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Characterizing the medium:

- fast color triplet o
TILONn
a: fast color octet b/‘::; radiation ”
-—..___+

[d’Enterr|a] (): slow color triplet — % Energy

Lﬂ‘-\*{ I,}
(QQbar: slow color

Hil]glﬂ:ﬂﬁtﬂ - oy
Dissociation

Virtual photon: colorless
)-<I Controls

Real photon: colorless
L

Unknown Medium

® Hard probes are those whose comparison measured/expected (in
perturbative QCD) characterizes the (hot) medium: suppression of
quarkonium, energy loss of energetic partons. They demand:

* Control on the denominator: pp.
* Control on non-medium (cold) effects on the numerator: pA.

Cold and hot nuclear matter effects on heavy quarks: I. Introduction.




Collinear factorization:

® Assume collinear factorization (for Q,M~Ewm>>/AqcD):

do|[A+ B — h+ X] x /[dx]fi/A(aji) ® fi/p(x;) ®@doli+j — k+ X|(sz;2;) @ Dk — h + X|(2)

\ / cold\and

cold nuclear
matter effects:
nPDFs, eloss

® pA: check factorization and constrain cold nuclear matter effects:
higher-twist terms (Qiu, hep-ph/0305161), different factorization (if any).

hot nuclear
matter effects

® AB: (check factorization and) characterize the medium.

Cold and hot nuclear matter effects on heavy quarks: I. Introduction.
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npdf’s: global fits (1):
— Data in EPS09 (Q?, M%2>1.69 GeV?; pt>1.7 GeV): 92 from DY
(E-772 and 886), 20 from 11° (=0, PHENIX), rest up to 929 from
DIS (E-135, EMC, NMC). v data under discussion (EPS, CTEQ).

Cross sections computed in collinear factorization

Define A 2
A Q%) = fzp (m’Qz) [Salgado]
i (z,Q?)
Using a known set for free protons (CTEQ, MRST....)
and DGLAP evolution of the nuclear and free proton PDFs

Find the minimum of y*

Final
vary{a;} answer
(fulfilling sum rules)

Compute observables

at (z, Q%)

Compute x°[{a;}]

Cold and hot nuclear matter effects on heavy quarks: 2. CNM.



npdf’s: global fits (1):
— Data in EPCNQ (N2 M2 1 AQ (ZaV2: neST 7 (a9 fram DY
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npdf’s: global fits (ll):
— Eskola "94: DGLAP for nuclei.
— EKS98: first global analysis, LO, DIS+DY.

— Others non global analysis: Indumathi-Zhu, FGS.
— nDS (2003): Ist NLO, DIS.
— HKM, HKN (2001-07): NLO, X? minimization, DIS+DY.

— EKPS07: LO, error analysis, st look at RHIC data.
— EPS08: LO, BRAHMS forward data (factorization check).

— EPS09: NLO, X2 minimization, error analysis, compatible with v
data.

— CTEQ: NLO, X? minimization, V data?

Cold and hot nuclear matter effects on heavy quarks: 2. CNM.



npdf’s: global fits (ll):

|||I'I'I| T TTTT
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— CTEQ: NLO, X? minimization, V data?
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npdf’s: global fits (ll):

|||I'I'I| T T 1.6 1.6

R, (x,1.69 GeV?) 4 Rg (x,1.69 GeV?) 4k Rg(x,1.69 GeV?)

1.2 1.2
1 1

0.8F 0.8

_ 0.6[] 0.6
—EPS09 :
—nDS —FGS10 ]
— HKNO7 (Q’=4 GeV?) ] . 0.2

vl el
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X
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R, (x,100 GeV?)

Note: the error estimate is linked to a
functional choice of initial conditions.
Visit http://lappweb.in2p3.fr/lapth/npdfgenerator/!!
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Other factorizations:

Y =in1/xA Non-linear: dNocN-N-+

Linear: dN«N

Dilute system

In A2

QcoD

® Heavy quark production is a place
to look for high-density effects:
factorization may be not collinear
(Gelis et al ‘06), and

check saturation models (Qs~mc):

enhanced production at n~0

(wrt collinear) and increasing
suppression with evolution.

14

Open charm (0-20%)

Tuchin ‘07

Cold and hot nuclear matter effects on heavy quarks: 2. CNM.



Other effects!?

