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Outlook

* Heavy quarks in pp collisions
* Charmonium
" Bottomonium
" Open Charm/Beauty

* Heavy-Ion collisions
* Charmonium Ry,
" Heavy Quark energy loss
" Elliptic Flow
" J/{ in ultra-peripheral collisions
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Heavy quarks in pp

*charm (= 1.5 GeV/c?)
" bottom (= 5 GeV/c?)
"top (= 175 GeV/c?) . >

" heavy quark pairs produced
in hard partonic scattering
- perturbative QCD

" to get production cross sections, convolute three terms:
1. parton distribution function of incoming protons
2. partonic hard scattering cross sections (perturbative QCD)
3. hadronization into specific hadron —» nonperturbative models
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Heavy quarks in pp

" Quarkonium production models

= CSM: QQ pair in color-singlet state with same quantum numbers as
quarkonium. = Successful at low energies, large corrections needed
at higher, infrared divergences for P (and higher)-wave quarkonia

= CEM: QQ pair evolves to quarkonium if invariant mass less than
threshold for pair of open-flavor mesons. Probability for specific state
energy and momentum independent. -» Rough description of data

" NRQCD factorization: most sound theoretically and most
successful phenomenologically. Probability for QQ to evolve to
quarkonium as matrix elements of NRQCD operators (expansion in «,

and v) » many successes in describing data, remaining discrepancies

" Fragmentation functions: convolution of parton production cross
section and light-cone fragmentation functions.
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Charmonium

v(2S)
v
n(28) . }J*
hadrons ¢ hadrons
! \ Xeo(1P)
Y
Y
n.(18) /
hadrons hadrons y* radiative
JPC —0-+ 1—— ot+ 1++ 1+- 9++

S. Eidelman et al., Review of Particle Physics, Phys. Lett. B592:1+, 2004
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J/V decay modes

* mass below threshold for production of two D mesons

" hadronic decay modes strongly suppressed due to OZI rule
" - narrow width: 93 keV/c2

" - electromagnetic decays become relevant

"BR J/{ - e+te/u+u- : 6% each
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3/¢ in ALICE

electron identification:

— 200 —r .
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o ]

s 160 ALICE
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* dielectron channel at midrapidity
" dimuon channel at forward rapidity |

p (GeV/c)

ALI-PERF-27125
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Physics Letters B 704 (2011) 442-455

e 0OS
o L8*1.23
s+ TrkRot

ALICE pp Vs=7 TeV

e 08-1.23'LS
— MC (3?/dof=1.2)

m,, (GeV/c?)

" mass spectrum of oppositely
charged electrons
" background description
" like-sign pairs
* track rotation
" event mixing
" fitting
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I/{ —pp

e INAass spectrum of oppositely

z.; I ALICE ppN's=7 TeV | charged muons
8 10°L «0os | ®=background description
@ - - Fi ] . . .
s t ] " like-sign pairs
s | |1 =track rotation

1021 | " event mixing

- - " fitting
10:—
I A T T T IR
1.5 2 25 3 35 4 45 5

m,, (GeV/c?)
Physics Letters B 704 (2011) 442-455
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- —* kinematics ALICE Performance
- tracking (with SPD any) 08/12/2010 Channel ete W
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Sources of inclusive J /¢

" Prompt
" Direct production: 50-60%

" Feed-down from heavier
charmonia
(V(2s), x.): 30-40%

" Non-prompt
u . N].OO/O, pT
dependent

(numbers for LHC energies)
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B mesons

* mesons with 1 b (anti-) quark and one light quark
" masses > 5280 MeV/c?

" weak decay to charmonium
" ct~450—-500 um — can be used to disentangle prompt from

non-prompt J/i{'s C
J/p

(@)
A
S

W+
! > u K

B+

0l
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J/V from B decay

" for each J/y candidate:
= find primary vertex and J/{ decay vertex, connect by vector L

z'ﬁT
Pr
" - pseudoproper decay length /, =

" project on J/¢ p; - L =
c-ny-mJ,W

Pr

%120_— + data 5102 = —+— daia 2.92 = M(e'e) = 3.16 GeV/c
g L fit, all S’r FE— fital ’ N :
+ L omemmeans fit, signal ) i E we fit, prompt Jiy Hefof = 97/44
2100 fit, background x*idof = 73/39 ] F — — fit. Jiy from b-hadrons & !
E C - E : fit, background
w L
80— ALICE pp, 15 = 7 TeV (ol AUCEPP. fs=7TeV
- p,>1.3GeVic F p>13 GeV/c
60— C
40}
L e
20— + C
A R AR RPN RPSPRIT EPRT R SPRT A i ] IR T I T P ST T I i Y [
3.4 2.6 2.8 3 3.2 34 3.6 3.8 4 -2000 -1500 -1000 -500 1] 500 1000 1500 2000

