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___Quarkonia Measurement 1n Heavy-1on Collisions

« Quarkonia are wonderful probe of
Quark-Gluon-Plasma (QGP) BT ey

= Produced in early stage of 2 \\
collisions with large / \
momentum transfer in gluon- . |
: Quarkonium
gluon fusion /!
= Undergo through the medium < /
created in heavy-ion collisions (corb) ¢
\\&_,ﬁgﬁ
anti-quark
(C or b)
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__Quarkonia Measurement 1n Heavy-1on Collisions

* Quarkonia production in heavy-
ion collisions
= Color screening : dissociated
in the medium (suppression).
= Sequential melting : different
dissociation temperatures for
different bound states
(thermometer of medium)

melting

Bottomonia | Y(1S) | Y2S) | Y(@3S) %'(2P) Y'(3S)

=TI wes)

. Central AA SPS RHIC LHC
= Energy loss (landau damping) collisions | 20 GeV |200 GeV | 2.76TeV
= Regeneration : heavy flavor Necoar/€vent | ~0.2 ~10 ~85

quark production increases
strongly with collision energy. Z
Charmonia | )y | x| W@S) | T/Te 1/ tem s
MassGeV) | 3.10 | 353 | 369 | [ |yus) g
AE GeV) | 064 | 020 | 0.05 | S

Ty T, 21 | 116 | 1.12 1200l /015 Y'25) ;g’ Sequential

G
>
S

Mass(GeV) | 946 | 10.0 | 10.36
AE (GeV) 1.10 | 0.54 | 0.20

energy density

EPJC 61 (2009) 705

d T/ 1. >40 (160 | 117 5
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. Quarkonia Measurement in Heavy-1on Collisions

* Quarkonia production in heavy-
ion collisions

= Color screening : dissociated ™
in the medium (suppression).

w Sequential melting : different
dissociation temperatures for
different bound states
(thermometer of medium)

= Energy loss (landau damping)

= Regeneration : heavy flavor
quark production increases } Enhancement !!!

Suppression !!!

strongly with collision energy.

Charmonia | J/y | % | ¥'(2S) T/Te 1/r) [fm]
Mass(GeV) | 3.10 | 3.53 | 3.69 > |- [vas) G
AE (GeV) | 0.64 | 020 | 0.05 s

/T 21 [ 116 | 112 12

T/p(1S) Y'(2

Quarkonia production in final state
Bottomonia | Y(1S) | YRS) | Y@39)

Mass(GeV) | 946 | 10.0 | 10.36
AE (GeV) 1.10 | 0.54 | 0.20
T/T. >40] 160 | 1.17

% (2P) Y'(3
x(1P)  w(
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—— CMS Detector

Inner Tracker
(Silicon Strip & Pixel)

Hadron Forward
’ Calorimeter (HF)

S

Muon Chaber

11
(DT, RPC) (o
Muon Chamber
Inl< 5.2 ‘ ’
ECAL i< 3.0 k /\\ :
Tracker neas ‘/
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. . Quarkonia Acceptance

We are good friends !!!
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Prompt J/p in pp and PbPb collisions
at sy = 2.76 TeV
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Prompt JAy in PbPb at sy = 2.76 TeV

CMS PbPb \s, = 2.76 TeV CMS PbPb |5, = 2.76 TeV
C\/]\ _IIIIIIIIIIIlllllllllllllllllllIIIIIIIIIIIIII_ —_ :I T T | T T 11 I T T 1T I T 1T I T 1T I T T 1T I T 17T l:
©9000F |y < 2.4 o data E = F ly < 2.4 o data ]
%8000:— 6.5<p_ <30 GeVic %4 total fit E o 10°E 65<p_<30GeV/c — total f'tt -
O™ME Cent. 0-100% <= bkgd + nonprompt 2 E Cent.0-100% .. Pomprompt
S 7000 = = = background 3 = B - - - background 1
8 r 7] n 1045_ E
5 0000F E © - i
IS C ] 7 3
© 5000 = o 10°E ~
= c . - .
4000 = - 7
» ] 1025_ E
3000 = g .
2000~ E 1oL a
1000F- = - ;
lllllllllllllllllllllll 1 1 1 1 1 1 1§_l 111 | | | I 1 l.:; 1 | 1111 I L 11 1 I 1111 I 11 | I_.E
6 27 28 29 3 31 32 33 34 35 45 -1 -05 0 05 1 15 2
arXiv.1610.00613  m,., (GeV/c?) 1., (mm)
» Finally HIN-14-005 was submitted to EPJC. .
 Main changes are J -
- Added z direction information in B V _——— H
displacement calculation (Ly,). Lyy2 ~-

- Event-by-event efficiency corrections.
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Prompt JAy in PbPb at sy = 2.76 TeV

CMS PbPb \s, = 2.76 TeV CMS PbPb |5, = 2.76 TeV
C\/J\ _IIIIIIIIIIIllllllllllllllllIIIIIIIIIIIIIIII: /é\ :I T 1T | T TT I T 71T I T T 17T I T T 1T I T T TT I T 1T l:
§9000; ly| < 2.4 o data ] = C |yl <2.4 e data ]
o - 6.5<p. <30 GeVic %4 total fit E 10°E 6.5 <p_ <30 GeV/c — total fit -
G800 cont 0100% %' bkgd + nonprompt 7 S E Cent.0100% NG
QA C = = = background ] = C prompt - -
O 7000 — - - = background
S f : o 10°E E
60000 E § : :
© 50001 = w 10°F -
= c . - .
4000 = i :
» . 1025_ E
3000 e g .
2000F- 3 10k .
1000F- = - ]
1 1 1 1 | 1§_l 111 | L1 11 I 1 l.:; 1 | L1 11 I L1 1 | I | I 11 | I_.E
6 27 28 29 3 31 32 33 34 385 45 -1 -05 0 05 1 15 2
arXiv.1610.00613  m,., (GeV/c?) 1., (mm)
« Finally HIN-14-005 was submitted to EPJC.
Main ch « Successfully
ain changes are S distinguish prompt
« Added z direction information in (Cham) and
displacement (nyz). | | nonprompt ( )
- Event-by-event efficiency corrections. J/Y
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R x0f Prompt J/y in PbPb at Vs = 2.76 TeV

CMS ISy = 2.76 TeV CMS IS = 2.76 TeV CMS IS = 2.76 TeV
é RERA AR R AR B DA B N rrprTrpreepr e ] DR e
o 1.4:—Promth/1p ] 1-4:‘Prompt.lw B 1.4:‘Promth1p Cent. 0-100% 1
1_2:_ 6.5< p, < 30 GeV/c _ 1'2:_ 6.5< p, < 30 GeV/c _ 1'2:_ N

B lyl<2.4 - i Cent. 0-100% | F +1.6<lyl<24 ulyl<24

1r ¢% 1T % 1r
0.8F - o.8F - 0.8} |
Z+ ' ~ 1 5: C ] - i
0.6 - / -1 0.6 -1 0.6 .
i LI 1 1 ¢ * R ]
0.4:- . .. ¢.—: 0.4:— - = = u o . -: 0.4:— ++a = = ‘_
0.2f 1 0.2F 4 0.2f =
0:.“.[..“l.,..l...,l.“.l...,l.x-nlu-:: 0:,“1. | I il e P P P “: O:JlllllllllljlllJlllllJJLllJLl:
0 100 150 200 250 300 350 0 04 08 12 16 2 24 0 5 10 15 20 25 30
Noart lyl p, (GeV/c)
Y .
1 Npppb arXiv.1610.00613

Rapa =

< Neon > NY,

« Significantly suppressed in more central collisions (by factor 5 in the
most central events)

« No strong dependence on rapidity.