® Rough scaling with the number
of binary collisions (R=1) =

New Cu+Cu Result  STAR Au+Au Central
STAR Preliminary STAR Preliminary

STAR d+Au ¢ +
NLO Upper Bouﬂid (method 2) +

nuclear effects on charm at
RHIC look < 20 %.

® Pre-RHIC expectations
(Boreskov et al ’93, Braun et al ’97,
NLO Lower Bound (method 2)

Kopeliovich et al ‘01) pointed to | | |

larger absorption for QQbar at o | | 10 N oer of Binary Coons
RHIC than at SPS ® and similar or— Kopeliovich et aI ‘Ol

nuclear effects for QQbar and
open Q production.

® Coherent production, eloss,...
also for open Q: facterization.
® But indications point to a

dominant role of npdf’s at
midrapidity at RHIC (and LHC).

Cold and hot nuclear matter effects on heavy quarks: 2. CNM.

Cross Section (Gce) [mb]

STAR Au+Au MinBias
STAR Preliminary

¢ PHENIX p+p +PHENIX Au+Au

NLO Prediction (method 2)
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What to do!?

® [nformation about npdf’s and the validity of collinear factorization
for heavy quark production on nuclei will come from pA@LHC
(some 5 years) and future eA colliders (EIC, LHeC, some |0 years).

ALICE expected reach in 1 yr. pA(Ap) collisions CMS expected reach in 1 yr. pA(Ap) collisions
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Mechanisms for eloss:

® |[n AuAu collisions at RHIC, 2 STAR charged hacrons p, > 6 Govie

<
[0 I: DVGL R
e === ||: BDMPS c+b

light hadrons are suppressed | o Rrovee
a factor ~ 5. |

V: BDMPS ¢
® |n AuAu collisions at RHIC,

non-photonic electrons appear as
suppressed as light hadrons.

o Au+Au (0-5%)

107F

® Three main explanations (not
mutually exclusive): 2 4

|

* Radiative energy loss: EQ>Ecit: hadronization outside.

* Collisional energy loss: Ecric>EqQ>mqL/thadr: hadronization
outside. [Need not be the case for B’s up to large Eq.]

* Meson dissociation/eloss: hadronization inside.

* Others: strong color fields (Topor Pop et al ’08, Bautista et al ’10),...

Cold and hot nuclear matter effects on heavy quarks: 3. HIC.



Radiative eloss: |
® Medium-

[Wiedemann] modified gluon
radiation
through

11 interference of

medium production and
rescattering.

® [wo parameters define the medium: density times scattering

strength, and length (geometry, dynamical expansion,...). Similarly for
other mechanisms.

e Different realizations (DGLV,AMS,AMY, GMW) within a high
energy approximation: static or thermal medium, treatment of
interference, re-summation of diagrams in different ways.

® Extensive comparisons under way (TECHQM), Monte Carlo
realizations to go beyond HE approx., correlations,...

Cold and hot nuclear matter effects on heavy quarks: 3. HIC.



Mass hierarchy:

e Radiative eloss: AE(g)>AE(q)>AE(Q), dead cone effect (Dokshitzer-
Kharzeev '01,AMS, DGLV, GMW ‘03). The mass effect is reduced in a
thermal medium (Djordjevic ‘08).

(li —02) = 02 =m*/E* 60— 0*+ 63

H__._‘—-'_‘*—
02 charm
1 2t
AEL)

E bottom

0.1}
® Elastic eloss (Gyulassy-Braaten-Thoma //

WHDG Mgue =0.35GeV
’90, Mustafa ’05,WHDG ’06, Gossiaxu et al ‘09): 515 25 sz
relatively more important for heavy

(depends on the relation mg/mscat. cent.)-

dead cone
0.3+

E [GeV]

012 + E_10 Gev

008 . collisional

® Meson eloss/dissociation (Adil-Vitev ==

‘06): more (only) important for heavy. 04 - T

Lt
P radiative

BOTTOM

® Key question: is the medium weakly
or strongly coupled (AdS/CFT)!?

Cold and hot nuclear matter effects on heavy quarks: 3. HIC.
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Comparison with data (l):

® Radiative eloss tends to
overestimate the data, except <
for pure ¢ composition. -

e Elastictradiative has
problems, too.

® Collisional dissociation (plus
radiative) looks OK: D’s and
B’s equally suppressed. Fast!!!
hadronization (~0.] fm for B’s).