Mie'e) (GeV/c®) pseudoproper decay length (um)
JHEP 11 (2012) 065
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J/V from B decay

S 10 i L B

= fit simultaneously mass 2 USNETIY

spectrum and /,,, distribution S | ——data ]

by log-likelihood function S10°k T ompt

N S £ 4% e non-prompt -

_ = Y . " s background ]

lnL—ZlnF(lJ,w,mH) “or sep <oGoVe

i=1 10°F ly| <0.9 =

" contributions from signal and - :
background fol

= signal /,,, shape: 3 g_'_
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N S B e

Fp(lJ/w> : resolution function ;,%%ZIZZZZZZIZZIZZZZIZZZZZZIZZZIZZZZZZIZZZZZZIZIZZZZZZIZZZZZZZZZZIZZZZZZIZIZZZZZZIZZZZZZZZZZIZZZZZZIZZZZZZZZIZZZZ%

M - . . " . l'.
Fp(lj/w) : res. fnc. + true [, distribution Hep 02 (2012011 v (™™
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J/V from B decay
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" consistent results from
different LHC experiments

" amount of J/Y from B decay
rises with transverse
momentum
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JHEP 11 (2012) 065 P, (GeV/c)

" obtain prompt cross section

= comparison with models shows importance of color octet
contributions
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h (1P) X1
/,/’// hadrons
Y
n(1S) /
Y
hadrons hadrons y* radiative
JPC —o—+ 1—— ot+ 1++ 1+- 9++
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XCJ

"BR x =y /b 35%
"BR x—y /¥ 20%

" mass difference between
J/¥ and x. : 500 MeV/c?
- low momentum vy

" mass difference between
Xq and xo + 45 MeV/c2
- high momentum resolution
necessary to distinguish states

" often used: conversion y - e+e-
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Eur. Phys. J. C 72 (2012) 2251
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$(2S)

" BR ¢(2S) = J/¥ + anything: 60%

" BR Y(2S) = J/Y + 1t 34%

SLAC

— 1 T T ]
CMS - \'s =7 TeV
12N g = 94.4/99 L =37pb"’
—4— data
—— total fit
......... background

8< P, < 9 GeVic
ly| <1.2

" also ¥(2S) —» e+e-/ u+p- : 0.8% each

10?

Events / ( 0.02 GeV/c?)

iy
[=]
]

....

10

25 3 35 4 a5
u* p invariant mass (GeV/c?)

JHEP 02 (2012) 011
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Bottomonium

THE BOTTOMONIUM SYSTEM

Mass (MeV)
11100, Y(11020)
10900 Y(10860)
Thresholds:
BB,
10700 B*B*
EE
10500
10300
T(1°D,)
10100, .
9900 1
9700 |
9500 1
9300 L
J'C= 0" I~ 1 ot . 2+ 2
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h

8.5

9 95
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Phys.Rev. D83 (2011) 112004

" as for ]/, relatively large BR
to dilepton channel:
~5% for Y(1S)

"Y(nS) -» Y(1S) + 1
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Open heavy flavor in pp
Semileptonic decays
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cr~120—310 um

"B similar ct~450—500 um

1/(2np ) &®N/(dp dy) ((GeV/c)?)

" measurement: either electrons
from semileptonic decays:
measure inclusive electron
spectrum, subtract electrons
from other sources

LA

App.Vs=7 TeV,J.Ldl =26nb"' TPC-TOF/TPC-TRD-TOF
—o— (e'+e)/2, ly| <0.5
background cocktail

"y conv. ofy =
—= 1 n
HiEinp i 3
=0 Jry h
-1 — directyy’ E

L L B I B

LA B L L~

inclusive electrons / background cocktail
o N W R OO N ®©

cocktail systematic uncertainty
nclusive electron systematic uncertainty
otal systematic uncertainty

P, (GeV/c)
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Open heavy flavor in pp b TECHNISCHE

Semileptonic decays DARMSTADT

] D —Cd D = 171, 120 310 102 pp, Vs =7 TeV
D’=cu,D'=ed " pm ol

" B similar ct~450—500 um % 10'4: 1

" measurement: either electrons |

- E 4 ALICEc,b e
od [
< ,o°L 4 ATLASc,b >e

from semileptonic decays:

measure inclusive electron  FONLLe.b—se, |y <05 %, ]
spectrum, subtract electrons T romer e 'y'fgiexf'ff:?i'y'“5=2';
from other sources PN

