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High-p; hadrons in heavy ion collisions: More energetic
partons hadronize faster
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Two—step picture
Perturbative color neutralizati
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Production length: Formation of the hadron
energy loss, broadening No energy loss, no broadeni
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Two sources of jet quenching:

(1) energy loss of the parton prior production of a pre-hadron
(no absorption);

(il) attenuation of the pre-hadron in the medium (absorption)

In the energy loss scenario one assunaeshog that color
gy neutralization always happens outside of the medium lp > Ra



Jet quenching in DIS

If the hadron takes the main fraction of the jet energy,

E
Zh: h )]_’
E,

then energy conservation becomes an issue:
dE
l, — < E(1— zp)
dz

The main contribution to the rate of energy Io%g, comes from
vacuumenergy loss which follows the strong kick given to the
qguark in DIS.

dE 200,

dz vac 37

Q2




Jet quenching in DIS

Thus, the mean production length rises wih-, but it contracts
as function of the hard sca{@? andz,

3 B
200, Q?

(Ip) < (1 — zn)

oo —/——7—F—F—F————T—F——————————

<Q? >= 3 GeV?

_ <y > =12 GeV

The amount radiated energy- -
fluctuates, andl, may be &
rather long, even if(l,) is

vanishing.
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Perturbative hadronization

The production and formations times are frequently mixed up
The former/l,, is the time of color neutralization, while the
latter,l ¢, IS the time scale for formation of the hadronic wave
function.
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Perturbative hadronization

The production and formations times are frequently mixed up
The formerl,, is the time of color neutralization, while the
latter,l ¢, is the time scale for formation of the hadronic wave
function. ©

® QED analog for per- Y e’ _
turbative hadronization: = H
production of antihy-
drogen

® In QCD perturbative hadronization leads to Color
Transparency which has been well detected in data

S.Brodsky, Ch.Munger, I.Schmidt

yO =1/Q i r=1/p; r=1/
Qe P T o 1°




Perturbative hadronization
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Jet quenching in DIS

The HERMES data have been well predicted by this model.
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Jet quenching in DIS
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Nuclear broadening ofpr

Nq — /dz’l"l dZ,r, esz (r1—72) Qq (,’,,1,,’,,2) 8_5 o(71—72,x) T (b)
d?2kr

Dipole cross section (rr, x) is fitted to data foFy (x, Q?).

Q7 (71, 72) is the density matrix describing the impact
parameter distribution of the quark in the incident hadron,

2
<k ) LR+

T1,T2) =

where(k?) is the mean value of the parton primordial
transverse momentum squared.



Cronin effect Iin pA collisions
BK, J.Nemchik, A.Schafer, A.Tarasov, PRL, 88(2002)232303
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Cronin effect at RHIC

14
s ST o
---------- _<Cr3 L Minimum Bias
1.3 ) 0% - @ TTHTT
1.2 [ = KK |
—~ 2+ A p+p —
o 1.1 - A 1
N—r
Q
S 1.0
= e oo M
0.8
0.7 0 . . L
Vs = 200 GeV 0 1 2 3 4
06 Lo v v 1 p; (GeVic)
0.0 2.5 5.0 7.5 10,0
pr (GeV)
A much weaker Cronin
PHENIX results

enhancement was predicted
for RHIC.



Jet quenching in DIS

What would be amoking gun
measurement fak, ?




