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Hadron Formation
Recombination



Baryon Anomaly

In proton proton and e*e- reactions at moderate pT, baryons
and antibaryons are suppressed relative to mesons.
In heavy ion reactions, there is anomalous baryon production.
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Baryons via Jet Fragmentation

Jet fragmentation occurs when particle pairs tunnel out of
the vacuum from the flux tube potential energy.
Analogous to Schwinger mechanism in QED.

Production of qq leading to pions is much more likely than
qq qq (diquark antidiquark) leading to protons and
antiprotons.
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Color Recombination

Factorization assumption of jet fragmentation completely
breaks down. New hadronization mechanism.
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From Above or Below?

Lower pT partons combine to form higher pT hadrons, instead
of higher pT partons fragmenting into lower pT hadrons.
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Baryon Issue In Elliptic Flow

Vv, results at low pT agreed reasonably with hydrodynamic
calculations, but at higher pT there is a split of mesons and
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Rescaling by Valence Quarks

If one rescales the data by the number of valence quarks (2
for mesons and 3 for baryons), one sees a remarkable

scaling! Is this another indication for recombination?
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Contrast Deuteron Coalescence

In BBN, deuteron coalescence process is well know n+p->d+y.
In heavy ion reactions, we can have off-shell n+p—>d and we
know the deuteron wavefunction.

What is the required space and momentum distribution of
partons to form a hadron?
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Conclusions and Terminology

Perhaps at moderate pT hadrons are formed from localized
distribution of uncorrelated partons.

Some call it coalescence of constituent quarks?
What is a constituent quark outside a hadron? Mass?

Some call it coalescence of valence quarks?
What is a valence versus a sea quark outside a hadron?

What is true is that you need a certain minimum number of
objects (partons?) to have the right quantum numbers in some
region of real and momentum space to form the hadron.

We still need to understand the full implications.



Jet Quenching



Probing the Matter

Matter we want to study
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Autogenerated Quark "LASER”
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August, 1982

Energy Loas of Energetlc Partons in Quark-Gluon Plasza:
Poaaible Extinotion of High Pp Jata in Hadron-Hadron Collisions.

J. D. BJORKEN

Fermi Nationel Accelerator Laboratory
P.0. Box 500, Batavia, Illincis 60510

Abstrack

High energy quarks and gluonas propagating through quark-glucn
plasmz suffer differential energy loas via elaatic scattering from
quanta in the plasma. Thisz mechanism is very aimilar in satructure to
ionization losa of charged particles in ordinary matter. The dE/dx ia
roughly proportional to the square of the plasma GLemperature. For
hadron-hadron collisiens with high asscelated multiplieity and with
EFANSVErsE energy dE:T.-"d? in exsesa of 10 BeV per unlt rapldity, it 15
possible that quark-=gluon plasma i= produced in the eollision. If 3c, a
produced ascondary higi‘.—;\,r quark or glusn might lese tens of GeV of its
initial tranaverse momentum while plowlng through quark-gluon plasma
produced in its local enviromment. High energy hadron  Jet experiments
should be analysad as function of associated multiplicity to 2earch for
this effect, An interesting signature may be events in whioh the hard
collision ooours near the edge of the overlap reglon, wilth one let

escaping without absorption and the other fully absorbed.



Gluon Radiation

Partons are expected to lose energy via
induced gluon radiation in traversing a
dense partonic medium.

Coherence among these radiated
gluons can lead to AE a L2

Look for an effective modification \v
In the jet fragmentation properties.

Baier, Dokshitzer, Mueller, Schiff, hep-ph/9907267
Gyulassy, Levai, Vitev, hep-pl/9907461

Wang, nucl-th/9812021

and many more.....



Modified Fragmentation

| rr||r|r[ | 'I'III'Ir'I'l I TTTT

— [D(z) Vacuum
------ D(z) Medium

In jet

n, . Increases

5
l-h
L
-“
L
i
&
L]
LY
L]
&
¥

<szet> - decreases

"
=3
o

Z=Py/Piet



STAR Event Displays




Energy and Fragmentation

“Traditional” jet methodology fails at RHIC
because jets are dominated by the soft background.