= agreement with FONLL 8
calculations

[o] SR ! £
4107 1 2 3 4 5 S ? 8 910 20 30
p, (GeVic)

Phys. Rev. D 86, 112007 (2012)
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b and c

" use impact parameter to
disentangle feed-down from beauty

_/ Displaced
J Tracks

FPYTHIA, Vs = 7 TeV, Iyl < 0.8 e b(—>c)—e
r 1<pT<5 GeVic K ¥ c—~e

& conversion elec. | Seconda ry
. | Vertex

Jét

Counts

D
Fr

3k conversion electrons 4
o Data/MG 1<p <2 GeV/c (b)
25¢ L Data/MC 2<p <6 GeVic

-

Data/MC
oo
T T
_—(:)—
&
By
b
_¢_
—p—
P

05F

AR
-600 -400 -200 0 200 400 600
d, (um)

Physics Letters B 721 (2013) 13-23
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" use impact parameter to ok :
. “g 10° pp, Vs =7 TeV,det =22nb" 3
disentangle feed-down from beauty RN -
S w0k g eb(-c)=e .
£ i " FONLLD (=c)—e ]
a1 L FONLLc — e E
" high resolution in ALICE: I,
d 10tk
— 300y ] s v ==
5 r . pp.NS =7 TeV T w0k Rerrstet sith vt vt v ST 3
- 25[‘:— +« Data —: g _g
-% E 8 o Sim., residual misalignment E % —g
© 200 — & E
o o -1 =
® . N E
£ 1501 J 4 3
S B i 2 E
100 By 3 5 E
: EIEI : ’ E 1 1 | | | | 1 1 3
- Bag x o tF 3
50 o - 3 L esp@ ]
r (= Hay - ‘?' 25 F [ Jtotal uncertainty . _
L =l — — 2F . E
C 1 Lol 1 Lol 1 L tfl 15F -l ® . _E
1ﬁﬂ_1 1 10 EGQ"M|.|||‘,
p, (GeVic) o 1 2 s 4 5 s 7 s

P, (GeV/c)
Physics Letters B 721 (2013) 13-23

JHEP 1201 (2012) 128
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Open heavy flavor in pp
Hadronic decays

B T T UREIAR IR BN R o o URARLS RARLE LAALE LRAAS KA REARA RAALE RARAD
£ gooo 1<p<2'GeVic 4 2 L 15ip<16 Gevic
[ ] t . = F t 1 = > 80 t E
N IeaSU I"EI | |en . gsm ppNs=7TeV,L =5n0" | 2 2 .
u o = s}
= ~ F D" Kn* = = 60
or reconstruction of : :
5 y 2 2
W 3000F 1 £ £ .
decay products from f ~ v
2000F 3 E 4 30
- p=1.86610.001 F p=1.865+0.001 q 20 p=1.863+0.006 +
h a d ronic d ecavs 1000F =0.009:0.002 3 ok ©=0.018+0.001 E 1ol ©0=0.028+0.005 !
y [ S5(+36)=1531+233 ] F S(+3c)=1184+78 E S(+30)=139427
D-I 1 1 1 1 1 | 0' 1 1 1 1 1 1 .| 0 1 I 1 1 1 1 1 1 1
175 18 185 19 185 2 205 717518185 19195 2 205 21 1.71751818519195 2 20521
Invariant Mass (Kn) (GeV/c%) Invariant Mass (Kx) (GeV/c?) Invariant Mass (Kn) (GeV/c?)
™ T T T T T T L ™ T T T T T T L] T T T
o 220p fp<2GeVc | & _F 4<p<5 GeVic L T2<p <16 GeVic
[ H H H § ?gg_ PRYS=7TeV.L =5nb" 3 g g 50
require minimum s 13 -
Ay hy 3 bt}
1 @ @ o
Impact parameter to £ £ w £ w
Ll w L w N
reduce background : L ] '
a0k 1=1.869+0.002 E sl u=1.869+0.001 AL 1ok + 1=1.878+0.005 k
E a=0.008+0.002 q L a=0.012+0.001 ] a=0.022+0.005
20F S(+3a)=122+23 E F S(+3a)=516+38 ] 5(+30)=B9+20
oL 1 1 | 1 1 1 1 G- 1 1 1 1 1 1 1 u| 0 1 | 1 1 1 | |
1.7 1.75 1.8 185 19 195 2 205 1.7 175 18 185 19 1895 2 171751818519 195 2 205
Invariant Mass (Krn) (GeV/c?) Invariant Mass (Knx) (GeV/c?) Invariant Mass (Knx) (GeV/c®)
120 350 50
LT Ti<p <3 GeVic 2T d<pBGeVe ] 2 BT "12<p <16 Gelc}
[t} L - _ ] @ 300F 5 [7]
= ‘00: Pp.Vs =7 TeV. L, = 5nb { = E = af u=145.40.01 MeV/c™
S gp D' D' Knp! S = S ¥ Totao 1112
8 @ 200F v 30F
= B0 = F = 25
& & 150F o 20k
40r . ] 100F . E 15F
a0f 11=145.11£0.16 MeV/c* ] 505 1=145.47£0.04 Mec\z-fe'c“E 10F
L a=625+320 keVic® | C a=510+41 keV) =
JHEP 1201 (2012) 128 r S(+3a)=78+16 E S(*30)=478+36 ] 5 - )
1 1 1 1 1 1 1 1 1 1
0%35 0.14 0145 015 D.IEIS 0935 0.14 0145 015 0155 G.DﬁSE 014 0145 015 0155
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Total charm cross section

