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Motivation: physics

Heavy flavor

Wealth of precision measurements
Test QCD, hadron production

mechanisms

Characterize backgrounds in SM
processes & searches for new

physics (NP)

Find new particles and (rare) decays

Probe energy scales well above the
TeV scale beyond those accessible

via direct searches for NP
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« Heavy flavor

mechanisms

Motivation: physics

Wealth of precision measurements
Test QCD, hadron production

Characterize backgrounds in SM

processes & searches for new

physics (NP)
Find new particles and (rare) decays
Probe energy scales well above the

TeV scale beyond those accessible
via direct searches for NP

 Heavy ions

— Explore and characterize the
properties of the deconfined phase of

QCD matter (Quark Gluon Plasma)
created under extreme density and

temperature
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Motivation: LHC and CMS
o o eA@

A /SNN 1.96 TeV - 7(8) TeV - 13(14) TeV 0.2 TeV = 2.76 TeV - 5.5 TeV
Tevatron LHC Runl LHC Run Il RHIC LHC Run! LHC Run |l

L Very large datasets are being accumulated at the LHC
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Motivation: LHC and CMS
X Pup

A /SNN 1.96 TeV - 7(8) TeV - 13(14) TeV 0.2TeV > 2.76 TeV = 5.5 TeV
Tevatron LHC Runl LHC Run Il RHIC LHC Runl LHC Runll
L Very large datasets are being accumulated at the LHC
* vs RHIC « vsATLAS
— better resolution — better resolution, more flexible
— additional detector capability trigger
« vsALICE « vsLHCD
— complementary acceptance (ALICE — complementary acceptance, LHCb
access low-pt) great particle 1D
— CMS better resolution — worse resolution, but higher

- vs Tevatron experiments luminosity

— extend kinematic (p+,y) acceptance

Zhen Hu May 17, 2021 5




Bottomonium (1977)
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Bottomonium (1977)
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Bottomonium Spectroscopy 1980-2008
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Br(T(nS) — utu™) ~2%
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Bottomonium Spectroscopy 1980-2008
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LHC: the “re-discovery of SM” plot
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LHC: the “re-discovery of SM” plot
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heavy-flavor program at CMS relies primarily on (di-)muon triggers
« specialized trigger paths ™ high purity triggers

« exploit good pt, impact parameter, mass and vertex resolutions

« bandwidth restrictions are the main limitation

Zhen Hu
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CMS Run 1 (2010) @ 7 TeV
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CMS Run 1 (2011) @ 7 TeV
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» Collaborating with PKU group (Prof. K.T. Chao)
Non-Relativistic QCD Color Octet Mechanism
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CMS Run 2 (2015) @ 13 TeV
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“Review of bottomonium measurements with CMS at the LHC”, Z. Hu et al.,
Int. J. Mod. Phys. A 32, 1730015 (2017)
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CMS 2.76 TeV PbPb and pp run

PbPb data: 150 pbat /s, =2.76 TeV collected in 2011
pp data: 230 nb' at 2.76 TeV collected in 2011

o CMS Preliminary
Jhy pp & PbPb ys, = 2.76 TeV
NN )
r(1.2,35) Ly, (PbPb) = 150 pub’"

L, (Pp) = 231 nb™
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« Afirst analysis — relative suppression Npppp [Y(S)]/Npppp [Y(1S)]
— Double ratio Ny [Y(S)]/ Ny [Y(1S) ]
« A second analysis — absolute suppression
Nuclear mod'f’Z tion factor PP R _prpb[Y(nS)] Lop e
u ation facto a4 Npp [Y(nS)] TyaNump €pppp
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Theory - quarkonia as probe for QGP

« One of the most striking expected characteristics of QGP
formation is the suppression of quarkonium states

— Color-screening of the QQ pair binding

— T A > rp(T) <ry = screening = melting of
the bound state - yields suppressed

Q and Q cannot
“see’” each other
;o <1ro

PLB178, 416 (1986)