« No strong dependence on p; in higher p; region but a hint of slightly
decreasing trend in lower p; (3-6 GeV/¢)
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Ry of Prompt J/y 1n PbPb at sy = 2.76 TeV

CMS ISy = 2.76 TeV CMS IS =27 CMS ‘ ' _ \‘:S'N~=l2-l7§ Tev
b3 __Illllll—_ __I T AN RN ALY RARN RARN L 514-_ lPromplIJ/w I I I E
o 1.4p" Prompt JAp | 1-4f PromptJ/p o 140, YS<hi<zsa  Cent 0-100% -
- 6.5<p_<30GeV/c ] i 6.5 <p_ <30 Ge' " <24 3
1.21 Pr 1 1.2 Pr 1.21 Inclusive J/yy (ALICE) ]
: lyl <2.4 : Cent. 0-100% [ o 25<y<4,Cent 0:90%
1 'T‘ 1f 1|
o.a}+ . 4 0.8} o.a% —:
0.6F 4, ~1/57 osf 0_6‘_+ ]
C L™ ] - E +* 3] E
N u N L 4
0.2:_ —: 0.2:_ 0.2:_ _:
o) P NN FPETE FEEEE FEUTE SRS PR P 0| PN I PR ITEN PRSP FVRR N PO PP I 0:.1.11..1.1....11“11....111,.:
0 100 150 rgjoo 250 300 350 0 04 08 1|2I 16 2 b5 015 20 25 30
part y p. (GeVrc)
Y
R.,s = 1 Npppp . .
AT < Negp > NY, « Complements ALICE (inclusive J/{)

« Significantly suppressed in more central collisions (by factor 5 in the
most central events).

« No strong dependence on rapidity.

« No strong dependence on p; in higher p; region but a hint of slightly
decreasing trend in lower p; (3-6 GeV/¢)
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Comparison to D in PbPb at Vsyy = 2.76 TeV

CMS ISy = 2.76 TeV CMS ISy = 2.76 TeV
é -llllIllllIllIl|Il|lIIIIIIIIIIIIIIIIIIII- é -llllIllllIllIl|Il|lIIIIIIIIIIIIIIIIIIII-
o 1 4 N Hidden charm: prompt J/p 7 o 1 4 — Hidden charm: prompt J/y ]
- + 3<p <65GeVic,16<lyl<24 ] i * 65<p <30GeVlc,lyl<1.2 ]

1.2[ Open charm: prompt D’ (ALICE) ~ 1.2[ Open charm: prompt D (ALICE)

i 0 2<p_<5 GeVic, lyl <0.5 ] i 0 6<p. <12 GeVic, lyl <0.5
1 : 1

0.8 lower py - 0.8 higher pr -

06§ | 0 . 06F- s .
0.46— H+ *Hi- @— 0.46— H ‘El‘ —

0.2 - 0.2 i g -

O_IIIIIIIIIIllIlIIIIlllllllllllllllllllll-‘ O_IIIIIIIIIIllIlIIIIl]lllllllllllllllllll-‘

0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
arXiv.1610.00613 Npan Noan

« Closed and hidden chams have similar suppression feature.
« Modification would be different between them.
 Initial state : nuclear effects (shadowing), feed-down ...
« Final state : color screening, regeneration, energy loss of parton ...
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___Prompt J/y v, in PbPb at Vs = 2.76 TeV

CMS PbPb |5,y = 2.76 TeV
1:1 T I T T I T T I T T I T T | T T | T T | T I: (p
- Prompt J/y ly| < 2.4 ]
0'9:_ 6.5<p <30GeV/ic
08:_ Cent. 10'60°A) _: IPR
8 0.73—- ------ ‘ ................. * {
ze oet & .
|2 ZosE 4 —(+2v,cos(2A¢))
< . 45 v, =0.07 +0.01 (stat.) = 0.01 (syst.) . JT
" F v =0.05+0.01 .
0.3 R =82% =

: - | 11 1 | 11 1 | 11 1 | 1 1 | I 1 1 | I 11 | 111
0% 02 04 06 08 1 12 14
|A®| (rad)

arXiv.1610.00613
« Nonzero prompt J/U v, in|y| < 24, pr > 6.5 GeV/c, 10-60 % Cent.

« v, = 0.066 £ 0.014 (stat.) £ 0.014 (syst.) £ 0.022 (global)
« Significance : 3.2 ¢ More

suppression
« Path-length dependence.

Less
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____Prompt J/y v, in PbPb at \/SNN =2.76 TeV

CMS PbPb Sy = 2.76 TeV CMS PbPb |5y, = 2.76 TeV CMS PbPb |5y = 2.76 TeV
0.2 0.2 T | | \ | 0-2""1 """" L I I
. Prompt J/y ] . Prompt J/y | Prompt J/\|I Cent. 10-60%
i 6.5 <p_<30GeVic | i 6.5 <p_<30GeV/c | i J

T T
0.151 lyl < 2.4 1 0151 Cent. 10-60% 1 015 +16<ly|<24 uly|<24 7

PENIR NSRS n ity

60-30% 30-20% 20-10%

Lol Lo b b Lo a b a Laaag i i | | | | | i 0_|||||1|1||||||||1|1|1||||||||—
00 50 100 150 200 250 300 350 400 00 04 08 12 16 2 2.4 0 5 10 15 20 25 30

Noar lyl p, (GeVic)
arXiv.1610.00613

« Nonzero prompt J/U v, in|y| < 24, p; > 6.5 GeV/c, 10-60 % Cent.
« v, = 0.066 £ 0.014 (stat.) £ 0.014 (syst.) £ 0.022 (global)

« Significance : 3.2 ¢ More
suppression
« Path-length dependence. L
Less P
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__ v, Comparison in PbPb at Vsyy = 2.76 TeV

CMS VS = 2.76 TeV
>C\| 0_6IllllIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIII[I
Hidden charm: prompt J/y

+ 16<|y| <24

T

0.5 = ly<24 B
i Charged hadrons ]

B e <038 ]
04 L Open charm: prompt D (ALICE) ]
"'t o lyl<0.38, Cent. 30-50% ]
03" % Cent. 10-60% -
0.2F % _:
e ° .
018 :
ry * -+— ° J& .
[ N

N_
IN
(e))
©
- oo
A~

1

(@)

12 14 16 18 20
V/c)

lll
10
e

arXiv.1610.00613

« Smaller v, then D and charged hadron in lower p;
« Similar v, in higher py
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Nonprompt J/y in pp and PbPb collisions
at sy = 2.76 TeV
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Nonprompt J/y in PbPb at Vsyy = 2.76 TeV

« Energy loss mechanism of partons in the QGP

« Collisional energy loss : depending on the medium thickness and
initial parton energy

- Radiative energy loss : dominant for fast partons going through the

medium
E E-AE
£ 9999/9/}.%
»
| \
|
+,\E | E-AE
|
X
(medium)
Collisional Radiative
energy loss energy loss

« Open beauty (B meson) is a key to understand dynamics of parton
interaction with the QGP.
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.. R,,0f Nonprompt J/y in PbPb at sy = 2.76 TeV

CMS VS =2.76 TeV
"l"""ll""l"l'l'"'Yl"'l"’l'l'l
0:5 1.4 Nonprompt J/y ]
1.2F 6.5<pT<30 GeVic -
ly| < 2.4
1»-
08[ “" wmn
06:+ tone 3:
i B 5 em
0.4} X
0.2}
0:.ll.l

arXiv.1610.00613
« 0-10%

* Raa 1033 £ 0.02 (stat.) £ 0.03 (syst.)

| 06}

1 0.2

LA AL l AL A L L AL A Al A LA Al AR i Al Al l AA L I<
w) 100 150 l\2130 250 300 3500 5
art

CMS (5o = 2.76 TeV CMS VSu = 2.76 TeV
™ T ry l g l" Y e mml ge el g "l'VIl‘llVII'II"I[Vll""ll'll'll"l""'ll'l
1.4~ Nonprompt J/y Cent. 0-100% 1 1-4[ Nonprompt J/y r
1.2 1 12k 6.5<pT<30GeV/c_.
+16<|y|<24 +|y|<24 Cent. 0-100%
1 A 1
0.8 ﬂ | 0.8}
+ 1 0.6/ . .
] [ * % ] [
0.4 . . 0.4 " § g g
1 0.2}
0:.1.1 W) IS " e - - n.: O: Loaadoaa ol Liaa il |
10 160 2 20 N U U& 08 12 18 2 2.4
p, (GeVic) ly|

« Stronger suppression with both increasing pr and rapidity.