—@— ALIGE (iotal unc ) .
— 4 [ ALICE extr. ure. -7
18} 10 —£3— ATLAS Prliminary {total unc.) -
[ ATLAS exir. unc. o &
- .

—A— LHCh Prefiminary ftotal unc )
PHENIX

STAR

HERA-B [pA)

EG53 (pA) - 7
E743 (pA) *
MAZT iph) +°
NATE (pA) .

*

£769 (pa)
— NomMwR S
’

Charmonium g

10°

T T T T
R R Bl [mES
Ll

102

10 I

11 1 1 IIII|
107 10°

_
=)

- F
o

Is (GeV)
JHEP 1201 (2012) 128

" divide cross section for measured D mesons by fragmentation
ratio to obtain total charm cross section
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B meson reconstruction

-

£ -
Voo () CMS-L=5f"\s=7TeV,L=20fb" \s=8TeV
= = < L0
G200 > 14 —&— data
o | S — full PDF
=180 — g 12* =y Bg—m*p’
> o 5 L B —uw
3150 - CMS \JE =7 TeV 3 . I B e combinatorial bkg
—~ - - 1 - oo e e semileptonic bkg
%140 — L =40 pb ©® 10— TN - peaking bkg
g = ct=0.01 cm S
w120 > [
- W g
100F- S ot
80| S ol
= )
60| =
40 Q 4
2
%)

20F .
TP S SPTTPRORTTI T e P i A
ledotaledobamaer==9"T  y | 4 1y 1 | /*Foegsbomuapadogana i Looina oo i1 AXX i,
g.2 525 53 535 54 545 55 555 56 565 \\\\Q&\
Jlrll.fltl invariani mass {GE\”CE) F NX\\A\\X AN IJ;I n LAVJ I R

OIIAA e & TS
49 5 51 52 53 54 55 56 57 58 59

Phys.Rev. D84 (2011) 052008 m,, (GeV)
Phys. Rev. Lett. 111 (2013) 101804

B{>JI\¢ , BR ~10-3 B’ up, BR~10-9

" indirect search for physics beyond the standard model
" probes CP violation
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Heavy quarks in heavy-ion
collisions

" heavy quarks are produced

early on in the collision Freeze-Out  Atime
(m,>T, — thermal production X ?
strongly suppressed ) T T

" maintain their identity B
throughout all stages of the ‘
collision

" — ideal probe for the medium _ z

created in the collision
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Charmonium suppression

* Quantified by nuclear modification factor:

d°N ,,/dp,dy
>d2Npp/de dy

AA

coll

= compare yield in heavy-ion and proton-proton collisions

* hard probes — scale by mean
number of collisions for
given centrality —» Glauber ;
Monte Carlo calculations ¥

Ann.Rev.Nucl.Part.Sci. 57 (2007) 205-243
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)
= g
N I
:1 1
s i Low
< ' (RHIC)
A energy
=
o
e
rE I I
< (2S)(1P) (1S)
| | High
— (LHO)
E2SYE(IP) £(1%) energy

Energy Density
Nucl.Phys. A783 (2007) 249-260

Development of

Start of collision quark-gluon plasma Hadronization

£, — oA — ® D
Ce
co—=> CO\ CO)D
A A D
4 e Ko o7 iﬁj - & =SSN 4
. %/ A Son% S Iy é oo @000 YA
%/ ¥ — % 0\ e 0 g i re @;J/w/
n 2.\ |
<« ¥ a bt o\ @D @5 @D°
¥ —> v # @ID
o,
@b