Zhen Hu May 17, 2021 16



http://www.sciencedirect.com/science/article/pii/0370269386914048

Theory - quarkonia as probe for QGP

« One of the most striking expected characteristics of QGP
formation is the suppression of quarkonium states

— Color-screening of the QQ pair binding

— T A > rp(T) <ry = screening = melting of
the bound state - yields suppressed

Q and Q cannot : -
“see’” each other
;o <1ro

,MPsi.lon 35.
PLB178, 416 (1986) 1S @ 7

.
— Y(nS): Screening at different T for different s ‘®
states = sequential melting

charmonia bOttomonia J.Phys.G32:R25.2006
State T/9 (15) | xc (P) | &7 (25) T(1S) | x5 (P) | 7 (25) | x, (2P) | 77 (35)
m (GeV/cz) 3.10 3.53 3.68 0.46 0.99 10.02 10.26 10.36
ro (fm) 0.50 0.72 0.90 0.28 0.44 0.56 0.68 0.78
Zhen Hu May 17, 2021 17



http://iopscience.iop.org/0954-3899/32/3/R01/
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Excited states relative suppression

Y(28+38)/Y(1S) e ~0.15+0.05(stat.)+0.02(syst.) ~ Observation of 25+3S relative
Y(ZS+3S)/Y(1S)\IOIO suppression: significance > 5 o
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Comparison with 2010 data (first run)

Y(28+38)/Y(1S)[,, .,

Indication of 25+3S relative
_ +0.19
=0.315:5+0.03 suppression: significance ~ 2.4 o

Y(2S+3S)/Y(1S)
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%  New CMS Result in HlS

PbPb vs pp @ 2.76 TeV (p;* > 4 GeV/c)
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This makes [Y(25)/Y(1S)]pbpb / [Y(2$)/Y(1s)]pp =0.34 = 0.20 07 Helmut Satz Lo b b1
Systematic uncertainty underway. Many cross checks ongoing. % Extreme States of 1 12 13 14

Matterin Strong G
Interaction Physics

An Introduction

The “melting” of Y(2-3s) is one of the flagship result for CMS since the Physics
TDR. | session on Friday. Draft letter in preparation to be submitted
RL (or Nature). track envisaged if everything is technically sound.
Confidentiality required/ Do not talk of this result outside CMS.

Already in
text book!

April 27 2011 11

@ Springer
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Centrality dependence
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Double ratio and centrality dependence

PbPb 368/464 ub™!, pp 28.0 pb™ (5.02 TeV)
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Y(nS) absolute suppression

Nopps, [Y(nS)] L £

PP PP

(>1: enhancement

1¥1: no medium effect
N, [Y(nS)] TAANMB@

<1: suppression

* First time the nuclear modification factors are measured for

three Y states:
Ra[Y(18)]=0.56£0.08(stat.) + 0.07(syst.)

R, [Y(2S)]=0.12+0.04(stat.) = 0.02(syst.)
Ra[Y(3S)]=0.03+0.04(stat.) = 0.01(syst.)

« Y states are suppressed sequentially

Raa[Y(1S)]> Raa[Y(2S)]> R [ Y(3S)]

Zhen Hu May 17, 2021
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Y(1S) & Y(2S) Raa VS centrality

pp run lumi : 231/nb [6%]

NMB: 1.13 B TAA: 5.7 mb-1
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o °Y(25) Iyl <2.4
1}+
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| 50-100% + )
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Global errors shown at unity on
y-axis, do not affect bin-to-bin trend

Zhen Hu

Suppression observed to
increase with centrality of the
collisions

Strong suppression for the
most central bin 0-5%

Ru[Y(1S)]=0.41+0.04(stat.) = 0.07(syst.)
R [Y(2S)]=0.11+0.06(stat.) = 0.03(syst.)

