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Outline

§ Heavy Quarkonium
% Y production

+ pp, p(d)A collisions
® RHIC & LHC
® Comparison to models

® Questions from trends
in data

+ AA collisions
® Ditto...

s

Two beautiful ad massive objects
that roam freely a colorful field.
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& Heavy Quarkonium: wh

§ States are massive, produced early .-
%  pQCD can estimate production RS

. ppiEE—

§ Sensitive to temperature and deconfined ' Y
color fields: input from Lattice QCD e

% Debye screening, Landau damping
+ ReandIm V(r, T)

% Different states have different sizes/
binding energy

+ Sequential suppression

§ Cold-nuclear matter
% Initial state effects: e.g. nPDF
% Final state: energy loss, absorption

§ Regeneration
% Uncorrelated heavy-quarks can pair up

§ Bottomonium: a cleaner probe than
charmonium...

% 3 states are accessible experimentally
% expect small CNM effects

2 expect small regeneration effects From A. Mocsy
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& STAR: electron channel

$ CMS, PHENIX, ALICE:
dimuon channel

§ Experimental Results:

® STAR: PLB 735 (2014)
127

® PHENIX: PRC 87,
044909 (2013)

® CMS:

e PRL 109 222301
(2012)

e JHEP 04 103 (2014)
® ALICE:
® arXiv:1405.4493
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& Results on cross sections
® STAR: PLB 735 (2014) 127

® PHENIX: PRC 87, 044909
(2013)

2 STAR data:

+ 20 pb, all from pp run
20009.

+ Improvement over 2006:
® Less inner material

§ Calculations:
+ CEM: R. Vogt
+ CSM: Lansberg & Brodsky

$ Data ~ in between CEM
and CSM predictions.
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Y in pp collisions at RHIC |
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& Y in d-Au at RHIC

N
o
o

é) STAR dAu CrOSS Section g E| ISI-;-XRII T | TTTT | TTTT | TTTT TTTT TTTT TTTT TTTT (Ial)l |E
: 3 2 180 s =200 GeV .

2 Note: Scaled by 10°. 3 I Y(8428438) > I'T :

x 160~ R. Vogt ]

= 140: STAR PHENIX NLO pQCD CEM

o C Y PP ¢ rp iipp __

do Mldrapldlty pOth is lower & 1200 @ dAu/1000 () dAu/1000 fidAu/1000
o o o |

than expectations from CEM. ¢ .t ]
o o 1001 E

% Calculation includes 2 b E
shadowing ~ r .

. . 601 =

% Does not include estimate of - .
nuclear absorption 40t E

. 200 4 ~+~ e\ -

$ pp data is also lower than F R — 5,

51-32:»'f;"‘f“;frgll#:l:ﬂII|IIII|IIII|IIII|IIII|IIII|IIII|I
-g.5 2 -15 -1 05 0 05 1 15 2 25

prediction, 2

¢ compare R;,,, where many
theoretical and experimental
uncertainties cancel.
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Y Ry, at RHIC, near y—O

s N 4N ®)
$ Invariant mass distribution in dAu 3 357 j‘l AR drAu Coe ®
C eV e Comb. Background (CB)
at | y | <0.5 so?lyeek&s CB + Drell-Yan + bb
% Scaled pp reference fit shown for 251 _
. - CB + DY + bb + Y(1S+2S+3S)
comparison sl .
15;
$ RdAuvs.y 10)- + L
% Model comparison: 5%1 :}%@ Jf r : Q% +
+ Shadowing, EPS09 o ine A A 17 m*
® R. Vogt m,, (GeV/c)
+ Energy loss
. 32J‘““““““““““““““““““‘L
+ Energy loss + shadowing e f ;( S‘TAR‘RM ‘(13,,2‘3,,3‘3) | © ]
® Arleo & Peigné ?.8 o PN e ey E
Q1.6[~ N\ shadowing, EPS09 (Vogt) -
S’_’ [ — — Energy Loss (Arleo, Peigné) ]
1.4+ Energy Loss + _
¢ y~0is right in the middle of the A e :
antishadowing region 12 .
Nl ..
% Expect Ry, > 1 (small effect) NN\ —" SN
D ¥ * I .
2 Observe Ry, <1 9 N
. . N 3
2 Absorption seems to be important . L |
0.4 .
I l I l I l I l LLll l Ll l I l I l I l L1 l:
25 -2 15 -1 5 0 05 1 15 2 25

N
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M Model from A. Rakotozafindrabe, et al.

51.4:., ] {g‘ “: —e—min, EMC effect
e i T e, (EPS09)
1 B e . . - ——f— ]
——— T - T —_ N
0.8 | - os— |4 1 -
06~ | - 08 -
0.4| 2 = 2 process . 0l -
- Uncertainty on abs. x-section 7 N ]
02....UnoertaintyongluonnPDF“ T T 1] N T T T D \ T T P
-2 15 -1 05 0 05 1 15 2 2 s s 0 e s 2
y y
& Shadowing/Antishadowing of gluon nPDF: green band A. Rakotozafindrabe,
% Note: STAR data on plot were preliminary. E. Ferreiro,
F. Fleuret,
& EMC effect (right panel) J.P. Lansberg,
% Also expects slight enhancement at mid-rapidity. N. Matagne,

arXiv:1207.3193
& Must include additional absorption (red lines)

¢ Why does absorption still give Ry,,>17? : Heard that absorption in this calculation needed updating/
revisiting.