Nature 448, 302-309

= potential between c and c quark is screened by free color charges
in QGP —» “"melting” of charmonia states with increasing T

= at higher (LHC) energies, cc are abundantly produced -
(re)combination to charmonia at phase boundary (Statistical
Hadronization Model) or continuous creation and dissociation
during hot phase (transport models)
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SPS + RHIC

- L o o o o o e L
1.4 L4

- EKS98 CNM baseline o4 B 2004 Aushu, |y|<0.35, global sys. =+ 12%
s i o PHENIX Au+Au y=0 & 2007 Avu+du, 1.2<|y|<2.2, global sys. =+9.2%
i 12 — ® NABO In+In 1.2 - Zhao & Rapp CNM
g r I NAS0 Pb+Pb - - Zhao & Rapp Direct
E : 1 1 1 __----Zhao & Rapp Cualescence L
I':g 1 u I Il ﬂ |'| —Zhau & Rapp Tcntal

T i |

0.8

0.6 I
Narrow boxes: correlated sys I
0.4 — Wide boxes: CNM baselinesys ~ — | b R R
|IIIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII
0 100 200 300 400 500 600 700 800 3 3
dmqu:n o
Eur. Phys. J. C71 (2011) 1534 g
23 lobal sys. =+ 10.7%
s LaEsEs T
=
w
ac

" agreeing results

* BUT: at RHIC less suppression
at midrapidity — hint for
(re)combination?

31||||||||||||||||||||||||||"|||||||||||||||||||||||||||||
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Phys. Rev. C 84, 054912 (2011)

February 6, 2014 | TU Darmstadt | Relativistische Schwerionenphysik | Steffen Weber | 34



ALICE measurements

TECHNISCHE
UNIVERSITAT
DARMSTADT

"]/ — ee

" reminder: in pp: S/B ~ 1

G —_— centrality: 0% - 10% 8000k centrality: 10% - 40% 300f- centrality: 40% - 90%
% E ¥?/NDF (1.5,5.0)= 1.4 [ X?NDF (15,5.0)=13 | __F ¥2/NDF (15,5.0)=1.0
50000 L e :
E — 6000~ s 200_ | }-l
& 40000:_ f-.f - : _:',,% ﬁ.. ALICE & "i } |"H } |
= f ", [ Pb-Pb \s,,=2.76 TeV HH
8 30000F~" el 4000 ,.f*’f ., 150[ l}fi'u* hl‘m H
7)) C i -:‘i. 100‘F+ Hii
@ 20000 - B - |
= C k. 20004 M [ hﬁ
= — T | — SE opposite-sign . sof- }M
() a | o C
L 1\\\ - - ME opposite-sign \-\'-\. ""tn‘
B -H
1 1 1 1 i M " M 1 i i M M 1 i M M M 1 il M M
signal: 3486 + 448 [ - Data signal: 1271+ 157 60} S|gnal 192 & 33
1000F S/B:1.8£0.2% 400 —mc S/B:5.6£0.7 % S/B:23.6 £4.0 %
SAS+B:7.8+1.0 - SAS+B:8.2+1.0 S/AS+B:6.1£0.9
5000 ¥2/NDF (1.5,5.0) = 1.4 200k ¥?/NDF (1.5,5.0)=1.2
Ko
sy

=}

W@le

wm

me;(GeV/czf
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ALICE measurements

"I/} ~up
" reminder: in pp: S/B ~ 2-3

10 F 3
O O0<p, <1GeVic 1< p; < 2 GeV/c 5<p, <6GeV/c 6<p, <8GeV/ic
ot
>
(O]
S 10°F 3 3 Signal = 1320 + 64 F Signal = 950 + 53
g x2/ndf = 1.1 x2/ndf = 1.0
L
Q ook L
o ’ )
o Signal = 9762 + 411 Signal = 12975 + 441
() 2 _ 2 _
-.E x%/ndf =1.1 ¥2/ndf = 0.9
c  10f
(5}
1 1 ol e by BNy oy by b b by s b b by by s B )y
2000 - - 3 }
— Fit total
ALICE Pb-Pb \s,,, = 2.76 TeV — Fit signal
1500 [ ---Fitbackground
1000 0< P < 1 GeV/c 1< p; < 2 GeVic 5<p, <6GeVic 6<p, <8GeVic
Signal = 9341+ 455 Signal = 13062 + 522 Signal = 1358 + 80 Signal =971+ 59
500 ¥/ndf = 0.6 x2indf = 0.6 ¥2/ndf = 0.6 r 2/ndf = 0.6
Nt o, . \ A\
1 ! TP 1 0 1 il oo il ot i IR el iRl el P R NS e P I
25 3 35 4 4.5 25 3 3.5 4 4.5 25 3 3.5 4 4.5 25 3 35 4