Jet quenching in DIS

Two-step picture

What Would be $m0k|ng gun Ptzrturbative color neutralizatic
measurement fdk, 7 q h
i Ip : ormai ionlcf) e hadron
SinceAp?r X lp, brOadening engrrgf?fstf blria%t:ﬁing noFenergty Iossf,tzo broadeni
provides direct information lp o< &z (1 — zp)
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Two—step picture

What Would be amoklng gun Peqrturbative color neutralizatic
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Jet quenching in DIS

. TWO_Step picture Perturbative color neutralizatic
What would be amoking gun ]
yO q

measurement fak, ? ‘* ; h
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Production length: Formation of the hadron

SlnCeApczr XX lp, broadenlng energy loss, broadening no energy loss, no broadeni
provides direct information lp o< &z (1 — zp)
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Induced energy loss in DIS

The rate oimedium-induce@nergy loss is very small,

dFE 3o,

E ind 8

Ap,_zr

Data for Drell-Yan reaction
show that even for heavy nu-
clei broadening is small,

Ap2 ~ 0.1 GeV*

(BDMPS, 1994)
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Induced energy loss in DIS

—dE/dz
Thus, the rate of in- 4

duced energy loss g
linearly rises with thea //5/ ___{Induced

N\
AN

7
pathlength up to the /g% i eneray loss
medium surface. //Z )
7000000000000
7 s _
L Z

What happens afterwards?

According to the Landau-Pomeranchuk principle, radiafibn
longer times does not resolve the structure of the interactt
the initial state. Important is the accumulated kick, arales
not matter whether it was a single or multiple kicks. Therefo
the vacuum energy loss Is continuing with a constant rate

™ Increased due to final state interaction.



Medium generated DGLAP
evolution

In spite of lacking a good knowledge of the hadronization
dynamics, one can impose an upper bound for the
medium-induced suppression. This bound can be calculated
precisely with no ad hoc procedures.

Let us increase the amount of induced energy loss assurmang th
Its rate does not rise up to the maximal value near the medium
surface, but starts with this maximal rate from the very
beginning.

—dE/dz

A/W/ m E)Isr,]sc eisthiicrlgs:gg : tfelgerrge)f
——————— ' Induced ’
Vag—== sulting suppression of lead-
Vacuum; energy loss ing hadrons can only be en-
i - hanced.

L y4



Medium generated DGLAP
evolution

We arrive at a constant rate of energy loss corresponding to
hadronization in vacuum, but with increased scale

Q° = Q? + Ap2.. The scale dependence of the fragmentation
function can be calculated perturbatively via of DGLAP
eqguations

D™(zn, Q?) = D!(z, Qz)

ApT

> / Y Pl 0(Q) D)2/, Q%)

th

The medium induces a harder scale which makes the energy loss
more intensive. The difference is the induced energy logsiwh
Is < Ap3. and present implicitly in the DGLAP.



Medium generated DGLAP
evolution

1.1

@ g 5GeV? |

0.9 1

Ra/p(Zn,Q°)

0.8 1

Ratio of the nuclear-modified to vacuum fragmentation fiomst
calculated fofead The modification is far too small in
comparison with data.
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Heavy Ion collisions

Peculiar behavior of [, in high-pr collisions

® In the string model l, x E/Kk, i.e. the production
length always rises with the jet energy.

® In pQCD I, x E/Q?, i.e. the production also
length rises with jet energy, unless Q? rises faster

than E. -

® 1In 90° parton-parton scattering N

with large pr, the transverse mo- - \\/_.>

mentum plays roles of both, jet ] e -

energy, ¥ = pr, and its virtual- [ e
<’_@OOOODOO%_>

ity, Q = pr. Thus, the production
length shrinks, rather than rises,
with pr,




Time evolution of ahigh-pr | &t

The mean time of radiation of a gluon:

Q> 1
d E 1
(1) :/dkz/dw D (x, k) =
dx dk? A% In(Q/A) In(QA/AF

A2 0
where
l_2Ew(1—w). dn v ~ 3as
¢ = 2 : ded’k  w=kz’@ ' n2

The mean coherence length of gluon radiation is long

However this is not the same as production length of a colorless
dipole with largez;, > 0.5, which takes the main fraction of the
| @Jet energy. In this casenergy conservatiobecomes an issue.



Time evolution of a high-pr | et

How much energy is radiated over path length L?

dn ( 2FEx(1 — x)
O(L—
x dk? k2

Q? 1
AE(L) =E/dk2/d:1::1:d
A2 0

The rate of energy loss is constant for each intervafof

dE 1

dLdk? 2!