May 17, 2021

Y(2S) always more
suppressed than Y(1S)
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Experimental comparison

T/T¢

T.~150-175 MeV
E.~1 GeV/fm3

- CMS

* The sequential melting map is experimentally drawn
— Map includes: hot and cold effects (feed-down, nuclear absorption, etc)
— Looser bound states are more suppressed than the tighter bound states

Zhen Hu

May 17, 2021
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Rua[Y(3S)]<Ra [Y(2S)]<Rua[J/1]<Raa [Y(1S)]
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Other bottomonium measurements from CMS
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Y(1S)I'I Run 1 analysis

An excess near 18.5 GeV in Y(1S)u"u~ and Y(1S)e*e™ final states

20.6fb" (8 TeV) + 4.9 fb™ (7 TeV) 20.6 fb™ (8 TeV)

> o > =
[} - CMS Q 40 CMS
((_3 70 —— Fit results (3 o - Fit results
3- 60 ;— a) = = = Background component C\)
= 50 b=
ke] E il
T 40of 2
3] F ©
(&) - (&}

30F

_§»*+-,*+;a£++++++mwmw¢f* {1 SRS R HITNL A
o ? m(szuu u2)4[GeV] e m(j*zu'e*e;“[GeV]

The combination of two channels:

— Mass: 18.4=*+0.1(stat)=0.2(syst) GeV
— Yield: 44 = 13 for Y(1S)u'u~ and 35 £+ 13 for Y(1S)e*e™
— local significance of ~4.8 g, global significance ~3.5 o
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Outlook: 5 ongoing CMS analyses

* YY inclusive cross-section with CMS full Run-2 data

— No experimental result at 13 TeV
— SPS vs DPS

 Above 4b threshold: X 2 YY =2 utuutu

- Ta?

 Below 4b threshold: X =2 YY* 2 ufuuu
— 18.5GeV?

« Above 2b2c threshold: X 2 YJ/y = pruutu

- T2b20 ?
* N2> /N> pippu q-!ﬁ E
— First direct measurement of n, an you
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Thank you

Back Up
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Motivation: CMS

* VS RHIC Acceppances»@ LHC

:

— better resolution > |
« CMS’ 1st Y(1S,25,3S) measurements in HlI % ; AT"A(:)’CMS LHCb ::::|
— additional detector capability g | 4
« CMS’ 1st secondary vertex meas. in HI (eg b—J/yp) ?6 :
+ VsALICE : b
— complementary acceptance (ALICE access low-pt) ~ nof Q-hadron
— CMS better resolution LG 2012 RN (4 Tevibeam)
- vs Tevatron experiments L s — | L e
— extend kinematic (p,y) acceptance {/ L -““‘“‘
. Vs ATLAS E R I P f—
_ better resolution, more flexible trigger - - f f
e VS LHCb * Weekinz03 v
— complementary acceptance, LHCb great particle ID
— worse resolution, but higher luminosity — L:::: :;;
— LHCb does not collect ion-ion collisions Runll ~10/fb ~90/fb
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Offline selection

« Extensive optimization study Cut Variable
 Muon p+ threshold: e ayers o 0

isti imizati InnerTracky?/ndf <4.
— statistical optimization: muon p; > 4 GeV/c ~ Meirekx /mdf <4

Dxy < 3. cm
Dz < 15. cm
best GlobalTracky?/ndf <20
N os vProb > 0.05
@287‘ T T @xwx _
?U): - %.38 ; o e  Signal window 0.1 GeV/c? E
?26 . 7] % - =  Signal window 0.2 GeV/c? -
%) o4 r B '50.36 ; : Signal window 0.3 GeV/c?
s |7 _ 034 best .
"'622? o = B ° °
o [ 08)0'32* _
220 ° 7 s -
2 F . 50.3 ] =
18- ° - 5’0 o8 B S
- e Signal window 0.1 GeV/c? b=
16:’ = Signal window 0.2 GeV/c? i 0.26 = .
. M Teut (GeV/ \V\/A(Jon pT cut (GeV/c) )
on pT cut (GeVie) S: signal counted from MC
Significance of Y(1S) peak gg/cgt%mty on the B: bdackgdro;md In tgef signal
+ uantit window determined from
S/\/S+B (S*B) quantity

data sidebands
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Fitting model