3/7/13 Manuel Calderén de la Barca Sdnchez 8



1.2

1.1

[.O

0.9

0.8

R (A/°H)

0.7 |

0.6

0.5

L
8.0

R .

| S S -

9.0 10.0 11.0
Mass (GeV)

Lo ! d

10

Mass Number

& Yields vs. Mass Number in E772

— 4 Ratio of nuclear targets

L

normalized to deuterium

§ Suppression seen with

increasing A.

& A dependence: 0,4 =A"0,
a,, =0.962:+0.006
e =0.948£0.012

$ STAR resultis in the
same range:

% for Oga, = (2A)%0,,:
+ o =In(0g4,, /0, )/1In (2A)
+ a~09

& Suppression is the same for 1S and 25+3S (within errors).
% Drell-Yan is not suppressed, follows A scaling.
%2 Suppression is not as large as for J /¢ (a=0.92+0.008)
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Comparison: STAR & E772

1-2 T T TTT T TTT T T
$  For a similar comparison, separate os | @
Y'(1S) stat 311
% Increases the statistical uncertainty -~ F
compared to sum Y (15+25+3S) < @; S
2 Use|y|<1, check A dependence. ole [
% Also compare y or x; dependence. < 09 4) " i
s ¢
§  STAR result: consistent with A trend 0.8
from E772. -
0.7~
d Large suppression seen near xF~0 by - O E7721S(pA), |5y = 40 GeV, 0<y<1.05
E77 OLN(F g 0.6~ | | E77225+3S (pA), |s,, = 40 GeV, 0<y<1.05
’ o " </~ STAR 1S (dAu), |Syy = 200 GeV, lyl<1.0
% Same as STAR |y |<0.5 points. 050 il L
2 10

102
M Number (A
$ Shadowing, or shadowing+E. Loss ass Number (A)

. . —_— 1.3 TT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT
cannot explain suppression at y=0. O ermisn), pedocey o ]
r E772 2543S (pA), Sy, = 40 GeV 7
. . 1.2f STAR 1S+2S+3S (dAu), |'s,, = 200 GeV —
§  Effect goes away in the forward y bins. S ;ky STAR 15 (dAW), {5y = 200 GeV ]
1.1 .
& Ahigher-statistics d+Au run would E L 7/13 ]
help. Lo Th f
_ T ® ' o ;
% Note: dAu 2008 run was first attempt ; 7}3 il(@ o O Q14
at measuring bottomonium in cold 0.of- ’ ’L ]
nuclear matter, can revisit with higher T | ;
statistics r | 1
0.8~ ]
mim :
L l L1l ‘ lal | ‘ L lal | ‘ al || ‘ Ll ‘ 1| ‘ 1| ‘ Ll ‘ Ll i
0.7 o

[« ]
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& Note: p; dependence in E772 §

§ Not trivial either. 14
% Suppression largest at ~1 GeV (3 Tre 11 .
% Gives way to large enhancement : 1 _ '
above 3 GeV 1.2 | Togias i@t &
. -
& Might follow up later in STAR: L1 d +‘*
but again, need more statistics. LO |t _j}_# ‘
0.9 ‘4"5 5 [l |
0.8 RN

0.0 1.0 2.0 3.0 4.0
P (GeV)
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hat to look for at LHC

Rop,: W
—

(a) EKS98

r I I .
_ (b) o

4

Expectations From Ramona’s calculations for LHC
Left: fixed PDF, varying o, : absorption has little effect
Right: fixed o,,,, vary the PDF : effect on pP’b nPDF is large

At LHC, kinematics of initial gluons different than at RHIC

% Lower-x gluons: stronger shadowing.
+ Expect suppression at midrapidity at LHC from shadowing alone.
+ Larger uncertainty from gluon PDF than from absorption at LHC

3/7/13
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Y in pPb at LHC with CMS 3

IIIIIIIIIIIIIIIIIIIIIIIIIIII

" CMS pr \sNN =5. 02 TeV _]

5
-

§ CMS Upsilon dataset for
pPb
2 31 nbl @ Vs =5.02 TeV
+ From two datasets:
® Pb+p, ~18 nb! !
800 ¢ data
® p+Pb, ~12 nb! i — total fit
© Energy of p beam: 4 TeV 600f 't background

® Pbbeam:4xZ/A=
1.58 eV

$ QObservables:

% Double ratio, single ratio
% “Self-normalized” yields

% Study as a function of
event activity

+ Look at activity close to or
far from Y meson.

® Close: Nipcks
® Far: E; @
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& Y Double ratio, pPb and pp .

