Y(2S)/Y(1S)
- = 0.4 —
035 % Y(2S) - E—- ST
~ Y(1S) 3 i .
- + pPb5.02Tev U0 4 T b “}“i@[@lj%[ﬁ ¥ 4
0.25F %* = i
- 9 ] - i
. - - i —— Y /Y (1
02 % ° I : 0.20 .y (3S)/Y(1S)
- . - B N )
" op 2.76 Tev i "y ; : =
0.05- PbPb 2.76TeV »Jr E L
0:I L1l 1 | L1 111 I| | L1 11 II| | | L1 I: 0 I I I I I — 1t L — : : I
10 1, 10° O 20 40 60 80 100 120|n|{élof0
Ntracks racks

 Origin of the sequential suppression in high multiplicity pp events?
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A next-generation LHC heavy-ion experiment

Shower Pixel Detector (SPD)

<«— Time Of Flight

A (TOF)
& s
5 | —e— electron ~100cm
_5 ~i| —e— pion
§ —e— proton
) | e IT outside BP |
m . N
g o T inside BP _insert-able
E conversion layer
e}
(al
il
n

R
0.1

v

~400cm

A

Transverse Momentum (GeV/c)

* Proposed after Run 5, optimized for heavy flavor meson and baryon reconstruction; detection of very low p-

charged particles
« Wide pseudorapidity coverage (up to 4 units), most likely equipped with forward tracking stations

« Could shed new light on the nature and structure of the X, Y, Z
« X(3872) yield is expected to be particularly enhanced at low transverse momenta (p;<4 GeV/c)

See this documentation for details (Link)
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https://arxiv.org/abs/1902.01211

B. Ry, in PbPb at 5.02 TeV

PbPb (1.61 nb™) + pp (302 pb’)), 5.02 TeV

PbPb (1.61 nb™) + pp (302 pb')), 5.02 TeV

B = (Jy—>pu puuty,
6<p$””< 11 GeV & 1.3 < |y < 2.3
or 11 < pi”“ <35GeV & [y <2.3
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Beauty and Exotica Production in HIC at the LHC
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Candidates / 5 MeV

Invariant Mass Spectra in pp Collisions at 7 TeV
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JHEPO04 (2013) 154

Yen-Jie Lee (MIT)

4

m(J/y ') [GeV]

Beauty and Exotica Production in HIC at the LHC

Inclusive X(3872) to w(2S) production ratio
(include both prompt and nonprompt)
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Upsilon Suppression in High Multiplicity Events

Y(ZS)IY(1S) ratio vs. multlpI|C|ty pp at7 TeV
0.5 , . e CMS Preliminary 4.8 b (7 TeV)
n - . — =
1;«0452_ ppm—2.?6 TeVv prm—S.OZ TeVv Pbem—Z?G TeV_— Ef_J 0 5'_ p_(uw)> 7 GeV, ly(uw)l<1.2
O F Oly,l<193 ® |y, <193 Wy, | <24 3 = Tt T
S 04 . -E."_ i
N 1 @ g4f —— Y(2S)/Y(1S)
0.35F Y(2S) - 50-4_— (
- % (2S) 1 = [l
— Y(1S) 4 - LI
0'35 + pPb 5.02 TeV (1) ] 0.3 @“E"@[@E%[ﬁ E@ [+]
0.25- %* E -
E . . - 1t i
- - -t —— Y(3S)Y(1
02 % ° I : 0.20 .y (3S)/Y(1S)
— 7 B N r & & ‘ )
"% pp 2.76 Tev I Il : b ]
0.05¢- PbPb 2.76TeV H: E S
0:||||| Ll Ll LA o e L T L1 L1 L1
10 102 10° O 20 40 60 80 100 12(]|n|{él.f0
Nracke JHEP 04 (2014) 103 CMS-PAS-BPH-14-009 racks

 Origin of the sequential suppression in high multiplicity pp events?
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Relative Modification of X(3872) /@(2S) at EIC

5 1.2 X(3872) X X
2] -
s Lt% e+'°0  e+%’Cu e+'%7Au ReA _ Oey Oep
S 1 e o Rw(zs) 0_1/) O_w
8 <nal eA eA ep
X o 08_
o
0_6:— O ° * Little difference in suppression between model of
- compact X(3872) and ¥(2S), as expected.
0.4~ @
- @ Compact X(3872) * Large difference between model of molecular
0.2 X(3872) and ¥ (25).
_ @® Molecular X(3872)
% 20 20 60 80 100 120140 160 180200 220 Matt Durham (LANL)

Nuclear target A

* The EIC has the potential to provide decisive discrimination between exotic structure models.
* X(3872) is only an example, technique can be applied to other exotics as well.
* This work is supported by LANL Lab Directed R&D

* See Matt Durham’s presentation in EF06/07 meeting (Link)
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https://indico.fnal.gov/event/44510/contributions/193312/attachments/132411/162685/Durham_EIC_Snowmass.pdf
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Beauty Ry, at the LHC
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B, Signal in Tri-muon Mass Spectra

e Fit uncertainty 20%
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