HIM Fall 2016 @ Gwangju

o M %

S
A
MaTionp:



__R,a0f Nonprompt J/y 1n PbPb at sy = 2.76 TeV

CMS ISy = 2.76 TeV CMS VS = 2.76 TeV
L | | T T I I T ) L ) I T L) T L) T I I T < L | l T I T T T ™ T T T T L} T ] T T
rré 1.4 Nonprompt J/y 1 £ 1.4 Nonprompt J/y ]
o <1.2
1.2F -|1y.2<|y|<1.6 1 12F Sl bt
¢ 6.5 30 GeV/
i v1.6<|y| <24 s L <P;< OVIC =i
0.8 ] 0.8 +
[ g - %
0.6_\ } . ] 0.6/ + $ 1
0.4 + { ? s ] 0.4 ¢ ’
0.2 6.5<p_<30GeV/c * 02 1.6<ly|<2.4 .
—A | . I I | - I 1 1 LA L 1 | - 1 L A I L1 l—‘ L L l | i I 1 ] LA L 1 1 Ll i L A ] 1 l-‘
00 50 100 150 ,\2100 250 300 350 400 00 50 100 150 |\2]OO 250 300 350 400
arXiv.1610.00613 ne part

« Global uncertainties are separated into
« Blank box : luminosity, event selection, tracking efficiency
« Colored box : systematic uncertainty from pp

« No strong dependence on rapidity
« Lower py nonprompt J/Y is less suppressed than one in higher pr.
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__R,,-0f Nonprompt J/\y in PbPb at sy = 2.76 TeV

CMS Sy = 2.76 TeV CMS ISy = 2.76 TeV
L | I T II I 1 ™ 1 U || ! 1 < L | L | l ™ LI L L I rrrrrrr
mé 1.4 ™~ Open beauty: nonprompt J/y 7 m< 1.4 ?g‘“ |h‘|:““g'; Nonprompt J/y -
o 65<p <30GeVL, ly| <12 WO/
1.2 o Open charm: prompt D (ALICE) i 1.2 N Charged hadrons ]
0 8<p.<16GeVic, |yl <0.5 e [nf <1, Cent. 0-5%
1 . 1 Open charm: Prompt D (ALICE) |
L i 2 |yl < 0.5, Cent. 0-10% .
0.8 ¢ + ] 0.8] Cent. 0-100% |
0.6 % 0.6
L ® © ] "
C ¢ i C +* * *
0.4 - . 0.4/ ¥k xe 8
: o @ 1 i . - ® +
0.2] @ a | 02 Sip.ue
O‘-lll ' T llll.llllll-‘ OP L 1 1 - Ll L 1 L ]
0 50 100 150 200 250 300 350 400 0 5 10 15 20 25 30
st p, (GeV/c)
arXiv.1610.00613

* Raa (nonprompt J/P) > Ry (D) = Raa (light partons)
« Hint of smaller energy loss for b quark at p; < 20 GeV/c in
PbPb
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Nonprompt JAy v, in PbPb at S\ = 2.76 TeV

CMS PbPb |5, = 2.76 TeV
0.25 I I I I I I I I I l I I I 1
X Nonpmmpl J/\ll Cent. 10-60%
0.2
+16<|y|<24 «|y|<24
0.15
N
>
01 +
0.051-
*
O 1 I 1 I l I I L} ] I 1
0 5 20 25 30

10 15
arXiv.1610.00613 P (GeVic)
« Nonprompt J/Y v, has been measured for the first time.
 Slightly decreasing trend but statistical error quite large (need more

data)
« Close to zero in high p; region.
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... RunII (5.02 TeV) Results

pp 26 pb” PbPb 346 ub™"  {s = 5.02 TeV

I Illllll I Illllll

107 CMS =
6 Preliminary -
10 E
10 Clep ]
> o [JeoPb =
S
E 103 Z
c
0 107
L

p$ >4 GeV/c

10 10
m,. (GeV/c?)
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Y(2S) in pp and PbPb collisions
at Vsyy = 5.02 TeV
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___W(2S) 1n pp and PbPb at \/SNN =5.02 TeV

%10° PbPb 351 ub' (5.02 TeV) 103 PbPb 351 ub ™' (5.02 TeV)
(;\7__| !.llu | T T T T T T T T | T T T T | T T T l__ c\/l-\8:—_| T | !’ll“ T T T | T T T T | T T T T | T T T |_—
§ E ly |;1.6 4 Data CMS E ch E 1.61:’ | <2.4 4 Data CMS E
8 6 9<pl< 12°GeV/c —Total it projiminary 8 7 3<p; <32 GeVie —Towlfit - prajiminary

- Cent. 0-100% - Background .  Cent.0-20% ---- Background ]
0 [ ] w0 ]
O 5+ — o6 x10° ]
St g i B o ]
T r > 300 ] 5K > 3
@ 4r | 0 B 2 2 ]
& f S esop ] G 4F c .
o 3F £ + = o £ .

O 200g foesem 1 r o T

- B aak I E 3 Gl 1 PE

2‘_ 35 3.6 3.7 38 3.9 _] C 35 36 3.7 38 39
: M, (GeV/c?) ] of m,., (GeV/c?) 7
1:_ E 1= =
0_ | | 1 | | |>=r==T=:| 1 1 1 ‘I 1 | | | | 1 . 0E 1 1 | 1 1 | | | | | | 1 | | 1 | | | 1 | 1 1 :
2.5 3 3.5 4 4.5 2.5 3 3.5 4 4.5
m,.. (GeV/c? m,.- (GeV/c?
CMS-HIN-16-004 o (GEVIC) o (GEVIC)

« Separate b quark contributions using life time information
» Not easy due to low S/B ratio

« Applied life time cut based on MC study
« Keep ~90 % of prompt
« Remove ~80 % of nonprompt
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___Double ratio of y(2S) at Vsyy = 5.02 TeV

PbPb 351 ub™, pp 25.8 pb™* (5.02 TeV)
I|IIII|IIII|IIII|III T T T T

T ™ T ]
m lyl<1.6,0-100% CMS _:

z
- ..
wgzs)] | X ol e 16<lyl<24,0-100% Preliminary
[ I PoPb __ RAA(w(zs)) cé,\l) P i
— . ~ rompt only i
[t,’:§252:| RAA(J/'I,U) = 1 ]
J/"L' pp \_Q : 95% C.L. :
%0 8- T 7
3& ' { Forward
DR < 1 5 0.6~ -
more suppressed than J/¢ i )
DR =1 o 04 7
same suppression 2 I 4 Mid-rapidity
DR > 1 021 :
B | | T | | | | T | 11 1 1

less suppressed than J/y

OO

G 10 15 20 25 30
p_ (GeV/c)

CMS-HIN-16-004

T

« Y(29) is suppressed than J/Y in all p;-y bins.
« No significant p; dependence.
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___Double ratio of y(2S) at \/SNN =35.02 TeV

PbPb 351 ub™, pp 25.8 pb™ (5.02 TeV) PbPb 351 ub™, pp 25.8 pb™ (5.02 TeV)
& ‘TIIIll TTITT\ ]’TTTT‘ TIIIT\ Tllllw Tlll].V‘ ~ &4.5 IIIT IIIIII ]'lllJ Illllx Tllllw Illllw
= 14f u /s, = 5.02 Tev | Cent. > L @ |s,, =5.02TeV 1 Cent
g i \f .C.MS 1+ 0-100% - %3 4t \.— .C.MS + 0-100%
= » 8w =276Tev Preliminary | - = F 4 1S =276 TeV Preliminary ¥ |
(s 1.2 i (PRL113 (2014) 262301) o 35 ! (PRL113 (2014) 262301) -
o L N L .
E E Iyl<1.6,6.5<p,<306eV/c é 3_ 1.6<Iyl<2.4,3<p7<3OGeV/c _5_ E
~ |~ Prompt only 1 ] ~ - Prompt only ]
0 s 4 - 0
2.5f
s 08 | T s~ % 2.76 TeV
= * i 2.76 TeV = 2F F
5 0.6~ m ! sswel | N 3 s +
— 95%C.L iR ] N — 15: . - . —
gl) 0.4 ,I H Il | $* — ((Q -
S~ = -+ - S 1— 1 + >
g | | T § 2 | K i | -
0.21- 1 0.5 - 95%CL, . - —]
3 | 5.02 TeV | T E
-1 Ll |l 1I|II' |IIII‘ IIIII‘ IIIII‘ |III|‘-_ ] o-ll II‘ !lIll‘ | lll] 1ll||' IIIII‘ L Ll .- n
00 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 5 0 2 T V
Noan Noay O. e
* No strong dependence on centrality CMS-HIN-16-004

« Almost of bins are good agreed within error bars.
« 2.76 and 5.02 TeV psi(2S) are different in 0-20 % centrality with ~30o

« Fluctuations ? Collision energy dependence ? ...
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___Double ratio of y(2S) at \/SNN =35.02 TeV