DN
[Y(HS)] :& -~ CMS pPb \'s,, = 5.02 TeV CMS PbPb \s, =276 TeV
YAS) by _ Ry (Y(S)) = Ly y_ |<1.93,L=31nb" 2 lygl<24, L=150pb"
Y(nS) ] R, (Y(15)) £ o ¥ 95% upper limit .
Y1) |, 012 PRL 109 (2012) 222301
$  pp reference for single ratio: = ) -
% No pp data at the same energy ~. 4 Py > 4 GeVie 4
£  Solution: use results from 1.9, 2.76, and 7 TeV :C}‘ t .
+ No significant dependence is observed vs. s ,U_) i _+_ i
= 08— ]
$  Key feature of double ratio: o + :
% All initial-state effects should cancel ;‘;:7 06— |
+ e.g. shadowing affects excited and ground i ]
state in the same way i i
04— —
& Observation: i ]
% Double ratio <1 in pPb 02l Jf’ ]
% Double ratio in pPb higher than in PbPb - .
%  Similar for 25 than for 35S 0: I i

& Implication: possible presence of final state TSy (1) TESYI(S)
effects in pPb which affect excited states more C :
than ground state Expect small Y absorption in hadronic matter
% Note: double ratio =1 does not imply Lin & Ko, PLB 503 (2001) 104

absence of final-state effects Note: depends on radius

% They could modify excited and ground state Hence, larger absorption for 2S and 3S

equally
3/7/13 Manuel Calderén de la Barca Sdnchez 14



& Single ratios vs. event activity .

a 05:l LI | LI | LI | LI I L I LI I LI l LI I: a 05: LI I LI l LI I LI | | l LI I L | [ :
50.455_ CMS pp Vs =2.76 TeV CMS pPb \s,,, =5.02 TeV _E 50.455_ CMS pp Vs =2.76 TeV CMS pPb \s,,, =5.02 TeV _E
@ - O Y(2S)/Y(1S) ® Y(2S)/Y(1S) . @ C O Y(2S)/1(1S) ® Y (2S)/Y(1S) .
= 04 © y@Esyr(s) " Y(3S)/Y(1S) B = 04 y@Es)yr(s) ® Y(3S)/Y(1S) B
0.35( — 0.35 g =
0.3F Yol <193 3 03f | + Y gyl< 1-93 E
0.25F # $ % + - 0.25F %) + =
- Bl ] - ° ]
0.21- I 0.2 % 8 -
0.15F — 0.15F =
Fo 0 g g + . ]
0.1 | g - 0.1 H + -
- " m . - - ]
0.05F . — 0.05F i -
O:I 111 I 1111 | || I || I L1 11 I | | I | | l 1111 I: 0 : 111 | 1 1 1 | 11 1 | 111 | 11 | I 11 1| I 11 | 1 1 :

0 5 10 15 m')go 25 30 35 40 0 20 40 60 h1|§94 100 120 140

ET [GeV] W Nlracks

§  E;Inl>4 Far activity:
%  Single ratios vary very little as the activity increases

$ Ny M <%4, Near activity:
% Single ratios decrease significantly with increasing activity
% Interplay between produced and surrounding event, both in pp and pPb
+ Additional multiplicity produced with the ground state?
+ Final-state interactions breaking up the excited states?
3/7/13 Manuel Calderén de la Barca Sanchez 15



Single ratios vs. activity from pp to Pbe .

| LA | L I UL A 0 5 LI LA L LA L
= | | ] = | I ]
Z_pp\sNN_276Tev PPb \s,, =5.02TeV PbPb\s, =2.76 TeV >_‘04sz_pp\sNN_276TeV PPb \s,,, =5.02TeV PbPb s, _276Te_:
F Oy, <193 ® |y, <193 Yy, <24 1 & FEo 1Yyl <1.93 ® |y, <193 Iy, <24 .
[ . o L .
- —: P 0.4:— —:

035 Y(es) 1 %% . Y(2S) -
0.3F Y(1S) 4  o3- * Y(1S) 4
0.25[- % i o 1 o025 w =
5 " E ; # ]
0.2 -] 0.2_— + -
. : Q -

- W - - \ < -
0.15 — 015 —
“E cms 7 °F owms E
0.05( ++ — 0.05( JFJF -
0: | | IIllIIl | | IIllIII ] 1 lIllll : G:Illl | 1| llIllI | 1| IlIIlI ] | 11 II:

2 3 2 3
1 10 h1|>4 Ge \}]0 10 10 10 124 10

tracks

& Span large range in event activity variables, pp, pPb, PbPb
$ Overlap is limited between pPb and PbPb

% Need additional data to investigate the dependence in the three
systems.
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¢ Self-normalized yield, motivation

% Allows us to look at scaling of cross section with activity
% In PbPb, activity connected to N, via Glauber model
% A simple binary-nucleon-nucleon collision ansatz:
+ Ina given event, the yield of scales with binary collisions
+ In the same event, the activity of the event also scales with binary collisions
+ Leads to linear scaling of yields with activity, assuming no other effects
%  Similar connection for pPb is also common paradigm: still deal with nucleon-nucleon collisons
% For pp, does this hold?

T T T T T T
15 - n

10 - =

x (fm)
JJI o (4]
.
o >
-
g
.0 < ;
A
LX)

__ Au+Au |
_15 1 b=6fm |
| I BN ST S| 2 | T |

-15 -10 -5 0 5 10 15
Z (fm)
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~ Self-normalized y1elds Far .

