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PRODKARVEN The quark mass
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Heavy flavor mass, comes from the Higgs mechanism, no effect from the QCD chiral
symmetry breaking.

Light flavor mass, affected by chiral symmetry breaking.
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Heavy flavor and quarkonium production
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M, = 1.3 GeV
M, = 4.8 GeV >> Te: Aqcp: Mygs

Produced at initial impact through
hard process, penetrating probe.

Produced by gluon fusion, quark-
antiquark annihilation, gluon
emission, flavor excitation, and
gluon splitting ...

Charm quark into hadrons (~10%
to baryon, ~1% into J/y, and
others to mesons)

QQbar transition into quarkonium
through color singlet, color octet,
and color evaporation approaches.
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BROOKHRUEN Quarkonium as a QGP indicator

color screening

027, 0747, 11T, 237,
Matsui-Satz: screening the potential £ GeVitm?)
Y(3S

G°) Y(25) Y(1S)
Screening in Q and Q cannot Ay
a deconfined “see” each other y
medium: o < rag (/e X I
effective
charge of Q
and Q
reduced Different quarkonium states:

Heavy but small,
Assume: medium effects described with a T-dependent potential 0'28’_0'56’_ 0.78 fm for Y(1S), Y(23), Y(3S).
Ay provide distance scales to probe QGP:

Courtesy from A. Mocsy -, different dissociation temperatures.

A+A collisions: color screening, gluon dissociation, recombination; jet quenching, formation
time; cold nuclear matter effect requires measurements:
1) energy, collision system size, centrality, rapidity, and p; dependences in heavy ion collisions

2) understand p+p, p+A production mechanisms
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BRODKHAVEN Heavy flavor total cross section
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ALICE: arXiv: 1405.4144

Charm cross section follows N, ;. scaling from p+p to Au+Au collisions
Expect to get 60 ccbar and 2 bbbar pairs in central Pb+Pb collisions at 2.76 TeV
Expect to get 15 ccbar and 0.1 bbbar pairs in central Au+Au collisions at 200 GeV
Coalescence from bbbar to Y is negligible at RHIC.
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BRODKHAVEN Charmonium cross-section in pp
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« Good understanding of charmonium cross section for Vs = 0.2 — 13 TeV
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BRODKAAEN Quarkonium production in pA
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« J/y: strong suppression at forward rapidity. Backward rapidity is consistent with unity.
« Similar feature for Y.

« At high p;, no suppression at mid-rapidity.
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NATIONAL LABORATORY Rp(d)A \l’ ZS Versus Rp(d)A J/\II
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RHIC: R, 4)a[W(2S)] < R, 4)a(J/p) on the A going direction and at midrapidity

LHC: R A[Y(2S)] < R A(J/yp) on the A and p going direction and at mid rapidity

Consistent with co-mover suppression picture.

10/28/16

Lijuan Ruan, MIT



BROOKHRUEN The Y'(2S,3S) case
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Y (2S,3S) more suppressed than Y(1S) in pA collisions at mid-rapidity.
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BROOKHAVEN High-pT 'lp(ZS) in pr
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ATLAS-CONF-2015-023
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« Similar suppression in central collisions

* Hints of less suppression in peripheral collisions
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BROOKHEVEN J/y suppression pattern in A+A
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STAR Collaboration, SQM2016 STAR Collaboration, 1607.07517

J/hy through its dileptonic decay: indicator of deconfinement

consistent with more significant contribution from ccbar recombination at LHC energies

Interplay between color screening and recombination: describe the J/p suppression
pattern and its energy dependence.
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BROOKHEVEN J/'lp in PbPb at 5 TeV
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. Less suppression at 5 TeV than 2.76 TeV, hint of more recombination at
o TeV.
. need further improve 2.76 TeV pp reference.
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J/y suppression pattern at high p,
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Stronger suppression for higher energies:

R

(0.2 TeV) > R,

10/28/16

(2.76 TeV) > Ryu(5 TeV TeV)
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YP(2S) in PbPb at 5 and 2.76 TeV

(W23, o/ (W(2S)y)

PbPb 351 ub™, pp 25.8 pb™ (5.02 TeV)
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W(2S) more suppressed than J/y,

Relative enhancement at p;>3GeV

disappears at 5 TeV
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PbPb 351 ub™, pp 25.8 pb™ (5.02 TeV)
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BROOKHAVEN High-pT 'lp(ZS) in PbPb
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« Significantly stronger suppression with respect to J/y
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Y(1S) in AA
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« Stronger suppression at LHC than at RHIC
« Suppression of direct Y(1S) in central collisions?
« More suppression at forward rapidity than mid-rapidity

(Re)combination?