PbPb 351 ub™, pp 25.8 pb™* (5.02 TeV) PbPb 351 ub™, pp 25.8 pb™" (5.02 TeV)
(= 2 _I LI I 1 L [ LI I LI ] L ] LI T I LI LI I N ] [« % 4.5 L I 1 L I LI l LI ] LI I LI T ] LI L I |
—~2 - T N =

= 1.8f W (s,,=502Tev CMS | OCT(‘):) = 2 4 ® |s,, =5.02TeV CMS | oc?(‘):%_f
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on 1.6] (PRL113 (2014) 262301) 5 - (PRL113 (2014) 262301) 1 -
@ oL : ] @ 35| t .
S 1.4f [} Du and Rapp (arXiv:1609.04868) + - = ol - 53 71 Du and Rapp (arXiv:1609.04868) ES E
- a + B < : 1 1 .
g 1.2 I:I<1.6, 6'|5<p1<3° GeVic § § 2.5F 16<lyl<24,3<p_ <30GeVic + —
& 1 rompt only + : _a [ Prompt only il 1 ]
T ] 2f - ; .
-3, o8- . . § I E %’3’ : A
D o o @ L ; 1 E & 15F + 0 4
N | T T I [ " R : .
o T . O | XN - =
= 0'4 $ T * ] 2 F Mo Sl . ]
0_2 I ¥ 1 0.5} e 1 .
\f | T Lt ] M AN |$ Loviilieenl L + E

0 I L1l 1 Ll L1l L1l Ll L1 1 L1l 1l Ll 0 Ll 1 1 Ll L1l L1l Ll L1 1 L1l Ll 1

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

Noart Noart

CMS-HIN-16-004

« Compatible with theory in mid-rapdity and forward high p; region.
« Theory can still not cover the 2.76 TeV most central events in
forward and lower ps region.

e M &
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Y in pp and PbPb collisions
at sy = 5.02 TeV

/& %\
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\ B, po(T'(nS)) Y 1n pp and pPb

Rppp(T(15))

et
oy

rr [ rrryfrrrrJrrr | rr 1 [ r 11 [ 1 T [ TT
l | | | | | I

1

- CMSpPb |5, =5.02TeV CMS PbPb 5., =276 TeV -

% C

p— E .
—_— C ]
1.4 g (7)) - CMSppy¥s=276TeV  CMSpPb s, =502TeV J
N L ey crasiosim LI <24 L=150u07 — 04 o Y(2S)T(1S ® 1(2S /r\(g ]
: i ¥ 95% upper limit ] ~— C (28)/r(1S) (28)r(18) ]
t 1.2 PRL 109 (2012) 222301i t 0 4:_ 0 Y(3S)/Y(1S) " Y(3S)/T(1S) 5
n poaceve | gy 0355 E
5 1 ] c - ly . |<1.93 ]
S L . ~ 03 CM ]
ot . : - 3
~ 08¢ * ] > 0.25F ' =
ﬁf - ‘)Pt) -+- . E ° .
|—>|< 0_6__ __ 0.2:— p + _:
= : g pPb :
_ - 0.15 —
EOAj ] C + #+ pr 3
- - 0.1 —
— - N C * .
v 0.2~ ‘# Pbpb ] - E
£ - Ij 1 005: # ] -
> 0_ ] 0: |- l L1 1 l L1 1 | 11 | | 11 1 l L1 | | L1 1 | | l:

— 0 20 40 60 80 100 120 140

Y(25)/Y(1S) Y(3S)/Y(1S) NiracksMl <24 [GeV]

PRL 109 (2012) 222301

* Indication of initial suppression in pPb
* Y(nS)/Y(1S) has clear dependence on N, for pp & pPb
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Rrmsy Y 10 pp, pPb and PbPb

Rppp(T(15))

0.5 TTT | T T T T TTTT | T T T T TTTT |

— - ]
1.4 CMSPPD {5y =502 TeV CMS POPD {5y =276 TeV - UD (|, pp\s, =276TeV pPbys, =502TeV PbPb s, =276 TeV"
- @ |y |<1.93,L=31nb" = Iy, /<24, L=150pub" | - 0450 ]

i o ¥ 95% upper limit ] ~ £ O Wyl <193 ® lyg,l <193 Tyl <24
1.0 PRL 109 (2012) 222301 t 0.4 -
- : p—_— _
u - 1
1— pT>4GeV/C - m (0.35 Y(ZS) -
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i |5 0.3F + Y(1S) -
0 + . (0.25— % + -

pPb +

4 PbPb T 'O:Z';CMS JT%H,

Y(2S)/Y(1S) Y(3S)/Y(1S .
(2S)/Y(1S) Y(3S)/Y(1S) Neracks <24 [GeV]
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I

o
N
L

[Y(nS)/Y(1S)lxpp / [Y(nS)/Y(1S)]pp

o
T T

PRL 109 (2012) 222301

* Indication of initial suppression in pPb
* Y(nS)/Y(1S) has clear dependence on Ny, for pp & pPb & PbPb
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Y in pp and PbPb at Vsyy

=5.02 TeV

—
pp 25.8 pb™! (5.02 TeV) PbPb 351 ub™ (5.02 TeV)
(\7‘1 8000_! LA N L N L L L L N L L L B B LB B B N c\"(: F LA I O N L LY L L I L LY LI L B ]
(&) - - L — n -
= - p'< 30 GeV/c CMS 7 > 45005 n pl'< 30 GeV/o CMS =
5 16000|— ly"l< 2.4 Preliminary 3 (0] E ly"l<2.4 Preliminary 3
= - p' >4 GeVic 1 T 4000E p' >4 GeV/c E
S 14000F T - S - To TS . E
Z C ] < 3500F s Centrality 0-100% 3
2] - 7] 2 = =
£12000/~ + data E E 2000 ¢+ PbPbdata -
100005 — total fit E o = - — PbPb fit E
- { —background 2500 A N ‘.‘ -- pp overlayed
8000f- e 2000;_ -t Nef) _;
6000} = 1500 =
40001~ = 1000F- b=
2000 . T 500F- =
0 |||vq oE | l l | 3
‘E 3 N3 E
= (2)5_. . . ® o % oe® . o o ..‘eoo % . o E s (2)5_ 0'_. 02,0 8,% 0, ® o0 so0 O eerg ° 0 o _. o r
a , z_ %% ¢%ec® 00 © o%e% .. ® o [ P .—E a _2;! o © R e 0% o [ ® . P 0._5
g 9 10 11 12 13 14 g 9 10 11 12 13 14
m,, (GeV/c?) m,, (GeV/c?)
CMS-HIN-16-008
« (lean signals for 3 states of Y
« Hard to find Y(3S) in PbPb
'Dong Ho Moon HIM Fall 2016 @ Gwangju 32 4 Tk




Double ratio of Y(nS) at Vsyy = 5.02 TeV

PbPb 351/464 ub™, pp 25.8 pb™ (5.02 TeV)

o 1.6 )
5 _ p;*_u”<3o GeV/c CMS __ _
g 14p g‘;l;l:é:wc Preliminary T ] DR Rpr (T(nS))
S 12p T o5%cL T -
cc,\l) E__7_Q_._1_(_)_Qc_>/? ___________________________________________________ _:_ _: Rp P b(T(lS))
S 1 1 |
>\._", | 60-70% I ]

g 0.8/¢  50-60% T
,_g’ 40-50% T e DR <1
o 0-6p 30-40% 20-30% 10-20% 5-10% - 8 more suppressed than Y(1S)
= 04:_ \ * 0-5%_:_ e ] DR = 1
; T * T 4 same suppression
D oz T DR > 1
=, O_....|....|....|....|....|....|....|....|_: ] less suppressed than Y(1S)

0O 50 100 150 200 250 300 350 400
Noar CMS-HIN-16-008

« Supporting sequential melting scenario : excited Ys are more
suppressed than ground state of V.
« Peripheral events close to 1 : similar size of excited suppression to

PP
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Double ratio of Y(nS) at Vsyy = 5.02 TeV