_ FTTTT IIII
—

2 7 pp vs 276TeV - ‘@ 7} pp vs 276TeV . ‘@ 7 pp \s 276TeV
g f .ppb\s _5.02 TeV 1 £ F mpPbs,=502TeV 1 & - *pr\sNN_SOZTeV :
S . 1 o e 1 @ °F -
- » — AN - n
= Fox F>b|=b)>'s,1N =276 TeV 1= F 1 = F :
S - S N . S -
4= Y(19) = 4 1(2S) = 4 Y(39) -
(r(1sy % - (T(2S)) - (T(38))
3 - + - I | - 3 ]L 3
L@ E C
2= " % = 2F g = 2F T -
15_ o CMS E 15_ o CMS E 1;_ “*r CMS E
. ﬁi Yol <193 ] - . 1yl <1.93 ; - *"‘,{}k’" Yol <1.93 ]
0_1"513.11 1111 l 11 I 11 I 1111 l 1111 I 1111 l 1111 l 11 I— 0_1“1"1.l l 1111 l 1111 l 1111 l 1111 l 1111 l 1111 [ 1111 [ 11 l_ O_f‘l.-l 1 l 1111 l 1111 l 1111 I 1111 I 1111 l 1111 l 1111 l 11 l—
0 0.5 1 1 5 2 2.5 3 3.5 4 0 0.5 1 1.5 2 2.5 3 35 4 0 0.5 1 1.5 2 2.5 3 3.5 4
Fll >4, ,=Mi>4 mi>4 , ,~mi>4 mi=>4 mi>4
/<ET >total E /<ET >total E /< E >total
§ Ep, Far activity 1 Note: x-axis is also self-normalized.

& Close to linear scaling is observed for all systems, all states.
+ Suppression in PbPb for high E;: central events.

$ pPb, pp follow very closely line with slope 1 (dashed line)
+ Fit gives slope consistent with 1 within errors.
+ All systems, all Y states.
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Self-normalized yields: Near L

R
= _F 175 F ik 1 "]
2 7} o pp vs 2 76 TeV —: & 7} pp vs 2 76 TeV 4 8 75 pp \'s 2 76 TeV -
S e pPb sy =5.02TeV 1 £ F mpPb s, =502TeV 15 [ » prV Sy = 5.02 TeV .
n - NN 41 o 6 4 o ¢ e
= o Pbe)y%:Z.%TeV 15k | 12 ¢ ]
St ] 5¢ ‘ ] 5— —
4 Y(15) A T(es) R ) l .
E(r(1S ] C (Y (2S)) ) . E(Y(3S)) ] S .
3;< (1S) ©) .* % - 3 (29) | + i 3 (39) T [ 3
s ] - b . - ]
t X o E 2 - 2F L ' + =
£ .2 CMS ER S CMS EI L CMS E
- {r". |yCM| <193 . - -l lycml <193 . - . "?"*I' lycrvll <1.93 .
c 1 ﬁ.l 1 | 11 | 1111 I 1111 I 1111 | 1111 | 1111 I 1111 I 11 | 0 1 l l- | 1111 | 111 | I I 111 I 1111 | 1111 | 1111 I 1111 I 11 I_ G_'fl 1 | I | 111 | 111 I 1111 I 1111 I 1111 | 111 | 1111 I 11 I_

o 05 1 15 2 25 3 35 4 0 05 1 2 25 3 35 4 0 05 1 15 2 25 3 35 4

mi<24 )\ i<2. 4 |<2 42 mi<24;  \ <24
Ntr]acks ( tr]acks total N1racks N tracks >total Niraces/ (N tracks >total
$ Nk Near activity

$ Significant differences among systems and among states!
% Y(1S) production scaling: stronger than linear in pp.
% pp: indications that slope is smaller for 2S and for 3S.

§ All states, even in pp, regardless of whether activity is far or near, show
increase relative yield in higher activity events.

% Number of parton-parton collision scaling? Multi-parton interactions in pp?
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LHCb Y results for pPb |

0 LHCb © T e

> 1201 4 < 9 LHCb

o “F pPb {s,, =5 TeV = -

= : # { S % 80 pPb ys, =5 TeV

o 100 , — o a

© : © O

— i 1 1.5<y<4.0 ] o ! , 5.0<y<-25

Q sof p_ <15 GeV/c 4 g 60 | p, < 15 GeV/c

& . PV

O - i S gH

2 40 1 5% .l- +

S O 20 ;§+ ..... \
20F " E 10 P k or

: +I:IH..'I‘ RO 1 1 1 -I-l".l .‘u | “. L »“|+ 1 1 | 1
0 toealosacaaz’ deetiaet Lt e : 9000 10000 11000
9000 10000 11000

m,., - [MeV/c?
M, MeV/c?] | ]

(Pbp)

$ Signal seen in LHCb Y(1S) 189+16 70414
Y(2S) 4149 17410
Y(3S) 13+7 4+8
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LHCDb Y results f

0.4 EPS09 at NLO in Ref[4] —®~ LHCb, Y(1§)

0.2F \\\\U Y(1S)
C Prompt Jhy

O-.l...I...I

—=— LHCb, Prompt Jiy ]
—A— LHCb, Jiy from b 1

R a L L L D & L T
AE LHCb 1 2~ F

- pPb VSan = 5TeV L %
1.2~ '—.—\' -] 1.2

WERY i E Y

- (V0o \\ . .

[N a4 )\}\&\@»W; 1t ~—_

0.8F 7 3 ] 0.8F T
0.6F —{— 3

0.6F

0.4 E loss+EPS09 NLO in Ref [3]

—— Y(15)

0.2F
C - Prompt J/y

] ol v v 1.

-4 -2 0 2

or Rpp,

= T
LHCb .