10/28/16
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BROOKHEUEN Y(l S) in PbPb at S TeV

NATIONAL LABORATORY

m . ALICE, Inclusive Y(1S) — p'u’, centrality 0-90% D: i ALICE, Inclusive Y(1S) - p'u,25< y <4
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« Hints of stronger suppression in more forward rapidity
« Hints of less suppression at higher beam energy
Ratio(0-90%) = 1.3x£0.2(stat.)£0.2(syst.)
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Y'(2S) in PbPb

PbPb 351/464 ub™, pp 25.8 pb™! (5.02 TeV)
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0.21+0.07(stat.)£0.02(syst.)
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BROOKHAVEN Y(3S) in PbPb
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PbPb 351/464 ub™, pp 25.8 pb™* (5.02 TeV)
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* Double Ratio < 0.26 (95% CL) at 5 TeV
* Double Ratio < 0.17 (95% CL) at 2.76 TeV
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BROOKHAVEN Y(Z S+3 S) in AuAu
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STAR Collaboration, SQM2016
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0.28, 0.56, 0.78 fm for Y(1S), Y (2S), Y (3S).
Negligible contribution from b and bbar recombination at RHIC
A better probe to study color-screening feature of QGP.

A hint of Y'(25+3S) less suppressed at RHIC than at LHC!
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Very low pt J/y: largely enhanced!

BROOKHFAEN
NATIONAL LABORATORY
§ 8 | g 1 02 : I LI I 1 R 1 R 1 I LI ]:
T - Q ALICE, Pb-Pb |5, = 2.76 TeV o . STAR Preliminary ]
6 25<y<4 B _
5L B = Au+Au 200 GeV 1
. + 0 < p, <0.3 GeVrc, global syst = + 15.7 % i e U+U 193 GeV i
+ 0.3< p, < 1 GeV/c, global syst =+ 15.1 % EM .p+p baseline uncertainty
<l $ 1< p,<8GeV/c, global syst=+11.5% 10 = BN, uncertainty =
ol * Common global syst = + 6.8 % i centrality: 60 - 80% .
0.8+ " = -
0.7—$ % i ii @ - 4] # & [{']E-}-] ]
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Large enhancement of J/y yield observed in peripheral A+A collisions!

Prominent centrality and p; dependence.
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seoocmneey — J/1) yield :t=p;? and centrality dependence

-6
~107 ] S 410~ _—
) - STAR Preliminary . z|> : STAR Preliminary 3
2 - — exponential fit 1 ®e 350 Y E
9_; i — interference shape | x° 3 = E
g"‘ - centrality: 40 - 80% - i P, < 0.1 GeVic P Emeey §
ot 25 E
§ 0% —YAINDF =1.72 oF 30 -40% 4
o’ C — ¥2/NDF = 4.9/4 ] = H'] H] . =
_ | 1.5 .
Y B IS i :
5 $ 0.5 E_ 3 E)Eﬂectation of hadronic production x 5 _f
107 = C s @ =
C_1 L L L | AR L 1 | 1 L | | L L P C ! ! ! | ! ) ! ! | ! ]

0
0 0.02 0.04 0.06 0.0 0 50 100

t=p] [(GeVic)] Noar

Slope parameter consistent with the size of the Au nucleus. Interference
structure observed. Coherent photon-nucleus interactions?

No significant centrality dependence of the excess yield! Interplay between
photon flux cancellation in the overlapped area and the distance of the
spectators of the two nuclei?

Simulations ongoing and need theoretical inputs!
10/28/16 Lijuan Ruan, MIT 22



soocindf’0herent photonuclear and two-photon processes

Y

Ann. Rev. Nucl. Part. Sci.

Tl = + 55:271
(2005)
~~ANS> PV,
AN PUVNY,
V=p,o ,¢, Jp
- Zye =
vV ~cC -
Two-photon photonuclear

Studied extensively in ultra-peripheral collisions

How is the J/p from coherent photonuclear process affected by hot and cold QCD
matter! Why do we still be able to observe these J/ys?
A new tool to study enriched multi-body dynamics on the strong QCD force!
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BROOKHRUEN Achievements

NATIONAL LABORATORY

The collision energy, centrality and p;, rapidity dependences of Jhp suppression
pattern at RHIC and LHC can be interpreted as the interplay of two key ingredients:
recombination and color screening qualitatively.

At LHC: Sequential melting for Y (1S, 2S, 3S), 1y(2S) more suppressed than
Jhp. Hint of recombination contribution to Y.