My, (GeV/c?)
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J/¥ R,, at LHC energies % Universiar

¢(y))°

<5

< 147 : — < 14r
< Inclusive J/y — p*w, Pb-Pb | s, =2.76 TeV and Au-Au \ s, = 0.2 TeV < [ Pb-Pb |, = 2.76 TeV and Au-Au | 5,,, = 0.2 TeV
D: 1 2 | B ALICE (arXiv:1311.0214), 2.5<y<4, 0<pT<8GeV/c global syst.= + 15% m -
"““H| O PHENIX (PRC 84(2011) 054912), 1.2<ly[<2.2, p, 50 GeV/c  global syst.- +9.2% 1.2 W AUCE Iy — i, 25<y<4, centrality 0%—20% global syst. = +8%
1 L ¢ PHENIXJy — p'u, 1.2<ly|<2.2, centrality 0%—20% global syst. = + 10%
i 1
0.8 . 0.8 :_
061 @ @E » 0.6F ; [ﬁ
4t i @ & 0.4F I
: & 2t om @4
06""5'0‘"1'(')(')"1'5')6'"'266"'25'36"'366"5%6"400 O:....|....|....|....|....|....|....|....
(N > 0 1 2 3 4 5 6 7 8
part P, (GeV/ce)

* |ess suppression in central collisions and at low p; than at RHIC
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J/Vv R,, at LHC energies: models UNIVERSITAT
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< 147 < 141
m< Inclusive J/y — p*w, Pb-Pb \ s, =2.76 TeV m< I Inclusive J/y — p*w’, Pb-Pb \ s, =2.76 TeV
1 2 B ALICE (arXiv:1311.0214), 2.5<y<4, 0<pT<8 GeV/c global syst.= + 15% 1 2 N Bl ALICE (arXiv:1311.0214), centrality 0%—20%, 2.5<y<4 global sys.= + 8%
Lo L Transport model (X. Zhao & al., NPA 859 (2011) 114)
L O R e

=« Primordial J/y (w/ shadowing)

0.8F L NUORN 0.8+ .
§ @ __________________________________ L === Regenerated J/y (w/ shadowing)

0.6 » 0.6F I
04 el 0.4F L o

: ----- Stat. Hadronization model (A. Andronic & al., JPG 38 (2011) 124081) [ '@' ___________ ﬁ ''''''''
0.2r Transport model (Y.-P. Liu & al, PLB 678 (2009) 72) 0.2 e e e e s ese—__L_L L

I Transport model (X. Zhao & al., NPA 859 (2011) 114) e T —

L Shadowing+comovers+recombination (E. Ferreiro, arXiv:1210.3209) I L

Ollllllllllllllllllllllll|llllllllllllll O" | | | ..l ......... +.r. L |
0 50 100 150 200 250 300 35((/)\/ 4>OO 0 1 o 3 4 5 6 7 3
part pT (G eV/ C)

* data reasonably well described by models

* models based on very different physical assumptions perform
comparably well in describing the data

February 6, 2014 | TU Darmstadt | Relativistische Schwerionenphysik | Steffen Weber | 38



) TECHNISCHE
UNIVERSITAT
DARMSTADT

Higher charmonia states

< 5= ]
= <t C ]
T o9r =
r_ﬁ 3 E
e { =different models make
0.7% 1  different predictions for R,, of
0.6 7 higher mass charmonia with
0.5 1 respect to /¢
0.4F s
0.3 ;_ statistical model _;
o2e 7 " measurements can help to
015 b ph y5e2.76 ToV, yo0 E dlscrlml_nate bztvlveen
_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I_
O ~"50 100 150 200 250 300 350 400 competing models
Npart

CERN-LHCC-2012-012 ; LHCC-I-022
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Heavy quark energy loss ) U

<5

* smaller loss expected than
for light quarks —» dead
cone effect: gluon
radiation suppressed at

0,<ml/E

v B, 6.5<pf“‘<30 GeV/c, ly|<1.2 (CMS, prel.)
® Jv. 6.5<pT<30 GeVlc, |y|<1.2 (CMS, prel.)
A D, 6<p <12 GeVic, y|<0.5 (ALICE)
v N, 6<p <12 GeV/c, |y|<0.8 (ALICE)