Radiation of gluons with given transverse momentkiins
continuing with the constant ratg/2 until the maximal length
L,...(k?) = 2E/k? is reached.



Time evolution of a high-pr | et

dE
dzdk

A

e L(K)

E/Cf E/R EIN

L-dependence for the rate of energy loss for different iraisraf
transverse momentuky

UNIVERSIDAD TECNICA



Time evolution of a high-pr | et

The total energy radiated over this maximal path length is

2

AEtot_/dkzl'yg _'yElmQ—2
2 k2 A2

How long does it take to radiate fractidnof the total emitted
energ)? The answer depends on how larg@éidorQQ = FE

4 E 2

A2

. 2 (B\" it 5>1/In( <
Fe \ A A2



Time evolution of a high-pr | et

100§
- 10
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VRS
O 1
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1
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0.0 02 04 06 08 10
6
The path length needed to radiate fractfoaf the total vacuum
energy loss.

'

More than a half of the total energy is lost withirfm
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Heavy 1on collisions

Thus, the color neutralization, or production length sksiwith
the jet energy.

The medium suppression factBy 4 (pr) is a result of interplay
of two phenomena which act in opposite directions:

® As far asl,, shrinks withpr, the amount of induced energy
loss is reducing and this should lead to a risig 4 (pr).

® However, contraction of the production length makes tha pat
avallable for absorption of the colorless pre-hadron longkis
leads to a reduction dR 4 4 (pr). Usually attenuation caused by
absorption Is quite a strong effect, however one should
Incorporate it with a precaution.



Summary

® Production of leading hadrons in hard reactions involve two
stages of time developmer{t) propagation of a parton though
the medium accompanied with vacuum and induced gluon
radiation;(ii) perturbative color neutralization followed by
evolution and attenuation of the (pre)hadron in the medium.
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Summary

® Production of leading hadrons in hard reactions involve two
stages of time developmer{t) propagation of a parton though
the medium accompanied with vacuum and induced gluon
radiation;(ii) perturbative color neutralization followed by
evolution and attenuation of the (pre)hadron in the medium.

@® Theoretical tools describinng both stages are well dewzlop
and do not need ad hoc fits to the data to be explained.

@® The production length of leading hadrons is controlled by
coherence of radiated gluons and energy conservation

® . broadening is a sensitive probe for the production length

T s
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Summary

® Shortness of the production (color neutralization) lerigth
the main source of nuclear suppression of leading hadrons
observed in DIS. There is no room for induced energy loss.

® Maximizing the induced energy loss one can reach a
calculable upper bound for the modification of the fragmena
function. It shows that the effects of induced energy losSar

too weakto explain the observed nuclear suppression of leading
hadrons.
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Summary

® Shortness of the production (color neutralization) lerigth
the main source of nuclear suppression of leading hadrons
observed in DIS. There is no room for induced energy loss.

® Maximizing the induced energy loss one can reach a
calculable upper bound for the modification of the fragmena
function. It shows that the effects of induced energy losSar

too weakto explain the observed nuclear suppression of leading
hadrons.

® The time scale of vacuum gluon radiation in highjets is
very short, lesst thahfm.
The production time of leading pre-hadrons is even shoster b
factor (1 — z).

)

T s
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Color Transparency

The produced colorless dipole (pre-hadron) has a small size
rr ~ 1/pr) and interacts weaklyr (rr) = C r3. In situation
when the virtuality and the jet energy are of the same order,
Lorentz time dilation cannot "freeze" the initial transsesize
which evolves quickly.

Attenuation of a dipole propagation over pathlenfjtand
evolving from initial sizer; up to a final size-5 is controlled by
the light-cone Green function

a

L _ _ . o _ 271 - T2
G(72,71; L) = msinh(QL) exp{ a [("‘1 + r2)coth(2L) sinh(QL)]} ’
where

a = ] 2= —
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