For a typical jet cone R =0.33

Jet
AXxis

Fluctuations in this soft
background swamp any jet
signal for pt < ~ 40 GeV
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Soft particle background (assuming Poisson fluctuations)
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Jet cross section
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Nuclear Mass

Jet cone radius

This for root s = 200 GeV. The fit is to F. Paige's Isajet 6.1 predictions in 3rd RHIC workshop (1988).

Mean pT per Particle in GeV

minimum bias cross section in *milli*barns. Note kluge to get pp value right.

Number of soft particles in jet cone.
Scaled from Au-Au values for R=0.5.

Bill Zajc:
Note this A^alpha scaling fixed to root-s = 200 GeV pp multiplicity (as is jet cross section)
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Soft particle background (assuming Poisson fluctuations)

Jet Cross-section

Jet cross section

Soft Energy
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Jet Cross Section in R=0.33 for Au+Au at 200 A*GeV
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Probes of the Medium

Sometimes a high energy photon is created in the collision. We
expect it to pass through the plasma without pause.
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Probes of the Medium
Sometimes we produce a high energy quark or gluon.

If the plasma is dense enough we expect the quark or
gluon to be swallowed up.
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pQCD + Factorization + Universality

In heavy ion collisions we can calculate the yield of high p; hadrons

/

drFF . (ab—ped)
Eh;—’; = KZ/dzcdrudra/dzkndzknJr'[]fTu:lf'[]fTb]fufp'[Eu:QE”&;F{H:QEJ Dyelze, Q) “E”‘T” (SR )
abed Tz
Flux of incoming Perturbative QCD Fragmentation
partons (structure b, functions D(z) in order
functions) from Deep c,.,b) :app_[dszAA to relate jets to
Inelastic Scattering e ’ _observed hadrons
= XN Wang PRL C&1 (2000) C
2 - e 3% - g b 10?2 OPAL  —
xf ; Q%= 10Gev? | =10 i‘f;f,i;?g vose F quark jet
Fy MRS (A) — 2 F gtuon jet
=) - S 1 110 | e
1.5 -“ = < y k, definition:
: w) ] :;10 L _1’;:_ You =002
i %10727 f:‘ 1 = E
1 =] Z:p 3 B
=10 F §3
i o _7 T E
- 10 7 T s s
: 0 -8__ scaled 1o 5% central Au-Au \ 10 -2 E_ — o SoTrtoy E
ol . PPYYET e : " 0 i 2 3 4 5 :....|....\.‘.‘|....|....|....|‘.‘.\.\\n.|... s
1" 107 1::" 107 1 Py (Gevic) 0. 01 02 03 04 05 05 07 08 09 1.

g



Calibrating Our Probes

High Energy Probes are well described in
Proton-Proton reactions by NLO Perturbative QCD.

a1 : 0)
o Produced pions e
> 1o ¢
8 &10
4 10 8
E mb
5 } PHENIX Data h
[v] 102
L. — KKP NLO
3 10
T s = Kretzer NLO
Eu 10 10
4
10
7
10 1
10"
0 5 1:0 15

pr (GeVic)

' Produced photons

NIX Preliminary
Bands represents systematic error.

~ NLO pQCD (by W.Vogelsang)
CTEQsM PDF

u=12p;, pp 2p;

N

6 8 10 12 14 16 18
p{(GeV/c)



Experimental Measurements
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Experimental Results

Scaling of photons shows excellent calibrated probe.
Quarks and gluons disappear into medium, except
consistent with surface emission.
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Wider Angular Distribution

The induced gluon radiation may be measurable due to
the broader angular energy distribution than from the jet.

L=4fm

— L
Cone ED‘* I
- | = L=7fm
LLJ | == L =10"fm
im'_ I — L =13 fm
e |
0<20° - 80% of jet energy contained Dj‘.: | nC=20fm°
5% loss of energy outside IR E =100 GeV |
AN

0<12° - 70% of jet energy contained | i
8% loss of energy outside ol_£,

Possible observation of reduced “jet”
cross section from this effect.
This is not going to be easy at RHIC.

U.A. Wiedemann, hep-ph/0008241.
BDMS, hep-ph/0105062.
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Where is the Energy?

-= High p- trigger hadron selects surface emission.
Thus, away side partner has maximum path
through the medium.

4




Opaque Medium

Massive induced gluon radiation thermalizes the
parton energy.

Example — 10 GeV quark shot through medium and
comes out the other side as large number of hadrons.
Thermalized? or Collective Modes?