PbPb 351 ub™, pp 25.8 pb™ (5.02 TeV) PbPb 351 ub™, pp 25.8 pb™" (5.02 TeV)
8__ 1 _6 B T T T ‘ T T ‘ T T T ‘ T T 1 ‘ T T T ‘ T T T i % 1 .6 | T T T ‘ T T T T ‘ T T T T ‘ T T T T | T T T |
= C Iy <24 ] = C p™<30GeVic i
o 14p p>aceve Prelin('l:ifl‘}grs 12 4 gsceve Preliigirlv\grs -
E 1 2: Centrality 0-100% y ] E’ 1 2: Centrality 0-100% Y E
o L ] o« ]
N ] O ]
. f 1 o :
x 0.8~ - z 0.8 -
0 i o] L _
_o C ] _o - ]
(’b\ 06j j a O6j ]
; 0 4+ —+7 - ; 0.4; % E
B oz |t 1 & o2 —
a O: [ | ‘ 111 ‘ [ | ‘ [ | ‘ [ | ‘ [ | : a‘ 07 L L ‘ | | ‘ | | ‘ | ! | | |
0 5 10 15 20 25 30 0 0.5 1 1.5 2
uu uu
GeV/c ly

CMS-HIN-16-008

* No significant dependence on p; & rapidity
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___Double ratio of Y(3S) at Vsyy = 5.02 TeV

PbPb 351/464 pb™, pp 25.8 pb™ (5.02 TeV)

Q_ 1_6 T T TT | TTTT | T T TT | TTTT | T T TT | TTTT | TTTT | TTTT | T
— I 30 GeV/ T PbPb 351 ub™ (5.02 TeV)
a‘\) __pT< evi/c CMS___ E % E"'w"'w'u'u'w"'w"'w""z
— 1.4 WV <24 e ] > 4500F p;'< 30 GeVic CMS —
N - yu . Prellmlnary ] 15 E ly*l<2.4 Preliminary 3
" p->4GeVic ] ~ 4000~ bs 4 GeV/c =
>-‘ T o - pT
>~ 1.2r 95% CL ] < 3500F Centrality 0:100%
g - 68% CL E 3000f
~— 1— ''''''''''''''''''''''''''''''''''''''''''' -1 - w =
=< B . 2000
£ 0.8 0-10% 1 B 1500
0 - o, o C
_a [ 50-100% 30-50% °1T 8 o0k
—~ 0.6 T8 ] "
= ; 10-30% T ° S0k
™ i -30% ] 3
= 0.4 T o
S~ = 2E e
D ool : o
0.2F T T
) i ] ° m,,, (GeV
|>—-‘| O_ ol | 1111 | Y11l | 1111 | || | 1111 | 1111 | V| | I_
O 50 100 150 200 250 300 350 400
Npart

Almost melt in 5.02 TeV ?

« Set upper limit on Y(3S). CMS-HIN-16-008
« Weaker bound state is more suppressed than stronger bound state.
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Summary

« Nonprompt J/y v, has been measured for the first time.

« Excited charmonia and bottomonia double ratio results follow
sequential melting scenario in 5.02 TeV.
« Y(2S) is more suppressed than J/g in all of kinematics
 Y(3S) is almost melt ?

« More exciting results will come up soon !!!

CMS PbPb |s,,, =2.76 TeV PbPb 351 ub™ (5.02 TeV)
0.25 o T T
. . S 4500 puu< 30 GeV/c CMS é
Nonprompt J/y Cent. 10-60% 3 2.4 proimany
0.2 5 4000 pi>4GeV/c =
+16< |Y| <24 y| <2 4 ‘\(; 3500 Centrality 0-100% =
S 3000E ¢ PbPbdata 3
o — PbPb fit E
0.15 2500 -- pp overlayed
s 2000(- ]
0.1 1500
1000
0.05 500F
* 0t . =
0 1 1 | 1 | 1 1 1 1 z ’2; * ST e T e '. * i
0 5 10 15 20 25 30 8 9 10 T 12 13 T4
P, (GeV/e) m,, (GeV/c?)
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Quark-Gluon-Plasma (QGP)

% QCD phase diagram

What is Quark-Gluon-Plasma ?

* A phase of Quantum Chromodynamics (QCD)

_ » Consist of asymptotically free quarks and gluons
TR R e + Exist at extremely high temperature and density

-Quar k-Glyon-PJasma . * Live in only a few milliseconds after Big Bang

LHC

w. . Quark-Gluon,Plasma
A "

()
b
=]
=
©
P
[0}
o
5
=

Expansion of the Universe

> Ban, {and

. Atomic nuclei Neutron stars

Baryon density

T. (Critical temperature)
- 150~200 MeV(Lattice QCD)* Exploring QGP means exploring our early of universe
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Py (GeVlc)
R 8

8

-
(41]

10

Py (GeVlc)

Quarkonia Acceptance

* ALICE: acceptance for pr > 0

» midrapidity: no absorber and low
magnetic field

ATLAS + CMS » forward rapidity: longitudinal boost
e ATLAS and CMS: Muons need to

overcome strong magnetic field and
energy loss in the absorber

» minimum total momentum
Ao 1z ° p~3-5 GeV/c to reach the muon

stations
» Limits J/4 acceptance:

* mid-rapidity: pr > 6.5 GeV/c
e forward rapidity: pr > 3 GeV/c

ATLAS + CMS ALICE * (values for CMS, but similar for ATLAS)

» Y acceptance:

/ * pr > 0 GeV/c for all rapidity

e Complementary acceptances



Quarkonia Measurement 1n pp, pPb and PbPb

RHIC LHC

m 40 \/‘\800-—IlllIlllllllllIllllIlIllIllllIllll
o 0r : -
€ | AutAu@200GeV L~3.8nb" S [ omi<19s CMB Preliminary
g - %; Foom T pp Vs =2.76 TeV
O 30~ Y-u'y, lyl<0.5 O] 700~ p" >4 GeVic R
N 0 - i =2-1P
' = UL-LS S 600
20— — Combined fit _
- ~
- ¥%/NDF = 22.6/17 » 500
1ol g, i . data
- + 51 4001 total fit
a , % = ) +‘ T I D background
)5 S R A M— R T Hibtou T B e o 300F .
' H*+ : N, ~ 2500 in PbPb
n 200 .
-10 + . Ny ~ 5000 in pp
- ~ -
| Ny ~S50+22 ook
STAR preliminary C
-20_1 1 1 l i l L l - l Lt l - l LA L L I L Ll I
8 8.5 9 9.5 10 10.5 11 11.5 12 1 1 L1 1 1 Ll 1 1 Ll 1 1 11 1 1 11 1 1 L 1 1
M_.(GeV/c?) % 8 9 10 11 12 13 14
uu
PRL 109 222301 (2012) m,., (GeV/c®)  CMS PAS 15-001

* Quarkonia (heavy flavor (charm, bottom) quark-antiquark bound states)

« Large momentum transfer required to produce by hard gluon-gluon
fusion at early stage of collisions : good probe of initial and final state
of evolution of extremely hot and dense matter created in high energy
heavy-ion collisions

« Bottomonia (bb bound state : Y (1S, 25, 35), X, ...) have been actively used
as new possible probes since 2010 LHC era.
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NPE v, at RHIC and prediction of J/y v, at LHC

NPE (Non Photonic Electron) v, Prediction of elliptic flow of J/Q
| S UL L I E i | \ I B
SE . NPEv,{2)200 GeV 0-60% MB ~ STAR Preliminary 3 10" P
0256 % NPEv,{2}200 GeV 0-60% HT 3 = )
0 25_ e NPE v,{4}200 GeV 0-60% MB % 3 EN 8F LH(;(O’.EX Regen_){
““E" % NPEv,{EP}200 GeV 0-60% S ]
- T = B ]
No.lsé . % % | 56
S OlE g wgi % g4 I ER s f
0.05E & | A
F ¢ i = _f ,
O; = = I'u 2? /__‘\' ]
0.05 _ arXiv:1210.5199 STAR ‘§ 0 RHICSPS ]
OAF 1 ~ NuclPhysAB34 (2010) 317c
0 1 2 3 4 5 6 7 8 0 2 4 | 6 | 8 10
p, (GeVic) p, (GeVic)

NPE has significant elliptic flow (v,).  Significant elliptic flow (v,) may b

It should be inherited to quarkonia, e

which indicates the existence expected at LHC energy

non-zero v, of quarkonia due to the significant
contribution of regenerated J/

6



J/@ Azimuthal Anisotropy at RHIC and LHC

« STAR and ALICE measured inclusive J/y v; Phys. Rev. Lett. 111,
102301 (2013)