® Note: formulation in terms
of transport equations exists
for elastic and radiative, the
question is whether the O’s are
perturbative or non (Rapp et al,
Das et al, Greiner et al,...).

Cold and hot nuclear matter effects on heavy quarks: 3. HIC.
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| ' | ' | ' |
STAR Au+Au 0-5% (nucl-ex/0607012)

Phenix Au+Au 0-10% (nucl-ex/0611018) :
DVGL Rad dNy/dy = 1000 (1)

BDMPS c+b = 10 GeV%fm (II)
DGLV Rad+EL (Il

van Hees Elastic (V)
DGLV charm Rad+EL (V)
Collisional dissociation (VI)
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Comparison with data (ll):

< 1.8
<

C 16

1.4

® total HF e
® open HF e

1.2

1

Lo bvvaa Lo beaag
0 15 20 25 30

(= q/[2e>]
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0.2}
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Au+Au @\ s, = 200 GeV
L le a2 nl g gy
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Xl'J._lllllLllllll LR R R 11_111"11

8 9
p [GeVicl |
Note: no smooth model can explain this; even a

_smaII contamination (DY, baryons,... - NA et al ‘05, |}
Martinez et al ‘07) may affect the ratio sizeably.

1Vl IISI IC

cQ
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Predictions for the LHC (l):

=1 * I * K * § * ] =

Wicks et al “=04
— Charm ng/dy = 1750
— Bottom ng/dy = 1750 -
- = Charm ng/dy = 2900 ]
- - Bottomn dNS/dy = 2900

q=1
q=2
q=10

Armesto et al

mesons

Raa(bottom)/R 4 4(charm)
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 eso: T=04-0.75 GeV

van Hees et al

Dreso ===
D pQCD = =—

B pQCD -~~~

- Pb-Pb Vs=5.5 TeV (b=7 fm)

2 3

4
pr (GeV)

™ Cenfral Pb+Pb at LHC (dN"/dy = 2000)

1 l 1 l 1

™ Central Pb+Pb at LHC (dN%dy = 3500)
1 l 1 l 1

10 20
p; [GeV]
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Predictions for the LHC (ll):

2

Rcp
e STAR (0-5%) .
o PHENIX (0-10%) |

———— ¢, =1/4

0.8} N csz=1/5

Ell. fixed ,,,.»_»_-_'_‘.'.'-'-'5;;"'--—- :

I . Rad+EIl
10 d! )
I' EllL running : —=1750-2900

0.6k 77 Rad, 5=40-100

= AdS/CFT;D=3
= = AdS/CFT;D=1
=== AdS/CFT:A=5.5

sy = 3.5TeV; central

20 pr(GeV/c)

Dasetal‘l0

Gossiaux et al ‘09

model E: running a; ; k=0.2
rescaling: K= 1.8

model C: a,(27T) : k=0.15

rescaling: x 5

dN . . .
.d_y.=1lsoo %:2200 LHC (mod E)

) LHC (mod C)
RHIC (mod E)

model E: running a; ; k=0.2
rescaling: K=1.8
model C: a,(27T) ; k=0.15
rescaling: x 5

dN_ 600 LHC (mod E)

LHC (mod ©)
00

> 5 10 20 50
pr(GeV/e)

5 X 50
pr(GeV/e)
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1.0

0.5}

Predictions for the LHC (ll):

| ® Sizeable difference between b and c up to pr ~ 30 GeV

in radiative or collisional scenarios.

{|® Meson dissociation: similar B and D suppression.

® |nitial state effects to be controlled.

® Possibility of experimentally separating b and c!

“+0 o Differences between perturbative and non perturbative

L5

elosses to be settled at not very large pr.

® [arge coverage in pt for muons makes it possible a self-
calibration with EW bosons (Dainese et al ‘08).

pr(GeV/e) pr(GeV/e) Pl GeV)

Cold and hot nuclear matter effects on heavy quarks: 3. HIC.