Reaction of the Medium

How does the near perfect liquid react to this large
energy deposition? Color shock wave? Cherenkov?

Ideal gas

Consistent with speed of | | .l
sound from lattice QCD. =




| atest Full Statistics Results
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What have we learned?

Jet quenching is experimentally so dramatic, sometimes we
forget to ask what in detail we have learned.

1. The most basic thing we learn is the time integrated
density of color charges for scattering that induces radiation.

9 1 dN_ | 2E
AE,, ::Ea:n CR(HRE d;’] Log——;

.Y

Assuming only radiative energy loss, matching the high pT
hadron suppression, indicates dN/dy(gluons) ~ 1000 or
possibly dN/dy(quarks,gluons) ~ 2000.



Soft Singularity

“In the presently available RHIC range p; < 15 GeV a reliable
quantitative prediction of quenching can hardly be made. Itis
the soft singularity that causes instability of the pQCD
description.” BDMS
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Plasmon Cutoff

No gluon modes propagate below the plasma frequency.
Provides a potential natural scale for the infrared cutoff.

For a thermally equibibrated medimm at temperature 17 the color screening mass
m pQCD s given by p Ime, T2 In addition. as in ordinary plasmas. no ghion
modes propagate helow the plasma frequency, wy ~ p//30 In practice. lattice QCD
calculations of g mdicate sizable nonperturbative corrections to the pQOCD estunates
for achievable temperatures. Therelore, we sunply take here g~ wyp ~ 0.5 GeVoas a
characteristic mirarced seale of the medinun. In perturbation theory, there 15 a relation
between the serecning scale poand the mean free path A

P\~ dralp (1)

where ps the density of plasma partons weighed by appropriate color factors. Another
nuportant scale for our problem 1s the Bethe-Hertler frequency,

| _
WpH = —}P[E)'. T H I:-}:I

m the dilate ]‘:L‘Lh]]]:l El]‘m]'uxilllzl[i::]] asstimeed here.

No gluon modes propagate below the plasma frequency.
This would also then be true for Ot order gluon radiation —
normal hadronization process !




Stronger Coupling

Another possibility is that the pQCD scattering strength is too small (i.e. it
is strongly coupled), and thus one overestimates the color charge density.
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Gluon Probes?

Gluons should lose more energy due to their color charge.
Currently we are not observing signs of this effect?
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Confined vs Deconfined Color?

Are we sensitive to deconfinement?

Not really !

If the coherent energy loss scale is large, then we probe
short distances and would “see” the color charges inside
hadrons anyway (like in DIS).

Only if the energy loss scale is small would we be sensitive,
but this does not seem to be our regime.




Cold Nuclear Matter
HERMES Experiment &l v o b e
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Measure quark energy from electron scattering off nuclei.
Measure hadron fragmentation function D(z).
Larger nuclei show fewer high z hadrons in fragmentation.

Calculations of Wang et al. indicate radiative energy loss a L? and for

Kr target <dE/dx> ~ 0.3 GeV/fm

HERMES - Eur. Phys. J. C20, 479 (2001).
Wang et al., hep-ph/0202105



Response of the Medium

There is a great deal to potentially be learned from the
response of the medium (about the medium itself).

If there is a Mach cone - Speed of Sound

If there is a Cherenkov cone = Index of Refraction and
| Proof of Bound States !



Heavy Quarks
and
Heavy Quarkonia
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1. Measuring single leptons from semi-leptonic decay of D and B
2. Measuring D->7K and subtract enormous combinatorics
3. Measuring the above two with a displaced vertex measurement (future)




Sin

gle Lepton Method

Au+Au @ \|sNN = 130 GeV : minimum bias
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Charm Patterns

Teaney and Moore
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Heavy Flavor Puzzles

N. Armesto et al, nucl-ex/0511257
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Beauty should start to contribute to single electrons above
pT ~ 4 GeV and be less suppressed.

Charm cross sections from STAR and PHENIX disagree.
STAR x5 above NLO and PHENIX x27?