> - Au+Au 200 GeV - = 0'3- ® ALICE (Pb-Pb |5, = 2.76 TeV), centrality 20%-60%, 2.5 <y < 4.0
0.2 ) STAR | —— Y.Liuetal, b thermalized ALICE
C e SRLEE Y. Liu et al., b not thermalized
0.1 # e 0-2_‘— X. Zhao et al., b thermalized
0; T lqc ..................... '
-0.1 #
028 O el
- e v, 010% non-flow 0-10 %
0.3F mwv,10-40% non-flow 10-40 %
- AV, 40-80 % -=--- non-flow 40-80 % -0.1_— global syst. =+ 1.4%
04c. 5 PN PPN ITSPIT INPIIN INTAPITS INPTIT IVUPOVIP L'~ APl IPrSrrel I
0 2 4 6 8 10 0 1 2 3 4 5 6 7 8 9 10
GeV/c GeV/c
Phys. Rev. Lett. 111, P, ( ) 2 )

052301 (2013)
ALICE observed non-zero

STAR measured compatible zero v, in 2 - 4 GeV/c region.
v, from 2 GeV/c in whole p; region. Data covers both of

b-contribution models.
CMS challenge:

1) Prompt and non-prompt J/ separation
2) Extend high p; region



Prompt & Non-prompt J/yp Separation

Inclusive J/y

Non-Prompt J/
Prompt JAy from B de‘::aysw

« Reconstruct opposite sign muon vertex
2-D unbinned maximum likelihood fit of
dimuon mass and pseudo-proper decay

length (/)

Mmi/y g Jhy b

14 = L, ——
J/ Y . C

CMS-PAS-HIN-12-014
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3000_\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\\\\\\\\
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C N,,: 8525177 -
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20001yl <24 . ]
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L == = background
- Cent. 0-100%
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Prompt & Non-prompt J/yp Separation

—_~~ =T T T T ‘ T T T T ‘ T T T T ‘ T T T T
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S - CMS Preliminary
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e Ly, = 150 ub™ lyl <2.4

=

2 108 6.5<p, <30 GeVic i

c Cent. 0-100% 3
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102 === background -
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Prompt J/y from B decays 10

—_ IIIII T |||||||| T |||||||| T |||||||| T TTTTTIT
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SR R R R A RA R RARRN RARRN RARRN AL
. . L2 - CMS Preliminary ]
* Reconstruct opposite sign muon vertex > F Nyyi8525177 ]
. . . . . @ 2500-PbPb \s\ =2.76 TeV ;35 1 mevi® ]
« 2-D unbinned maximum likelihood fit of N FL isow . e
. S 2000 Iyl <2.4 %45 total fit B
dimuon mass and pseudo-proper decay < 200 oo < i oo
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J/p Azimuthal Anisotropy in CMS

1_' T I LI ] LI I LI l LI I L I LI I LI l_
C ] ¢
- CMS Preliminary Cent.10-60% 1

= PbPb sy, =2.76 TeV .
0.8 L, =150 ub”’ .

“ - . YR
v - —
/ | ’ ® 07 :,““"'."""""'"u...,“ E
! z - .'“'“"l',,,' :
/ IOT.8 0.6’_ """"'l w

|
=4 N v,:0.054+0.013 1 2
& Z F omot 2:0.054 £0. 1 —(1+2v,cos(2A9))
04— — T =
? ‘\VV - 6.5<p, <30 GeVic .
~ 035 1y <24 E
E CMS-PAS-HIN-12-001
o.%l 1.1 L1 1 L1 1 L1 1 L1 1 1.1 1 1.1 1 1 11
0.2 04 0.6 0.8 1 1.2 1.4
16" - w, |(rad)

« Event plane method
 Integrated v, for Prompt J/Y (p; > 6.5 GeV/c)
m (0.054 + 0.013 (stat.) £ 0.006 (syst.) in |y| < 2.4, 10-60 %

= significant (3.80) v, at high-p; prompt J/U
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J/p Azimuthal Anisotropy in CMS

« Systematic uncertainties

Systematic uncertainties (%)

Yield extraction 1-20
Efficiency corrections 0-42

Event plane determination 3.5
Total 12 - 46

46



_— R A pp dependence

PbPb 166 ub™, pp 5.4 pb™ \'Syn = 2.76 TeV
é 1 _6 B T T T T [ T T T T | T T T T | T T T T
oY 1 4:_ CMS Strickland et al.,
"'t Preliminary 4my's =3
L - 4mny/s = 2
1.2 ¢ Y09 — /s = 1
¢ Y(@2S) arXiv:1507.03951
1
0 8:— i R.. = LPP N PbPb 81)1)
i ] MOT N, N_ ¢
0 6__ T —— AA* " MB pp PbPb
O:_ | | | | ‘ 1 | | + | | 1 : | | | | 1 1 | ]
0 5 10 15 20

p¥ (GeV/c)

CMS PAS 15-001

« No strong dependence for p; in the measured region.
 Y(1S) is described well but some tension with Y(25).
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Raa VS binding energy

g 1,4 B T T T I T T T I T T T | T T T T T T | T T T ]
o - CMS Preliminary 0-100%
1.2~ \ ’ = —
) i
C e Inclusive y(2S) (6.5 < P, < 30 GeVlc, ly| < 1.6) ]
0 8_—‘ Y(3S) (ly| < 2.4), 95% upper limit h
TE4 T(2S)(ly| <2.4) :
| m prompt Jiy (6.5 < p, <30 GeVic, ly| < 2.4) ]
06y y(1s) (y| < 2.4) 7
0.4 :_ Y(1S) _:
- L J/\lf -
0.21-y(2S) Y(2S) —_
) Y(3S) + ]
0_ 1 1 1 ¥ 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1 l 1 ]

0 0.2 0.4 0.6 0.8 1 1.2

Binding energy [GeV]

state J/ | xe 4 T b T’ Xb T
mass [GeV] | 3.10 | 3.53 | 3.68 | 9.46 | 9.99 | 10.02 | 10.26 | 10.36
AFE [GeV] | 0.64| 0.20 | 0.05| 1.10 | 0.67 | 0.54 | 0.31 | 0.20
AM [GeV] | 0.02 | -0.03 | 0.03 | 0.06 | -0.06 | -0.06 | -0.08 | -0.07

ro [fm] 050 | 0.72 | 090 [ 0.28 | 0.44 | 0.56 | 0.68 | 0.78

Table 3: Quarkonium Spectrosco] https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIN12014
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Results from PbPb Collisions

Double Ratio Raa

& | LI | LI | LI I LI | LI I T I LI | LI l— _l rr I rrrT I T I rrrT I T I rrrT I T l rrT I_
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% ot —¢- stat. unc. L, = 150 ub ] o Y(1S), syet, une. :ﬂ|t<2 y ub E
Qe wem syst. unc. lyl<2.4 i - —+- Y(2S), stat. unc. )L - .
E- - pp unc. pi > 4 GeV/c s CY(@S), syst. unc.  P; >4 GeVic -
F - E i 30-40% \j
(1,-), 0.8 — 08~ 40-50% 20-30% 7
> T 40-50% 1 _ . ]
a 20-50% 1 [ 50-100% + 1020 ]
S 0.6 30-40% - 0.6 510% 0-5%
> [-50-100% 059 ] - ; 1

0.4 + + 10-20%  5-10% ] 0.4 :— + +—:
0.2f + l }—_ 02f- EF [J(] &] -
N PN PR TR N R E S N co_mIsloll'1'(1)61'iédllé(!)(')l'2'&'[;0“:;(;61@:1351;6]'4'1;)0
0 150 200 250 300 350 400
CMS HIN-11-011 N Nyan
PRL 109 (2012) 222301 part
Y(25)/ Y(18)lpups R,4(Y(15)) = 0.56 = 0.08(stat) = 0.07(syst),
Y2S)/Y(s)l,, 21 0.07(stat) = 0.02syst) Rus(Y(2S)) = 0.12  0.04(stat) = 0.02(syst),
4 { R,.(Y(3S)) = 0.03 = 0.04(stat) = 0.01(syst
X §3S),/ X flS)le = 0.06 = 0.06(stat) * 0.06(syst) 4 (Y(35) (stat) (syst)
Y(38)/Y(15)l,, < 0.10(95%CL).

< 0.17(95%CL).

Y(2S) and Y(3S) are more
suppressed than Y(15) Ordering: Raa(Y(3S)) < Raa(Y(2S)) < Raa(Y(1S))

Y(3S) are more suppressed than Y(2S).
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The life of Quarkonia in the Medium can be Complicated

Observed J/4p 1s a mixture of direct productiont+feeddown (R. Vogt: Phys. Rep. 310, 19
7 (1999)).