PPb s, = 5 TeV

4 -4 -2 0

$ Used interpolated pp reference

§ Slight enhancement at negative rapidity, indication of antishadowing

$ Slight suppression at forward rapidity

§ Different theoretical models are consistent with data, within uncertainties
+ EPS09 NLO: IJMP E22 (2013) 1330007

+ E.loss: JHEP 03 (2013) 122
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ALICE Y results for R p,,

-Pb |s,, =5.02 TeV % -
Y NN m"' 14— p-Pb VS_NN =5.02 TeV
ALICE C . 0 ALICE
> PRELIMINARY 12 ‘\ PRELIMINARY]
061 o Inclusive JAp—u*w, p_> 0 (JHEP 02 (2014) 073) HE 0.6[—
- — @ Inclusive Y(1S)—-u'w, p, > 0 (preliminary)
e Inclusive Y(1S)—u*w, p_> 0 (preliminary) -
0.4[- T 04—
O EPS09 at NLO (Vogt, arXiv:1301.3395 and priv.comm.) [ Eloss (Arleo et al., arXiv:1212.0434):
02— EZZ2Z2Z2 3(13) 02 N Eloss
NN Y | [ ELoss+EPS09NLO
o_l IIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIlIIIIIIIIIII OTIIIIllllllllllllllllllllllllllllllllIlllllllll
-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4
cms yCmS

ALICE sees no enhancement at backward rapidity, slight suppression.
% EPS09 NLO expects antishadowing. ELoss + EPS09 also expects enhancement.

Forward rapidity data:
% EPS09 NLO expects only modest suppression
# Including E. Loss lowers R, data near lower end of prediction

Note: ALICE data in both cases lower than LHCDb data.
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dAu, pPb Summary

§ Cold Nuclear Matter effects are Cold nuclear matter
important Np—

$ STAR dAu results show suppression
at y=0
% Not expected from shadowing
% Absorption seems to be needed
% Similar effect seen in E772

§ CMS pPb results:

% Evidence for final state effects in pPb:
suppress excited states relative to
ground state

$ CMS event activity study:

¢ single ratios affected by nearby
activity

+ final-state breakup of excited state?
¢ self-normalized yields increase vs.
activity
+ multi-parton interactions in pp?
3/7/13 Manuel Calderén de la Barca Sanchez 23
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Bottomonium in Hot Matter

“ orning glory " pool: a hot spinwith a
balmy temperature of 70 C.
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- STAR Au+Au O N #N.. e N, §140 - STAR Au+Au O N, #N.. e N, %140 STAR Au+Au O N, #N._ e N,. (c)
[ (Swy=200GeV,ly_I<1.0 ........ Comb. Background (CB) 8 L \Syy = 200 GeV, ly_1<1.0  ........ Comb. Background (CB) 8 T {Sy=200GeV,ly_I<1.0 ........ Comb. Background (CB)
CB + Drell-Yan + bb 1201, {% CB + Drell-Yan + bb 1200 CB + Drell-Yan + bb
CB+DY +bb+ Y(15+28435) 1001, CB + DY + bb + Y(1S+25+38)

CB + DY + bb + Y(1S+2S+3S), 100F ‘.
p+px<N_ >

p+px<N_ >

3
Hlo
:j% ", p"'px<N<:nll>
L “‘
B <
3
‘.
.
.

JEN
- 30- 60% centrallty$ i i—“ - . ‘+' i%‘;

o b b b b \HH\HH
c8 8.5 9 95 10 105 11 11.5 12

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

& Invariant mass distributions in 3 centrality bins

\\\\\\\\\\\\\\\\ Lo b by Ly g L
. 115 12 G8 8.5 9 95 10 105 11 1.5 12

& Possible to separate ground state.

§ Comparison to N_ ;-scaled pp reference:
% Clear suppression of excited states.
% Suppression of ground state in most central bin.
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STARY Ry, vs. N__ .

2

% _L LI I T 17T I T 17T I L I L I L I L I L _]
% 2 l T 1T T 7T I LI I LI LI I LI I LI I L I T T 17T | <" : (b) :
< - (@ 7 II< 1.8~ @ sTARAu+Au (O STAR Au+Au, Centrality Integrated —_]
< 1.8 @ STARAu+Au (O  STAR Au+Au, Centrality Integrated —_] - . 7
(a s C - . a 1.6— M STARd+Au Strickland-Bazow Model .
r - STAR d+Au 7.~ Strickland-Bazow Model ] - i T
g; 16 C ‘ Emerick-Zhao-Rapp Model b ‘2 —  p+p Stat+Fit Uncertainty Emerick-Zhao-Rapp Model =
+ 1.4 +p Stat.+Fit Uncertainty merick-Zhao-Rapp Mode e gq) 1.4 o .
&) - - Common Normalization Syst . + - . Common Normalization Syst. .
+ 1.2 - . — (/)] 1.2 __
7)) 20 - C
C - = L
1E- ™
~ C - 7
0.8/ B, 0.8— 7 Y -
0.6:— i Z -4)- 7 7 ) E 0.6 I ;;fg;/;_ 6%' {;/;/ 7 e
1, STAR Y(15+25+38) - ooF. STAR Y(15+25+3S) -
2E (s = 200 GeV ly I<1.0 - Sy =200 GeV | | ly,J<05
T | I I 11 1 | I 11 1 | I 11 1 | I 11 1 | I 11 1 | I | I I | I . L L S E— — SE— S L
0 0 50 100 150 200 250 300 350 400 0 0 50 100 150 200 250 300 350 400
Npart Npart

d Right panel: all data in STAR acceptance |y |<1
% dAu, and two most peripheral bins: consistent with no suppression
% Suppression most central Au+Au: Consistent with expectations for hot & cold nuclear matter, however...