Screening Effects

Different states “melt” at E 0 Xeswm ]
different temperatures due to &0_5 i W ossm :
dlﬁerent blndlng energles 0.4 /% Debye length from lattice QCD _
s | I/ Yezm

The y’ and . melt below orat T, - g%/ F s
the J/y melts above T, and 01| -
eventually the Y(1s) melts. 0 B

N\
state |/ J/WY xe N[ VvV N/YOS)\| g | Y@S) | g | Y(3)
Mass [GeV}’( 3.096 3.415 3.686 9.46 | 9.859 10.023 | 10.232 | 10.355
B.E. [GeV] 0.64 0.2 0.05 A 1.1 / 0.67 0.54 0.31 0.2

TJT. |\ - 0.74 0.15 0.93 0.83 0.74

\/\/\/\/

hep-ph/0105234 - “indicate y’ and the y dissociate below the deconfinement point.”



Sheet1

		state		J/y		cc		y'		U(1s)		cb		U(2s)		cb'		U(3s)

		Mass [GeV}		3.096		3.415		3.686		9.46		9.859		10.023		10.232		10.355

		B.E. [GeV]		0.64		0.2		0.05		1.1		0.67		0.54		0.31		0.2

		Td/Tc		---		0.74		0.15		---		---		0.93		0.83		0.74






Cold and Hot Nuclear Matter

Cold Matter Path = L
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The “L” Plot
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NA51, pp.pd, 450 GeV
NA50 LI, Be, Al, Cu, Ag, W, 450 GeV
NA50 HI, Be, Al, Cu, Ag, W, 450 GeV
A NA5Q VHI, Be, Al, Cu, Ag, W, Pb, 400 GeV
o NA38, SU92, 200 GeV
v NA50, PbPb00, 158 GeV

i !
I ft
B NABO, Inin, 158 GeV ? "
2 4 & 8 10
L(fm)

Melting of v’
(10% contribution to J/vy)

Melting of yc
(40% contribution to J/vy)

Melting of J/y ?

“Strong evidence for the
formation of a transient
quark-gluon phase without
color confinement is provided
by the observed suppression
of the charmonium states J/v,
Xe> aNd .7

Maurice Jacob and Ulrich Heinz
CERN Press Release 2000




Exciting Lower Energy Result !

'_) CERN Experiment NASQ - Mozilla Firefox

File Edit ‘%ew Go Bookmarks Tools  Help

’ Getting Started L:', Latest Headlines | | Jamie Magle Home P... & The Mew York Times ... "5 washingtonpost, com

v @ e [[GL

@ || http:ffnas0.web,cern,chiMASO)

CEERN Fress Release

The CERN NAS0O Experiment found

Evidence for deconfinement of quarks and gluons
from the .J/psi suppression pattern

measured in Pb-Pb collisions at the CERN-SPS

Introduction to the anomalous Iipsi suppression (B3 file)
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Q 20 49 =] g0 109 120 140 Q Q.3 1 15 2 2.3 3 3.8
E, (GaV) F {GeVAm’)

Predict a much larger suppression at R

IC



o 1 .4 __ -------- Mostyuk et. al. hep-ph/0305277 suppression in QGP
- 1.2 - PHENIX PRELIMINARY ®  AurAU @ 200GeV, [nj<0.35
O O AutAu @ 200GeV, 1.2<q<2.2
7))
$ 8 Cu+Cu @ 200GeV, |n|<0.35
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RHIC Preliminary Results

----------- Capella et. al. hep-ph/0505032 & Priv. communi, suppression from co-mover

----------- Grandchamp et. al. hep-ph!0306077 & Priv. communi, direct dissociation

Number of Participants



New |ldeas

Recent Lattice QCD results , —vector spectral functions
indicate J/y spectral function <[}, %
may persist up to 3 T..

Temperature Bound < 3 T, (?)

Perhaps charm recombination
creates new J/y later.

Data to prove or disprove this
explanation is on tape.




The Future



QGP?

QGP defined theoretically by lattice QCD.

Many fascinating phenomena discovered and studied at RHIC.

We are starting to attack the problem of quantitatively estimating
some fundamental quantities.

Note that even the best experimental probes span a range of
times in the evolution of the collision system. Thus, there is
inevitably a model used to map the T, S, viscosity, size, time
dependence onto observables. Major breakthrough on the
theory side is needed to have a “high confidence” space-time
framework for studying many probes in a consistent picture.
Hydrodynamics is a good start, but needs coupling to non-
equilibrium models.



RHIC Il and LHC

Exciting future that is
bound to make more
splashes!
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