— All JAp ~0.6]Jp(Direct) + ~0.3 x. +~0.1¢y’
— B meson feed down.

« Important to disentangle different component

Suppression and enhancement in the “cold” nuclear medium

— Nuclear Absorption, Gluon shadowing, initial state energy loss, Cronin effe
ct and gluon saturation (CGC)

— Study p+A collisions O O 8 %
e S Jexe 5
Hot/dense medium effect J/ ¢/©6Q Y & © e
— JAhp, Y dissociation, i.e. suppression % o o° 8% O
— Recombination, 1.e. enhancement ©o O CQ%O %{A
— Study different species, e.g. J/psi, Y 00O D
— Study at different energy, i.e. RHIC, LHC +
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+ How do we quantify medium effects ?

A
= N__.:number of nucleons which 5 G — I

b : impact

part N, .« (participants)
parameter

undergo at least one collision

m N_,;: number of n+n collisions B
taking place in A+B collision

1/N,, d’N* |dydp,

<T,, > dzopp /dydp,

quantifies the effect of the medium on a particle production

m Modification nuclear factor R,, =

m To compare measured PbPb yields to theoretical pp cross sections, we

need T,; : nuclear overlap function B
= In absence of medium effects

m R, = 1 for perturbative probes “
m T, is proportional to N_; A q

m 30-100% : T,z = 1.45 +0.18 mb!
m 10-30% : T,z = 16.6 * 0.7 mb!

A Tu®=[ELEOTG-3)
m 0-10%: Ty =23.2 * 1.0 mb! Zx

Lamia, B. "Observation of Z Boson Production in Heavy lon Collisions at CMS”

th I
6™ International Work Moriond QCD and High Energy Interactions, 2011
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Single Muon Acceptance

=11 1n=1 1
T N 0.9
z n=1479 b N
N g q
g E = 0.8
- :D"\“ S| LI I O 7
'7:25_“-% @ e = -
M=30 [ ““-—E_,_ ndca| O 6
F;mq—r; [ 71—+ —— B — a kar -
n=5.31 HCAL [ I . = Z’_i == =g — 0441
o : 0.5
E E

14.96 m
10.86 m
9.75
49

0.4
0.3
0.2

v/ Acceptance definition:
Range of pyand eta of
reconstructable muon
(RecoMu/GenMu = 10%) S s T s 0 0s T 18 2 55 0

n*| < 1.0 — phf. > 3.4 GeV/c
1.0 < |p*| < 1.6 = pr > 5.8—24 x |n*| GeV/c
1.6 < |n"| < 2.4 — pir > 3.3667 — 7/9 x |n¥| GeV/c

CNU Colloquium, 25 September 2014, Dong HobRMoon 52
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Binding Energy of Quarkonia

state JU | x. v’ T X T’ 5 1"
mass [GeV] [ 3.10 | 3.53 [ 3.68 | .46 | 9.99 | 10.02 | 10.26 | 10.36
AFE [GeV] 1064 0.20 | 0.05] 1.10 | 0.67 | 0.54 | 0.31 | 0.20
AM [GeV] 1 0.02-0.03 ] 0.03 | 0.06 | -0.06 | -0.06 | -0.08 | -0.07
radius [fm] | 0.25 | 0.36 [ 0.45 | 0.14| 022 | 0.28 | 0.34 | 0.39
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Quarkonia Measurements

—

“* Quarkonia : plural of quarkonium (c, b)
Charmonia : bound state of charm and anti-charm (J/y, @'(2S), x.(1P) etc..)
Bottomonia : bound state of bottom and anti-bottom (Y(1S, 2S, 35), x;,(1P) etc..)

quark

%Dong Ho Moon HIM Fall 2016 @ Gwangju

anti-quark
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“* Quarkonia : plural of quarkonium (c, b)

Quarkonia Measurements

Charmonia : bound state of charm and anti-charm (J/y, @'(2S), x.(1P) etc..)
Bottomonia : bound state of bottom and anti-bottom (Y(1S, 2S, 3S), x,(1P) etc..)

Hustrabon: A Rothkop!

Te<T

state J/p %e | P'(2S)
Mass(GeV) | 3.10 | 3.53 | 3.69 T/Te ) fm?)
AE (GeV) | 0.64 | 0.20 | 0.05 2| [vas)

T/ T 2.1 1.16 112 - | %0P)

12 P

state Yas) | Yes) | Y@ o
Mass(GeV) | 946 | 10.0 | 10.36 | =Tafi%E) 52
AE (GeV) 1.10 | 0.54 0.20

/T >40(160 | 117

CMS, |
Dong Ho Moon

HIM Fall 2016 @ Gwangju

7~
7
SR , \
I
Q /

uarkonium
/

/
/

\
\ 5 |
N .
~ 4
\M_———- ,_ | .
anti-quark

quark

A. Mocsy, EPJC6I (2009) 705
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Quarkonia Measurements

“* Quarkonia : plural of quarkonium (c, b)
Charmonia : bound state of charm and anti-charm (J/y, @'(2S), x.(1P) etc..)
Bottomonia : bound state of bottom and anti-bottom (Y(1S, 2S, 35), x;,(1P) etc..)

CMS, |
Dong Ho Moon

HIM Fall 2016 @ Gwangju

>0 L B B R BN BN
@ I CMS Preliminary 0-100% 1]
127 PbPb\[s, = 2.76 TeV -
1: » Inclusive y(2S) (6.5 < P, < 30 GeV/ce, |y| < 1.6) ]
Tl T Hustrabon A Rothkop! 0 8__‘ T(3S) (Iyl < 24)1 950/0 Uppel’ |Imlt __
T4 1(28) (Iyl < 24) :
| m prompt J/y (6.5 < p, <30 GeV/c, ly| <2.4) i
) (25 08 % r(18) (lyl < 2.4) .
state /Y Xe | W'(2S) 04:_ vas)
Mass(GeV) | 3.10 | 3.53 | 3.69 T/Te Ur) (fm?) F [ .
L ‘J/W _
AE (GeV) | 0.64 | 0.20 | 0.05 2| |vas) 0.2 y(28) Y (2S) =
i i Y(3S ’
/T 21 [ 116 | 1.12 % (P) SOE SN .
1.2 % oz '014' ' 'olel | 'olsl . I1 T2
I/(15) Y(25) . . : . .
state Y(1s) | YRS) | Y@39S) Binding energy [GeV]
g o (2P) Y (35)
Mass(GeV) | 946 | 10.0 | 1036 | =T am wies) CMS-PAS-HIN-12-014
AE (GeV) 1.10 | 0.54 | 0.20 PRL 109 (2012) 222301
/T > 40| 160 117 A. Mocsy, EPJC6I (2009) 705
. . . .
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Quarkonia Measurement 1n pp, pPb and PbPb

“ Quarkonia : plural of quarkonium (c, b)
Charmonia : bound state of charm and anti-charm (J/y, Y'(2S), x(1P) etc..)
Bottomonia: bound state of bottom and anti-bottom (Y(1S, 2S, 3S), x,(1P) etc..)

ol e ~
Y. N
\
\
s \\
Quarkonium :
/
quark ’ /
%
\ (g
N 5;3':'}:5‘

anti-quark

|Dong Ho Moon HIM Fall 2016 @ Gwangju 59 T /



Quarkonia Measurement 1in pp, pPb and PbPb

L)

>

Quarkonia : plural of quarkonium (c, b)
Charmonia : bound state of charm and anti-charm (J/y, Y'(2S), x(1P) etc..)
Bottomonia: bound state of bottom and anti-bottom (Y(1S, 2S, 3S), x,(1P) etc..)

L)

L)

*

pp collisions
— Cross section, understanding polarization

»

vacuum

L)

@
< PbPb collisions
— Exploring new nuclear matter known as Quark- .