RAA

- COFONA

ﬂ Pb-Pb |/s,=2.76 TeV

" measurements in favor of
this assumptions

0.4
i =
(Caution: different p; and 0ol v Ew]
y ranges) i ;o
0556700150200 256" 300 850 400
Npart
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Elliptic flow

= anisotropic (almond shaped) overlap region in non-central
collisions —=(interaction in medium) -» momentum anisotropy

" non-zero elliptic flow seen in both charmonium and open charm

o 0.3 o

- @ ALICE (Pb-Pb sy, = 2.76 TeV), centrality 20%-60%, 2.5 < y < 4.0 > 04 :QLI|CEI b ' ' PI;) PD, ! 2 7‘6 T'V =
: —— Y. Liu et al., b thermalized r "'S e 1
Foamanns Y. Liu et al., b not thermalized Centrality 30-50% R
0-2__— + X. Zhao et al., b thermalized o
i ] 0.2— -
i Q 1 i
i j ¢ o 6|
0 ]
| ¢ Charged particles, v,{EP,/An|>2} 1
= Prompt D°,D*, D™ average, |y|<0.8, V,{EP} ]
- " [_] Syst. from data ]
0.7 globalsyst. =+ 1.4% -0.2/—[] Syst. from B feed-down -
L | 1 | 1 ‘ 1 i 1 I L | 1 | 1 1 |
_|||||||||||||||||||||||||||||J|||||'|_||J‘\|||||||\
0 2 4 6 8 10 12 14 16 18
0 1 2 3 4 5 6 7 8 9 10 p. (GeVic)
p- (GeV/c) T
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J/V in ultra-peripheral collisions

" impact parameter larger than size of nuclei
" strong electromagnetic field between heavy-ion nuclei

" exclusive vector meson production: exchange of two gluons
with no net color transfer

" either coherent: photon couples to whole nucleus
or incoherent: photon couples to single nucleon

Pb Pb Pb*

T

Pb* Pb* Pb

Phys. Rept. 458 (2008) 1-171
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" select event with < 10 tracks
" two tracks compatible with being dilepton pair

S120F Pb+Pb — Pb+Pb+J/y |sy = 2.76 TeV l
© B In|<0.9 12
o0
& 100/ —10
>
Q L
w
80— -8
- s
60—
I 4
40—
i 2
2 | L 1 ‘ | L L | L L L ‘ | L 1 | L “I L | 0
% 40 60 80 100 120

dE/dx"C(1')(a.u.)

counts/40 MEV/CZ)

(
w
o

dN/dM

O-WJ-M‘W—;Jﬁ"-b |§P| ' o M

Pb+Pb—Pb+Pb+J/\y |Syy= 2.76 TeV
ly|<0.9

[ ]

—e— Opposite sign pairs
—— Like sign pairs
Ny, =505+ 48
m,,, = 3.098+0.002 GeV/c’
G, = 25+0.2 MeV/c®
N,'= 17+ 10
m,, = 3.653+0.009 GeV/c*

4 v
o, =2540.5 MeV/c?

2.5

R TR S Y ARy
M, (GeV/c®)
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J/V in ultra-peripheral collisions

—120

S L Pb+Pb — Pb+Pb+J/y {s\=2.76 TeV g 8f Pb+Pb — Pb+Pb+J/y |s =276TeV  a)
Qo lyl<0.9 = [ - AB-MSTW08
= 100(] >~ 7F---- css e ALICE Coherent J/y
g I —o— data 2 F AB-HKNO7 oo, o Reflected
Iz ——sum 8 sf —— STARLIGHT
=I" I zgherent Jr E oo Lmpsat
S F : v 5F -..--- AB-EPS09 . ...
- — — incoherent Jiy C RSZLTA e Sa
Qo 60— coherent Jiy from v’ decay 4 E - AB-EPS08 S 0T e == M
@ L incoherent JAy from v’ decay C R g, N
o 4 — ’ / P 2
T ] —— hadronic 3E .
S 4o B e
@] : E
= [ 21
™ 204+ . B

: I"._‘ 1 C -

- 3 e ot o J e

e e e e S o, LCLT EEE PR T YT i oy i o i B et o ol -~ . .