We are in the era to study color screening features
of hot, dense medium

0.8
C —&— p+p (world-wide)
L I T T Ll T LI I —
mﬁ 12F 0.7  —e— CMSPb+Pb@2.76 TeV (0-100%)
- Theoretical curve Neou uncertainty - —¥— STAR Au+Au@200 GeV (up) (0-80%)
1 ~  —Total .200 GeV p + p uncertainty — 0.6 — : ;
N ) . ) n C
- Primordial .62.4 GeV p + p uncertainty T 05 :_ STAR preliminary
0.8~ -~ Regeneration .39 GeV p + p uncertainty ] f_\i C a
[ s N 04— (
0.6 | Centrality: 0-20% ] 2 F L
“t ] D o3 I
o ] = F
0.4 . EI ] 0.2 -
e - - Y(2S)/Y(1S)
0.2 i ARt et e e n e e oo B o - ¢ T(38)/Y(1S)
0 e 1 | | . , . ] 0 - : } I
102 103 pp AuAu @ RHIC PbPb @ LHC
\/ s,y (GeV)

10/28/16 Lijuan Ruan, MIT 24



BROOKHAVEN Towards the future

NATIONAL LABORATORY

We are in the era to study color screening features
of hot, dense medium

> T L L L RN R B
. ae - CMS Preliminar 0-100%
uestions: E y o
O : , 127 PbPb\[s = 2.76 TeV N
How does the in-medium QCD force depend on . .
temperature? 1: o Inclusive y(2S) (6.5 <p_<30 GeVlc, [y < 1.6) 1
0 8——' Y(3S) (ly| < 2.4), 95% upper limit ]
Sequential melting at RHIC? ¥ Y@S)(yl<24) )
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A cleaner probe: Y at RHIC, and charmonia - o
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sPHENIX: Quarkonium measurements

RO INARVEN for 2020+
| Y(15,25,3S) — e*e” |
51.2
C x e Y(1S)
300 Y(2S
"~ Au+Au 0-20% 1 ® Y(29)
C 10B events A i
2501 f i
B 0.8
2005 . = 98 = 3.0 MeV i
: 0.6 Ve N e
150j | Y‘(1 S)
. 0.4
100~ 1 -
- $ 4 -
ARWLY Y(25)
...-O-v--- A b3 '-‘;?_L ‘,J__.---:':"t':‘ ..... ‘:\“". ‘ Y 0_| I AN R Al |'| [| RN BRI i B Y'(33)
O s 85 9 95 10 105 11 0 50 100 150 200 250 300 350
invariant mass (GeV/c?) part

sPHENIX will provide more precise measurements.

Constrain color screening feature and initial temperature of QGP evolution.
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BROOKHAVEN, Open questions

Turn qualitative features into quantitative understanding!

» Understand our p+p reference: CS versus CO contributions et al.

* Knowing the p+p production mechanism is crucial in order to obtain a complete
picture in heavy ion collisions: for example, a colored object will lose energy when
traversing the medium. Has this effect been considered in theoretical calculations?

* Dynamic modeling is critical!

Will the coherent photo-nuclear quarkonium production be helpful to probe the
in-medium QCD force?

| have not talked about:
Non-prompt quarkonia - B physics.
Study a gluon jet by tagging a quarkonium at RHIC?
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NATIONAL LABORATORY

Backup
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NATIONAL LABORATORY

JAp suppression pattern

m ALICE, 2.76 TeV Pb+Pb, 2.5<lyl<4
1.4 e PHENIX, 200 GeV Au+Au, 1.2<lyl<2.2
S | B RIS Stat. Hadron Model (A. Andronic et al)

I 22222 Transport Model | (Y.-P. Liu et al), LHC

1.2 N\ Transport Model Il (X. Zhao et al), LHC
= --- Transport Model |, RHIC

—— Transport Model Il, RHIC

- forward rapidity

| | |
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moe- Transport Model | (Y.-P. Liu et al), RHIC §
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IETELETE Transport Model I, LHC, w/o shadowing _

mid-rapidity

forward rapidity |
IIIIIIIIIIIIIII|IIII|IIIIIIIIIIIIIIlIIIIIlIIII

P, (GeV/c)

consistent with more significant contribution from ccbar recombination at LHC energies

Interplay between color screening and recombination: describe the J/p suppression

PHENIX: PRC84(2011)054912, PRL98(2007)232301
ALICE: PLB734(2014)314
STAR: PLB722(2013)55

pattern and flow measurements
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BROOKAAUEN Sequential melting for different Y

NATIONAL LABORATORY
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Y(1s) suppression magnitude consistent with excited states suppression.
Y(2S) strongly suppressed, Y(3S) completely melted.

CMS: PRL109(2012)222301
STAR: PLB735(2014)127
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NATIONAL LABORATORY

High-p J/Ap in PbPb at 2.76TeV
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 CMS final results on J/p in Pb+Pb at 2.76 TeV
« Better precision with finer centrality bin
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BROOKHAAEN pr dependence

NATIONAL LABORATORY

CMS VS = 2.76 TeV
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+ Flat at 5<p;<~15 GeV/c and then increase with p;
« Stronger suppression at higher beam energy
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BROOKHAVEN High-pT 'lp(ZS) in PbPb

NATIONAL LABORATORY
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« Significantly stronger suppression with respect to J/y

« Same suppression for non-prompt
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