$  Left panel: bin closest to midrapidity, |y|<0.5
% dAu suppression is of the same magnitude as central AuAu: Important to understand dAu system

$  Calculations:

% Strickland & Bazow: Includes estimate of heavy quarkonium potential, Re and Im. Models
evolution through anisotropic hydro. (Nucl. Phys. A 879 (2012) 25)

2 Emerick, Zhao & Rapp: attempt to include both Hot & Cold nuclear effects
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&g [GeV]

Y in Emerick, Zhao, Rapp model

1.2 [T Y=Yt~ 45
: 2_0¥c —_—
40 f 30T,
1r L
35
08 _ 30k 3
o L ]
3 o5 | Weak ]
06 O, : . . ]
SRpE— T 20f Binding |
€25(T) e : ]
04 2s ; ]
Eqp(T) o © 15} .
€15=1.10 GeV : ]
02 €5,=0.54 GeV .
€1p=0.66 GeV ---oomoeee ]
0 PP BT . YPRPIPEPEE IPEPEPEPE PP B R [IPEPEPEPS PP R 5
01 02 03 04 05 06 07 08 09 1 11

T [GeV]

§  Weak vs. Strong Binding

% Binding energy changes (or not) with T.
% Narrower spectral functions for “Strong” case
% Ratios of correlators compared to Lattice: favor

“Strong” binding case

§  Kinetic Theory Model

% Rate Equation: dissociation + regeneration

¢ Fireball model: T evolution.

3/7/13

+ T ~300MeV @ RHIC
+ T~600MeV @LHC
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M Y in Emerick, Zhao, Rapp model .

T [ —

1 . Nuc. Abs. ]
$ Comparison to data: | s —

%2 Mostly consistent with 09

Total mem
STAR Preliminary —— :

data 08 |

: , 07 }

% Little regeneration: 06 |
. z O

Final result ~ € g5}

Primordial suppression 04}

03 F

% Large uncertainty in

. 02} Emerick, Zhao & Rapp.
nuclear absorption. o b EPJ A (2012) 48:72
Need dAu, pPb. 0 b
0O 50 100 150 200 250 300 350
+ Based on our Npar
reliminary result .
p y Suppression due to cold nuclear matter:
R4a,=0.78

can bring R, , down to ~0.6

+ 04,~1-31mb (most central, lower edge of green band).
Additional suppression needed to bring

R, down to ~0.4 : hot nuclear effects
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Y Ground state Ry, in STAR §

< T TT | L | T 17T | T TT | L | T 17T | T TT | LI

o

< (c) |
m< @ STAR Au+Au (O STAR Au+Au, Centrality Integrated _|
a 2 [l STARd+Au //?/?// Strickland-Bazow Model
E Liu-Chen Model

1.5

- . + 772

05— 77 7 =

. STAR Y(1S) i

- \'syy = 200 GeV ly 1<1.0 B
T R

Npart

§ Consistent with no suppression in dAu and peripheral AuAu

§ Suppression in most central collisions
2 R 44(1S) =0.66 £ 0.13(Au + Au stat.) + 0.10(p + p stat.)**02 _ -(Au + Au syst.) £ 0.08(p + p syst.).
% Models from Strickland et al., and Liu et al. consistent with central suppression
+ However, neither model includes any CNM effects.
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Hypothesis testing, |y |<1

Measurements: vertical line
3 RdAu

_ 0 _'g- 10— T T T
% IEAAI-OklgA’ ?Osttcentfal £ T — STARdAu Y (1S+2S+3S) @ -
pink band: syst. unc. Z of Mo Suppression -
§ Hypothesis test: § [ Ascaling .
# Run pseudoexperiments for - .
various scenarios 4= —
% Stat. unc.: width of distributions - -
+ No suppression: RAA=1 2:_lyyl<1 .0 _ 7
+ A“scaling for dAu (CNM effect) R i I e e
© A% fffor AuAul & — STAR AuAu 0-10% ®) 3
+ QGP effects 01’.1 il | % 8:_ ——— No Suppression - QGP Effects only B
. . . i -
§  A*scaling: consistent with dAu - -
data i E
% 0.3 04 66 1.4

$ QGP+A“ scaling: consistent with
AuAu data

§ Other scenarios are disfavored.
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Hypothesis testmg, \y | <O0. 5 3

¢ Hypothesis tests: I° _ STARAu Y (15+25+38) @
+ No suppression: RAA=1 Z 3L NoSuppression =
+ A%scaling for dAu (CNM § | Avscaling -
effect) N §
® A?*for AuAu i -
+ QGP effects only 2‘_| <0 -
® Based on Strickland et al. - Y I< - :
. 2 12 —t ] =
+ QGP effects + A* scaling § | — STARAuAu0-10% (@ ]
% E —— No Suppression - QGP Effects only E
é) Clear that | y | <05 ShOWS ;_é 85_ ------ A*-scaling --- A* and QGP Effects _E
large suppression in dAu. i3 E
# Comparable to central AuAu -~ 5 e E
¢ No particular scenario is S O
0 0.2 0.4 0.6 0.8 1 1.2 1.4
favored. Raa