 Unbinned max. likelihood fit

— Six Signal and four background
parameters float in the fit —~ 800

IIIIIII |IIII|IIII|IIII|IIII|III1_

ﬂ CMS PbPb |sy = 2.76 TeV -

Cent. 0-100%, lyl < 2.4
p:‘_ >4 GeV/c
L. =150pb™

int

« Signal
— Three resonances modeled by crystal-

ball function: Gaussian resolution and
FSR power-law low mass talil

— The mass differences of three
resonances are fixed to PDG 300

— Float FSR & resolution (fixed in 2010
data analysis)

e data
total fit
------ background

III|IIII|IIII|IIII|IIII|IIII|IIII_l

L

+
II|IIII|IIII|IIII|IIII|IIII|

IIII|
=
L 2
W
2

« Background (mainly combinatorial)

— Exponential x error-function (Erf
describes kinematic turn-on)

=[]
N

7I | 8 9 10 11 12 | I‘|3I -
Mass(utu) [GeV/c?]

Y(2S)/Y(1S)|,,,, =0.12£0.03(stat.) £0.02(syst.)

» Variations of the models checked as Y(3S)/Y(1S)|, ., =0.02+0.02(stat.) +0.02(syst.)

systematic PhFD
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Background study

ks L R R R I et A e R RN RN RN R

(&) C ] ° L . 1 .

 700F - 2 7001 > independent gstimate of

° I ] ° combinatorialJike-shape
2600-‘ E o 6001 > start from LS pairs, randomly
£ 500 % Opposite SIgN] 2 so0F- rotate phi coatdinate of one
& () ] 2 muon track

. (GeV/c?) m,, (GeV/c?)

* Fit procedure

— fit like-sign (LS) or track-rotation (TR) spectrum with nominal background
model, erf x exp

— constrain shape normalization in fit to opposite-sign (OS) data

— allow additional polynomial, to absorb possible/small differences
between the LS/TR and OS spectra

« Alternative approach: non-parametric estimation of background
— LS or TR Template obtained from dataset smoothing (RooKeysPdf)
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Centrality

« Akey parameter in the study of the properties of QCD matter at
extreme temperature and energy density, because it is related
directly to the initial overlap region of the colliding nuclei

« Geometrically, it is defined by

— the impact parameter, b: the distance between the centres of the two
colliding nuclei in a plane transverse to the collision axis.

— Centrality is thus related to the fraction of the geometrical cross-section that
overlaps, which is proportional to b?/11(2R,)?, where R, is the nuclear

radius.
‘,

* |tis customary in heavy-ion physics to characterize the centrality
of a collision in terms of :

— the number of participants (N,,), i.e. the number of nucleons (208 for Pb)
that undergo at least one collision, or

— the number of binary collisions among nucleons from the two nuclei (Ng)
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Theoretical comparison

< T T TT | T T TT | T TTT | T T 17T | T T TT | T T TT | T T TT | T TTT < T T TT | T T TT | T TTT | T T 17T | T T TT | T T TT | T T TT | T TTT

< . < .

1.4~ CMS PbPb \/s,=2.76 TeV — 1.4~ CMS PbPb \s,,=2.76 TeV —

- Y(1S) Y(2S) - - p -

1ol 4 CMS data ® CMS data ] 1ol +Y(1S) Ling = 150 ub ]

L B Primordial B Primordial - L o Y(2S _

- — Regenerated @ - Regenerated = - (2S) lyl <2.4 =

1‘ I Total Il Total 7 1‘ 7

-l . B M. Strickland .