Some remarks:

® Monte Carlo models (PQM, PYQUEN,YaJEM, JEWEL, Q-PYTHIA,
Q-HERWIG, MARTINI): none of them includes properly the mass

effect at present.
NA, seminar at HIC10 at CERN, 03.09.10

chh/qulﬂ=0 in PbPb at \|sNN=2.76 TeV for wart=350
| ASW-like (x=0.26)'_5 ® geom. scaling

® Density of the
. | evin et al. ‘@1 . . . corr., saturation
m ed Ium an d L HIJING 2.0 -9 : ! ! strongh%llt\lnon shad.

| Wolschinetal, g, | | | corr.,
d . I b h . garktisglfan et al. @ : \ I cam -lIE’ k%qg%u hydro
aetal. ' \ \ \ corr.,
)’n amica enavior | Porteboeuf et al. . PO ! ! EPOS
¢ ’ ﬂt&'m{skitetlal. ! P ! ! ! corr., H{(%I\‘IJIIIZE)T
in et al. . — e— . . corr., ++
( Ie ngth ) to be | Kharzeev et al. — @ ——i :' ! ! saturation

. jeon et al. ¢ ! ! ! data d{li'\\rlen, Iimitingt_frag
umanic. ! ! ! ! corr., superposition

determined by the Er A T S | oK vortion

i.ls ?Ial et al. ' ' : : corr., Eﬁ?ﬂggggeom. sat.

et al. b - ! ! corr.,

vVE ry ﬁ st data at  Dias de Deus et al. - - - percolation

| Chen et al. \ H ! L corr., AMPT+gluon shad.
L H C | Capella et al. ! ! ! ! DPM+Gribov shad.

O n L Chaudhuri °o | ! ! ! log. extrap.

| Bzdak ! PY ! ! ! corr., wounded digq. mod
| Busza @4 ' ' ! data driven, limiting frag

mUIt|PI|C|t|eS and | Bopp et al. : e : : corr., DPMJETI_II

| Topor Pop et al. ! ! ! ! corr., HIJING/BB v2.0
| Armesto et al. ! °' ! ! PSM

ﬂ OW. L Armesto et al. e : : : geom. scaling
| Arleo et al. ' ' ' corr., log. extrap.

_Albacete

® Partonic spectra Abreuetal. @
at 2.76 ATeV22!! 0 1000 2000

Cold and hot nuclear matter effects on heavy quarks: 3. HIC.

. 1 1 1 .
o : : ! corr., rcBK evolution
1 1 1 1

i | corr.,llogistic evc|>l. eq.
3000 4000 5000 6000




Summary:

® Heavy flavour production in nuclear collisions provides a stringent
test of our factorization ideas.

® For its use as a tool to analyse the medium created in HIC, an
accurate control of the benchmark is demanded: npdf’s.

® Benchmark at RHIC?

® Unsatisfactory situation in HIC at RHIC: data are hard to be
reproduced, models are not really consistent with data for light
hadrons,...

e | HC and RHIC-II offer large possibilities to clarify these issues,
through D/B identification.

® The fun will begin in 10 days (at long last...): soft data will be most
important even for heavy quarks.

Cold and hot nuclear matter effects on heavy quarks.



HQ in pp@RHIC:

® State-of-the-art resummed pQCD (FONLL) which is quite

successful in b-production at Tevatron, tends to be low at RHIC.
® b/c ratio looks reasonable, though: gm,.n.!\'lﬁf.tnaul.‘?'élm
most important for energy loss which g x\%

depends on the mass.

e PHENIX vs. STAR?
e Non-photonic e’s: D, B, A, DY, QQbar,...

&  STAR (PRL 94 (2005) 062301) ge’a‘p/gggNLL—
e  PHENIX (hep-ex/0609010)

datatheory

0

-l
-
<
@)
LL
O
)
©
| .

® from e-h correlation
B from e-D correlation

R AT N N
8 10
P, (GeV/c)

pPp@200GeV i
STAR preliminary

1.2 3. 4 2 & 7 B
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HQ in pp@RHIC:

® State-of-the-art resummed pQCD (FONLL) which is quite
successful in b-production at Tevatron, tends to be low at RHIC.

® b/c ratio looks reasonable, though: . _NAetal 06
most important for energy loss which %%
depends on the mass.

e PHENIX vs. STAR?