== 02 0.4 0.6 0.8 1 0 J"’{'é

dielectron [ (GeV/c)

" allows investigation of gluon distribution at Bjorken-x around 10-3

* model predictions wide spread, mainly differ in how they treat
nuclear effects (gluon shadowing)
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Summary and Conclusion

* Heavy quarks are important tool
"in pp to test pQCD
" in heavy-ion collisions to investigate deconfined medium

* Charmonium no longer “thermometer” for QGP, but it remains
an important probe

* either for medium itself (transport models),
" or for phase transition (statistical hadronization model)

" Ultra-peripheral collisions can be used to investigate gluon
distributions in nuclei
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Backup
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teal Emission Diagrams
&ﬁb—f— Mmm_n_,ﬁ‘g&—)
Y + Y +
N N e =
+
Virtual Emission Diagrams iﬁ?
e 5 < -
v Y
. .0 . . R ) S —
_|_

CERN-TH/97-328
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Charmonia melting

C O —

Perturbative Vacuum ColoF Screening

= potential between c and c quark is screened by presence of free
color charge in QGP

= Ser A
V(r,T=0)=0cr )y /(7. 7>T,) : exp[—r/h,(T)]

r

" “melting”, if screening length smaller than size of hadron
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T < T,

L

lljxl:}'!’ Y ;{bY,x,b

T =12T,
v Y %Y’
Tz 3T,
Y

* Charmonia states have different radii,
they melt at different temperatures

" their feed-down to J/1{ vanishes
- stepwise decline of 1/¢ yield

- thermometer for the QGP

JAY Survival Probability

[a—

—L _______________________________

(2S)(1P) (1)

E(28)E(1P) £(18)
Energy Density
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SPS

" NA38, NA50, NA51, NA60: fixed target experiments,/s  ~20GeV

-
w

e * agreement between NA50 and
Pb-Pb 158 C?ev{(NASO%) NA60O in common region

=19
N

-
=
il

* “anomalous suppression”
beyond cold nuclear matter
effects

1]

(=]
1
L
—
——
——i

Measured / Expected J/y yield

= compatible with melting of x.

and ¢(2S), i.e. sequential
oS0 166 180 300 250 360 380 abo 4s0 SUPPression scenario
N

part
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= at higher energies, cc pairs most
are abundantly produced — | central AA
can recombine to

charmonia

* Statistical hadronization:
" no charmonia production

before QGP

= c,c quarks distributed to
hadrons according to thermal
model at hadronization

= alternative: continuous
destruction and recreation
of charmonia in QGP

N _/event ~0.2

Start of collision

Low
(RHIC)

=6 A
energy CCOO_)
§ oo
5 > %
High A !
(LHO) s
energy ‘;% i
o

SPS
(20GeV)

RHIC
(200GeV) (2.76TeV)

~10

Development of

quark-gluon plasma

LHC

~60

Hadronization

@

@
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HAA

1

0.8
0.6
0.4

0.2

147

1.2F

ol

ALICE Preliminary, Pb-Pb "'SNN = 2.76 TeV, le = 70 ub’
Inclusive Jhy, centrality 0%-20%, 2.5<y=4 global sys.=+ 6%
PHENIX (PRC 84({2011) US4912].Au-Au]‘sNN =0.2TeV
Inclusive Jiy, centrality 0%-20%, 1.2<|y|<2.2  global sys.=+ 10%
o i)
.
B ow @ g T
L1 1 | | L1 1 | | L1 | | | | I I I | I I | | | | L1 1 | | L1 1 |
0 1 2 3 4 5 6 7 8

P; (GeV/c)

* R,, pr dependence very
different from RHIC

= at low p; suppression is
significantly reduced
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LHC: expectation

= another order of magnitude
increase in /S,

.................................... — further suppression or

(re)combination?

exogamous regenec ration

[

sequential suppression

J/'¥ Production Probability

' 1 2 3 4 - .

S Ts " different detectors cover
T i different kinetic regions -
&° 1 complementary

1 measurements

31 \)"éb 13

2 +ALICE ALICE -2

14 1

0 1 2| é 4 Irapidit;, y
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Open heavy flavor in Heavy-Ion
collisions

* do heavy quarks take part in collective motion in deconfined
stage — elliptic flow

) 2_""I""I""I""I""I""I""I""_ —_ = L L L I B e
ot C Average D°,D",.D™ Pb-Pb.\[5,.=2.76 TeV % ] Q g4 — ]
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r o . == Beraudo et al, Langevin HTL -

C H u C WHDG rad-+coll o
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Elliptic Flow

AN 1 d°N N Vi1 directed flow
E = 1+) 2v cos\in(p—p
d3p 21 ptdptdy z; [ ( R)} N
v, elliptic flow
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Ultra-peripheral

G 2mf PB+PBPBaPbly [S, = 2.76 TeV < [ PbsPbPb+Pbly [5,,=2.76 TeV
; F y|<0.9 ; r y|<0.9
% 200;— — . Opposite sign muon pairs % 70:_ _+_ Opposite sign electron pairs
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