- Nuc. Abs. i CWAN e e %8 gg jﬁﬂjs = 523 i

] I , dnn/s = ]

0.8 | OB\~ — Y(1S). 4mfs=1 ]

R — AR * ........... YE2§;, drnis =3

B T Y ek e Y (2S), 4nn/s =2 1

0.6~ - 0.6 \: + ,,,,,,,,,,,,,,,,,,, —— Y(2S), 4nfs =1 ]

0.4 0.4 (&

0.2 :— + * ] 0.2 :— Tl

LN T e - ---------

O_Iml | |I+| 1 1 | | I*I | 1 1 II I_ O_I 111 | 1111 | L1 11 | I 111 | 1111 | | | | ﬁ*l_rl--l--l -I._-

0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Npart Npart

Emerick, X.Zhao, R.Rapp (Eur. Phys. J. A48 (2012) 72)  Strickland and D. Bazow (PRL 107 (2011) 132301)

« CMS data consistent within uncertainties with range of
suppression predicted for both Y(1S) and Y(2S)
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http://prl.aps.org/abstract/PRL/v107/i13/e132301
http://www.springerlink.com/content/x47l36u554142824/

Summary

 First measurements of the individual Y
states in the heavy-ion environment

— Based on full data sample of the second %1000 & ;cvreoror — oon ey ]

PbPb run @ 2.76 TeV (150 b-') S OMS POPD Yoy =276 TeV

0] i Cent. 0-100%, lyl < 2.4 ]

1000 Ly = 150 b’ -

« Relative excited-to-ground states T 0 p, >4 GeVic ]

. . . (2}

suppression is observed with € 800~ o ]

significance > 5 o R ﬁ i ¢ daa 1

600— — total PbPb fit _

: iii --- background i

- Suppression pattern (sequential 2001 PE i pp shape -

“melting”) has been established i ’/ T (R,, scaled)

— Measured Y(nS) Raa 200 Bl

« Measured the centrality dependence of R R R T T e
the double ratio, Y(1S) Raa, and Y(2S) Mass(u*p) [GeV/c?]

Raa for the first time
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Y in pPb (HIN-13-003)

* Y(ns)in pPb collisions at ./s,, =5.02 TeV

Y suppression is confirmed
(not only wrt pp but also)
wrt pPb

Indications of suppression
in pPb wrt pp, but with a
low significance between 2-
3 sigma

There are indications of
dependence of the Y ratios
on track multiplicity (seen in
pPb and pp). Work in
progress.

Zhen Hu
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PbPb at 5.02 TeV

pp 25.8 pb™ (5.02 TeV) PbPb 351 ub™ (5.02 TeV)
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Y candidate in PbPb @ 2.76 TeV

CMS Experiment at the LHC, CERN

Data recorded: 2010-Nov-12 03:55:57.236106 GMT{(04:55:57 CEST)
Run / Event: 150887 / 1792020

Hardware L1 Trigger +
Software HLT (High Level Trigger)

; ::&" * NEfficient (Single Muon Eff. ~95 %)
i . Redundant

air mass:  9.46 GeV/c?
0.06 GeV/c
= 4.74 GeV/c
= 4.70GeV/c
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Check efficiency of Y(1S) and Y(2S) between PbPb and pp
collisions and their dependencies on centrality

Efficiency correction is applied to Raa

—

)
< 0 gi CMS Simulation ]
2 TF PbPb |syy =276 TeV
O
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A
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07 \\\\\\\\ ‘ | ‘ | ‘ | ‘ | ‘ | ‘ | | ]
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Using Tag&Probe data driven as cross check. Difference taken as

systematic
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Experimental comparison - others

>SN R R A R A R R RS R RN I S RS LR AR AR AR RRRRE RARRN RARRN

0C1.4~ PbPb |5, =276 TeV AuAu |s, =200 GeV —| 1.4 POPb \sy =276 TeV Cwms —_
- ¢ CMS:Y(1S) % STAR:Y(1S+2S+3S) [] - Ln=6oubT25<y <4 L = 150 b Iyl <2.4
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1 1
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« Comparison with STAR « Comparison with ALICE
Y(1S+2S+3S) combined states Forward rapidity range (2.5<y<4)
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