+ Additional statistics in dAu
would be beneficial.
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Y in CMS PbPb

(\/‘\ 50 _I LI LI LA I I I L I IO LI |_ (\’151 200__' LI | T T | T I. T | L | L | UL | T 1 I__
S CMSpp (s=276TeV - S - i CMSPbPb \s=276TeV
S T Iyl <2.4 . S L Cent. 0-100%, lyl < 2.4 )
s Or i > 4 GeV/c ~ = 1000 L, =150 ub" ~
= [ L, = 230 nb” - - r p' >4 GeVic .
] L ] 0 - -
o 30 i £ 8001 - -
T - ) e data i 2 B e data 4

B ! — total fit . L - L | PbPh fi i
o Il background 600 - tota it —
- . - i --- background i
I i 400 i BiED T pp shape ]
10 - ¥ i (F{AA scaled) ]
SRR e = i ] o ]
0 1111 | 1111 | 1111 4 1111 |¢ 1111 | 111 L ] —.® °
7 8 9 10 11 12 13 14 = =
MaSS uw GeV/02 i RN B N A R BN SR S S S N A N A A B AN AN AN A AR |_

Wl ] 8 9 10 11 12 13 14

Mass(u*w) [GeV/c?]

§ Clear suppression of all states in PbPb.
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CMS Y Ryp VS Ny

§ Centrality integrated:

5p Y(18)0561008i007 mé _IIII|IIIIIIIII|IIII|II—’II|IIII|IIII|IIII—_
2 Y(25):0.12 + 0.04 £ 0.02 T4 CMSPOPD\sy =2.76 TeV :
2 Y(3S):<0.10 @ 95% CL oL TZ;: L =150pub™
et LP = 230 nb™!
& Observation of sequential i3 1(385). 95% upper imit
suppression. -
L 30-40%
$ Comparison to STAR R, 4 0.8 40-50% 20-30% R
Y(15), |y|<L: BT T :
2 0.88+£0.09+0.1370-03_, .~ +0.11 N + 5-10% 0-5% - +
% More su%Pression at LHC 0.4k 3 §
compared to RHIC T q_] i [+] i
& If directly produced O2r $ @t B
fraCtion iS N51%: reSUIt :I 111 | I | L 111 | L 111 | L1l |$I 1| | | I@I I 11 l: |L
consistent with suppression % 50 100 150 200 250 300 350 400
of excited states only. Nyar
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CMS PbPb and models

< IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

< | _ 5: _I 1T | TTTT | T T TT | TTTT | TTTT | TTTT | TTTT | T TT I_

w14 CMS PbPb sy =276 TeV 1 14  CMSPbPb \[s,, =2.76 TeV ~

i _ -1 i B Y(1S) Y (2S) .

1.2 $Y(19) Lint = 150 ub — 1o 4 CMS data ® CMS data .

- . =L I Primordial I Primordial i

B *Y(2S) Iyl <2.4 ] - — Regenerated ----- Regenerated -

- 1 i Il Total Il Total i

NS M. Str\ig:(lﬁlzér)ld4 o3 —l .

DR e » AT/S = i Nuc. Abs. ]

o8\ . T Y(1S), 4nn/s = 2 0.8k Sizh itk B

0.6 :— SR ' 061 B
04 [ \% o )N e ¥ e 0.4f
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Npart Npart

& Models from Strickland et al. and Emerick et al. consistent with
data.

% Suppression level is similar in both models
¥ EZR model: Regeneration component is small for Y.
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N
2
©

-

,M LHC results...

§ CMS showed sequential suppression

2 Models are consistent with this
picture

(A

L
(J

$ LHCDb shows results consistent with
shadowing, can also have some E.
loss, but both ok within uncertainties

§ The beauty peaks were painting a
compelling picture.

$ ... but then things got murky...

3/7/13 Manuel Calderén de la Barca Sdnchez 35



& ALICE Measures Y in
PbPb

% Forward rapidity region
+ 25<y<4
+ Note: CMS, |y |<2.4

¢ Fit to 1S to extract yield in
PbPb

«* Uses LHCDb pp for reference
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ALICE Y Results

10

arXiv:1405.4493

ALICE, 0%-90% Pb-Pb \/ Sy =2.76 TeV
L. =69 ub™

IIIIIIII

Inclusive Y(1S)—u'n
25<y<4,p >0

~2/ndf = 0.99
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Y R, , vs. Npart, forwardy

1.4[
é 1'4: Pb-Pb |s,, =2.76 TeV, inclusive Y(1S), p_>0 té Pb-Pb |/s,, =2.76 TeV, inclusive Y(1S), p,>0
1.2 o ALICE: L, =69 ub',25<y<4 1.2; o ALICE L, =69 ub", 0%-90% (open: reflected)
- m  CMS: L,=150 ub' lyl<2.4 - m CMS: L =150 ub™, 0%-100%
A ] I
0.8F- 0.8
0.6 [.H 0.6 @
- ] -
0.4 ['F oE 0.4
0.2 ¥ 0.2 4
%_ L I Al L I — I G I et L I L l G I e . I L L 0% 1 11 l 1 11 1 l 11 11 I 11 1 1 l 1 11 1 I 11 1 1 l 11 1 1 l 1 11 1 I
50 100 150 200 250 300 350 400 -4 -3 -2 -1 0 1 2 3 4
(Npar) y