Gluon-Plasma (QGP)
— Characterize and quantify the properties of

QGP Pb Hot Medium P

— Observed strong quarkonia suppression

Tl e

-

L)

*

pPb collisions

— Create Cold Nuclear Matter (CNM) @
— Understanding initial state effect on
production D Cold Medium Pb

— Examine pure suppression from observationin

'Dong HPBAbarollisions HIM Fall 2016 @ Gwangju 60 ¢
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Cold Nuclear Matter

_Quarkonia Measurement in pPb Collisions

» Quarkonia productions are sensitive to gluon PDF
« Initial state effects : nPDF (Nuclear Shadowing), Comover break-up,
energy loss due to multiple scattering ... etc

P

Forward

%Dong Ho Moon

VIH

Pb

Backward

lllustration of nPDF fit
JHEP 0904 (2009) 065
L5 - antishadowing Fermi-
B motion
"+ IO o i
10 Il e el e NN
: EMC-

0.6 — effect 4+
Yog shadowing
02 - X, X,

i 1 1 lllllll 1 1 lllllll 1 1 llllll
10° 10° 10"

x of parton in Pb
[In log scale]

HIM Fall 2016 @ Gwangju
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B x do/dy [ub]

CMS HIN PAS 14-009

3.5

3

2.5

2

1.5

1

0.5

0

Charmonia 1in pPb

4CMS Preliminary ~ 34.6 nb” (pPb 5.02 TeV)

- = 6.5< p, < 10 GeV/c

Prompt J/y

E —4-10< P, < 30 GeV/c Glcinbal uncertainty : 3.5 %

: :

N " n

o - o

- - n
- i

- pC—>i<{ Pb

- . |

PRI R
_l 11 II 111 | 1111 I 1111 I 1111 I 1111 ] 1111 I 1111 I 1111 I 1111

%Dong Ho Moon

25 2 15 1 05 0 05 1 15
y

CM

RFB (pT; y) =

HIM Fall 2016 @ Gwangju

Yield in (py, +y)

Yield in (p;, -y)



— Charmomnia 1in pPb
Yield in (py, +y)

CMS Preliminary ~ 34.6 nb™ (pPb 5.02 TeV) R ( —
T & 8 Pr Y= Nieldin (pn, -y)
= [ -m65< p, <10 GeV/c ! Prompt J/y Pt Y
> - i
LS 3-5: —4-10< P; < 30 GeV/c  Global uncertainty : 3.5 %
5 s ! CMS Preliminary ~ 34.6 nb™ (pPb 5.02 TeV)
o - ol
m - u T 1 Prompt J/y
25 -
: * g |
2:_ " | | C +
B ] n S B
r i .q_) 0.9—
1.5m E 3 E
- p(—>€<  Pb g 0.8
1= n 5 B
C : ) B
C i 0.7
0.5 + * : + . E C ®0< |yCM| <09
- ¢ ¢ ; o -
- ! Py ] B 09<ly |<15
O_IlI|IIIl|IIII|IIIIIIIIIIIlIIIlIlllllIlIlllIIllll < 06__ o
25 2 15 -1 05 0 05 1 15 : +15<|y_ | <193
_III|III|III|III|III|III|III|III|I
CMS HIN PAS 14-009 Yeu 0% "2 4 6 8 10 12 14 16

P, [GeV/c]
« Clear dependence of p;: more suppression for forward in lower

Pr
« No strong dependence on |y|
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— Charmomnia 1in pPb
Yield in (py, +y)

CMS Preliminary ~ 34.6 nb” (pPb 5.02 TeV) R (p y) =
g ’ kB AT Yield in (p-, -Y)
2 - —®-65<p_ <10 GeV/c ! Prompt J/v Lk
> 3.5F .
LS 3-5: —4-10< P; < 30 GeV/c  Global uncertainty : 3.5 %
L = ' CMS FPreliminary ~ 34.6 nb™ (pPb 5.02 TeV)
3 | o F
> - 1 -
o F | T 41 Prompt J/y
25 i -
i ' n N
2F ’ : . : +
- - i " 0.9 ++ +
1.5m E - ++ +
- p(—>< Pb 0.8 +
Iy : C
: | 0.7 65< p, <30 GeVlc aCﬁVity
0'5:_ o ¢ + + + + . - ®00<ly, /<09
O_IlIIIIIl|lIII|IIIIIIIIIIIlIIIlIlIIllIl[lllIIllll 06:_-._09<|YCM|<15
25 2 15 -1 05 0 05 1 15 C #15<ly_ <193
—IIII|IIII|IIII|III[|IIII|II]I|IIII|IIIIIIIII|IIII
CMS HIN PAS 14-009 yCM 0‘50 5 10 15 i?:l |245 30 35 40 45 50
E; " [GeV]

« Clear dependence of event activity : more suppression for forward
in larger event activity
« No strong dependence on |y|
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\ Ry po(T(nS)) Bottomonia 1n pPb
Rypry(T(19))

et
oy

rr [ rrryfrrrrJrrr | rr 1 [ r 11 [ 1 T [ TT
l | | | | | I

1

- CMSpPb |5, =5.02TeV CMS PbPb 5., =276 TeV -

% C

p— E .
—_— C ]
1.4 g (7)) - CMSppy¥s=276TeV  CMSpPb s, =502TeV J
N L ey crasiosim LI <24 L=150u07 — 04 o Y(2S)T(1S ® 1(2S /r\(g ]
: i ¥ 95% upper limit ] ~— C (28)/r(1S) (28)r(18) ]
t 1.2 PRL 109 (2012) 222301i t 0 4:_ 0 Y(3S)/Y(1S) " Y(3S)/T(1S) 5
n poaceve | gy 0355 E
5 1 ] c - ly . |<1.93 ]
S L . ~ 03 CM ]
ot . : - 3
~ 08¢ * ] > 0.25F ' =
ﬁf - ‘)Pt) -+- . E ° .
|—>|< 0_6__ __ 0.2:— p + _:
= : g pPb :
_ - 0.15 —
EOAj ] C + #+ pr 3
- - 0.1 —
— - N C * .
v 0.2~ ‘# Pbpb ] - E
£ - Ij 1 005: # ] -
> 0_ ] 0: |- l L1 1 l L1 1 | 11 | | 11 1 l L1 | | L1 1 | | l:

— 0 20 40 60 80 100 120 140

Y(25)/Y(1S) Y(3S)/Y(1S) NiracksMl <24 [GeV]

PRL 109 (2012) 222301

* Indication of initial suppression in pPb
* Y(nS)/Y(1S) has clear dependence on N, for pp & pPb
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R (T(nS)) Bottomonia in pPb

Rppb(T(15))

o

S . FcMSpPb (5, =502 Tev CMS PoPb |5y =2.76 TeV e S A
Ly B 9 Sy = O e =2. 7 — o o ]
G 1.4 o IyCM|<1N.;3,L=31 b DIy <Ng'4,L=150 o] ;\:0-45:_pp S\ =276 TeV  pPb \s,, =5.02 TeV PbeVSNN=2.76TeV_:
= i ¥ 95% upper limit i ? E O Iyl <193 ®y,l<193 Yy, <24 ]
E 1.2 PRL 109 (2012) 222301 = 04F E
=~ [ . ] - .
(2 1— Pl >4 GeVic - 0.355— T(ZS) _E
> | ] 0.3F Y(1S) -
Rl = +_ 4 E .
~ 0% g 0.25- . E
a PPb +F i F s .
% 0.6 . 0.2F o E
— T i = ™ ]
wor i 0.15F =
) 0.4 - - ‘ .
z | 1 o cms E
2 o2 ‘# PbPb g 0.05 E
5 r T - C E
: 0— ’ 7 O_III\ | | | |||||| | | | |||||| | | 1 11

10 10 10°
Y(2S)/Y(1S) Y(3S)/Y(1S) i

tracks

PRL 109 (2012) 222301

* Indication of initial suppression in pPb
* Y(nS)/Y(1S) has clear dependence on Ny, for pp & pPb & PbPb
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<N.,;> from different methods agree well

Defining centrality from different methods:

70 70F 70F
S60 S 60F S 60F
[} (] C ()] C
0] S_rt . S _t
< 50 < 50F : < 50F
240 2 f 2 wf
£ il T =
— - [ - [
W 30K w W 30
= = =
W W w 2008

’ ? CMS Preimnary
'?Pbﬁ 5.02 TeV

00 150 200

CMS Prellmlnaly
¥ pPb 'sm=502TeV

* Slicing multiplicity and ZHF E; | n|>4 means selecting very
different events (e.g. 0-10% in the plots), but <N_,> are the same

* The real difficulties of centrality determination are about how to
define centrality in real data (which n range to use?) for an
analysis and study possible biases

'é Shengquan Tuo (Vanderbilt) 152013, Sep 10, llla Da Toxa, Spain 17 ;L"