® NI 7—":"?- | a) | ' Global scale uncertalnty 4.1%
104 %
E\n@‘# » this analysis

datatheory

| lllllgLLl

BN vy STAR: PRL 98(2007)192301
N4 »  PHENIX: PRL 97(2006)252002.
[ ] sys. error
—— FONLL
FONLL uncertainty
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Ed’c/dp® (mb GeVc?)
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P, (GeVic)

STAR and PHENIX NPE result in 200GeV p+p collisions
v'Are consistent within errors at pt > 2.5 GeV/c

Xie’s talk@DIS|

v = J v
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HQ in pp@RHIC:

® State-of-the-art resummed pQCD (FONLL) which is quite

successful in b-production at Tevatron, tends to be low at RHIC.
® b/c ratio looks reasonable, though: B

most important for energy loss which %\%

depends on the mass. Soof e

O

e PHENIX vs. STAR? 5
e Non-photonic e’s: D, B, A, DY, QQbar,...

datatheory

B ! | I | | I | I I | | | ! | I
= ] STAR (nucl-ex/0607012)

&  STAR (PRL 94 (2005) 062301) geép/gEgNLL—
e  PHENIX (hep-ex/0609010)
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electron P, [GeV]

R AT N N
8 10
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o
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Radiative eloss: limitations

The extracted value of ghat depends on medium model:
| <ghat<I5 GeV?%fm = interface with realistic medium

(TECHQM, JET....).

Calculations done in the high-energy approximation: only soft
emissions, energy-momentum conservation imposed a
posteriori = Monte Carlo.

Multiple gluon emission: Quenching VWeights, independent
(Poissonian) gluon emission: assumption! = Monte Carlo.

(PQM, PYQUEN, YaJEM, |JEWEL, Q-PYTHIA, Q-HERWIG,
MARTINI).

No role of virtuality in medium emissions; medium and
vacuum treated differently = modified DGLAP evolution.

Cold and hot nuclear matter effects on heavy quarks: 3. HIC.
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Monte Carlo (l):

to
e [Salgado]

® Assumption: hadronization is not affected by the medium: looks
OK at RHIC for pT>7-10 GeV.

® The splittings are modified: either radiatively (Q-PYTHIA, Q-
HERWIG) or radiative+collisionally (JEVELL, PYQUEN,MARTINI);

or the evolution is enlarged due to momentum broadening (YaJEM).

® Underlying ingredients: factorization no emission/emission/no
emission/... (Sudakov/splitting/Sudakovl/...) holds in the medium, and

the evolution scale (t,kt,0) can be related with the medium length
— both to be proved (Jet Calculus in a medium).

Cold and hot nuclear matter effects on heavy quarks: 3. HIC.



Monte Carlo (ll):

® The MC’s generically reproduce the expectations:
— Particle spectrum softens (jet quenching).
— Emission angle enlarges (jet broadening).
— Intra-jet multiplicity enlarges.

kt=z(1-z)t

—»Z-axis

Cold and hot nuclear matter effects on heavy quarks: 3. HIC.



Monte Carlo (ll):
Q-PYTAIA

Fragmentation functio Angular distribution

E.

=100 GeV

?]=5 GeV“’/fm L=2 fm
a=50 GeVz/fm G=50 GeV¥fm

=5 GeV“/fm
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0 2 46 81012141618 20
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® |[ntense activity at RHIC and the
LHC: jet reconstruction in a large
background (small clustering
parameters versus out-of-'cone’

medium modification).
Cold and hot nuclear matter effects on heavy quarks: 3. HIC.




Monte Carlo (ll):
Q-PYTAIA

Fragmentation functio Angular distribution

]
E,,=100 GeV > 10#\ i ‘

Missing items: e.g.
[Salgado]

Medium-induced gluon radiation modifies

O] the color structure of the shower
[not included yet]
parameters versus out-or- CONne
eon=2w/kr2  (272)

medium modification).
Cold and hot nuclear matter effects on heavy quarks: 3. HIC.




More remarks:

® Imagine a gluon loses more energy than a light quark than a heavy
quark: still lots of things to consider accurately (partonic spectra,
fragmentation,...)...

I | I I I I I I I | I [ I | I I I , I I

0 - R 2
e Note: the shape of the Au-Au 0-10%, \s, = 200 qG/;Vﬂ 14 Ge\V/fm

partonic spectrum is a | 410+ ¢ pr slope
ke)l ingredient on the s (110 + € ppslope + ¢ fragm.
shape of Raa.

m— (/g + C p7 Slope + ¢ fragm. + ¢ mass
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Cold and hot nuclear matter effects on heavy quarks: 3. HIC.