§ Comparison between CMS and ALICE

® Y R, ,: more suppression at forward rapidities!
+ Energy density, T should be smaller at forward y. What gives?
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$ Model from Strickland et

al.
%

3

Comparison to dynamical model .

o 1.4

e
Expect largest suppressio b
“dip” at y=0. ]

Changing model
parameters does not
change this feature.
+ Change in T profile

® Gaussian profile

® Boost invariant profile

® Widens/narrows dip, bu
dip remains

+ Change in shear viscosity
(and therefore initial T)

® Increases/Decreases R, ,
scale, but dip remains

% Most (all?) models on the

3/7/13

market have this behavior.

+ Note: this model does not
have regeneration...

0.8

0.6

0.4

0.2

Manuel Calderén de la Barca Sanchez

Pb-Pb \|s,, =2.76 TeV, inclusive Y(1S), p.>0
ALICE: L, =69 ub", 0%-90% (open: reflected)
m CMS: L, =150 ub™, 0%-100%

i

-

_ Boost-invariant plateau = = 4any/s = 3= 4nr/s = 2=m4qry/s = 1
~ Gaussian profile --4nn/s =3 4nr/s =2—4nn/s =1
I 11 1 1 l 11 1 1 l 11 1 1 I 11 1 1 l 11 1 1 l L1 1 1 l 11 1 1 l 11 1 1 l

-3 -2 -1 0 1 2 3 4
CMS: PRL109 (2012) 222301 y
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M Comparison to transport/ regeneration.

& Model from Emerick
< 14
et al. o

- Pb-Pb VSNN =2.76 TeV, inclusive Y(19), [ 0
12— e ALICE: L =69 ub? 0%-90% (open: reflected)

% Includes a m CMS: L, =150 ub™, 0%-100%

regeneration L 3
component, albeit 0.8~ [Total [Z]Primordial ~---Regenerated
small -
. 0.6
% Includes absorption
component 0.4
0.2
Ikl e PP R MY B AR ool chodd el
£ Yet, model cannot 0% R 0 - > : A
account for stronger CMS: PRL109 (2012) 222301 y
suppression at
forward rapidity
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In the works, Pr and y

:((2.5_|||||||||||||||||||||||||||||||||||||||_ :(( B T __
@ L CMSPbPb\/sy, =276 TeV T 1-4_— CMS Pbe \/sN _2.76TeV ]
- . - Y(1S .
L XS B ol 409 -
- . 1:
1.5 — . ;
B 7 08__ —_
- : 0.6/ .
: ! '
I ] 0.4[ .
0.5 * 7] 0.2]- Cent. 0-100% .
- Cent. 0-100% - L 0< p, < 20 GeV/c
B |y|<24 T O_\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\_
0_|||||||||||||||||||||||||||||||||||||||_ O 02040608 1 12141618 2 22 24
0 2 4 6 8§ 10 12 14 16 18 20 lyl

P, (GeVlc)

§ CMS results on R, , vs. py and y with first PbPb run, limited statistics
32 JHEP 1205 (2012) 063
% No indication of smaller R, , at higher y.

$ In progress, py and y dependence with higher statistics and finer bins.
2 150 ub, compared to 7.3 ub?
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£ Summary plots vs. bmdmg energy 3

3 [
- Py _ _ o [ CMS Preliminary 0- 100% i
o - STAR Inclusive Quarkonium Measurements 1.2 Pbe\/% — 276 TeV .
Au+Au, |s,, =200 GeV, lyl<1 i ]
Y U B ]
1
B e Inclusive (2S) (6.5 < p, < 30 GeV/c, lyl < 1.6) i
0.8 - 0.8 C Y Y (3S) (lyl <2.4), 95% upper limit N
s l ‘L “La Y(@S) (lyl <2.4) i
B Y(18) - = prompt JA (6.5 <p_<30 GeVic, lyl <2.4) ]
- Jhp, p.>5 GeV/c ’ 0.6~ ]
0.6 ’ -

B 0-10%TCentraIity I 0-10% _ - * Y(1S) (lyl < 2.4) ]

= Centrality
B 0 4-_ Y(19) ]
0.4— i . ]
B Y (25+3S), 95% limit i Jhyp ]
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§ Overall pattern of sequential suppression is observed.
% But there are important details that do not fit.
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Conclusions 3

¢ Y: an observable that is throwing surprises!

$ dAu, pPb data are now showing intriguing features
% Possible large suppression at y=0 at RHIC

% Final state modifications of excited state compared to ground state
+ Double ratio <1 in pPb

§ pp data vs. event activity:

% single ratios decrease when activity is near Y

+ breakup of excited states? higher multiplicity when ground state is
produced?

% Increase of self-normalized yield: multi-parton interactions?

& AuAu data: The first results from STAR and CMS looked very
consistent with sequential suppression picture.

% But forward rapidity data challenges our closely held beliefs!
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§ Here's to the continued exploration of beautiful peaks, and

that we find a crisp, clear vista of the QCD landscape
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