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Can we distinguish
in-medium vs. out-of-medium parton hadronization?

=i the short answer: YES!
=% from experimental data
=% with minimum model dependency

based on A.A., nucl-th/0604041



Radiative energy loss: success!
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Success?

¥ Heavy flavour puzzle at RHIC [talks by M.Djordjevic, S.Wicks, C.Salgado,
STAR, PHENIX]

=% single non-photonic e— as much suppressed as «
=i theory gives half of the observed suppression!
Wicks et al., nucl-th/0512076

1.0 I

I:II STAIR CEI"."IDIS prelirln dN_fcy=1000
& PHEME d -
+ Additional mechanisms 08 = -
=& elastic energy loss? - W
. . << 6| -
with running og? [Peshier '06] = i R _
= something else? g 21 I o= L
g Ndediip il
D L %% % %% i |
+ A big untested assumption: pT [GeV/c]
=i partons live long enough to traverse the whole medium
=i let's test it! ...in nuclear Deep Inelastic Scattering (nDIS)
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VS. A+A collisions

# nDIS is a clean environment for Jet-quenching in A+A

(1) space-time evolution of
hadronization \

=i nucleons as micro-detectors

=% medium rather well known A vd
(2) Cold nuclear matter effects properties of
=8 quark energy loss hot nuclear matter

=i nuclear modifications of FF
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Similarities and differences

h

Eq =V = Ee-Egr = 2-25 GeV
at HERMES
Eh=zv= 2-20 GeV En=pr = 2-20 GeV

* HERMES kinematics is relevant to RHIC mid-rapidity

...but beware the virtuality...

Q2 = — @2 is measured Q2= Eq2 < (pr/z)2
...and the rapidity...
always forward rapidity rapidity can change
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Hadron attenuation in nDIS

1 dN%(2) e HERMES, PLB 577(03)37
NEIS dz Accardi et al., NPA 720(03)131

PN e SRR TRsRe e | e N Wang & Wang, PRL 82(02)162301
M (2) 1 dNE(2) R",

Nee 9%

0.9 -

+ Energy loss (gluon bremsstrahlung) — s/
[Arleo; Wang et al. ]
=i hadronization outside the medium
=i gluon radiation off struck quark

0.7 |

+# Prehadron absorption
[Accardi et al.;
Falter et al.; Kopeliovich, et al.]

=% color neutralization inside the medium
= prehadron-nucleon scatterings il _

@ "0 01 02 03 04 05 06 07 0.8 09 1
h talk by N.Bianchi <
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Prehadron vs. hadron

# Hadronization is non perturbative = (many) models

# General features:

hadron formation time th
/\

prehadron formation time t”
(“production time”)

SRR SRRk h
% 4 O Ol
Color neutralization = “prehadron” h* prehadron collapses on
gluon radiation stops hadron's h wavefunction

large inelastic cross-section

+ NOTE:
= [t's tricky to rigorously define t*, t": consider them as working tools
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How to tell energy loss from absorption?

¥ Conventional thinking: the A%/3 law

< Energy loss (LPM effect): 1-Rp; ~ <Az> ~ L2 ~ A2/3

< Hadron absorption: 1-Rj; ~ < no. of nucleons seen > ~ L ~ Al/3
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How to tell energy loss from absorption?

¥ Conventional thinking: the A%/3 law

< Energy loss (LPM effect): 1-Rp; ~ <Az> ~ L2 ~ A2/3

<+ Hadron absorption: 1-Ry; ~ < M

WRONG!
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How to tell energy loss from absorption?

¥ Conventional thinking: the A%/3 law

< Energy loss (LPM effect): 1-Rp; ~ <Az> ~ L2 ~ A2/3

< Hadron absorption: 1-Rp; ~ < M

# A2/3 also for absorption models! WRONG!

< extra dimensionful scale: prehadron formation length <[*>
< neutralize it = extra power of A (Ry/<[*>)" ~ AV

< typically n=1

Alberto Accardi HP2006
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How to tell energy loss from absorption?

¥ Conventional thinking: the A%/3 law

< Energy loss (LPM effect): 1-Rp; ~ <Az> ~ L2 ~ A2/3

<+ Hadron absorption: 1-Ry; ~ < M

# A2/3 also for absorption models! WRONG!

< extra dimensionful scale: prehadron formation length <[*>

< neutralize it = extra power of A (Ry/<[*>)" ~ AV

. (He,N,Ne,Kr)
< typically n=1 09| w-e—en.loss Tt
# Don't believe it? 3: HERMES
B . .. At
< try fitting 1-Ry; = cA« o . e W
[Accardi et al., NPA 761 (05); 0.5 /
Accardi, Acta Phys. Hung. in press] 04 absorption
]rg Eﬁ=0'65
0.

05 1.0 1.5 20 25 30
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Scaling of Ry, — basic idea

A.A., nucl-th/0604041

# R, should scale with T = 1(z,v) not with z and v separately

Ry =Ry [T(z,V)] with 7=Cz A(1-2) v

¥ “Scaling exponent” A can distinguish absorption and energy-loss

<+ absorption models: A >0
[finite formation time]

<+ energy loss models: A <0
[from energy conservation:

€< (l-z)v]

radiated energy
Alberto Accardi HP2006 12



Scaling of Ry; — Absorption models

+ Extreme situation: if quark has no interactions,

= Ry depends only on the prehadron's in-medium path, 1.e. <¢*>

# General form of <t*>:
< Lorentz boost

<t*>=f(z) (1-2) 2¥ ~ 1(z.V)

energy L model dep. scale
conservation (e.g. string tension)

= gscaling with A > 0
< foral0GeV m: <t*>~4fm <th>~ 10 fm

Alberto Accardi HP2006
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Scaling of Ry — Energy loss models

[see Arleo EPJ C30(02)213 — Accardi, Acta Phys. Hung. in press]
# quark fragments with E,—€=v-&¢ = modified Fragm. Function
N (1—zp v 1 2
Dalzp) = de P D( )
A(zh) /D - \(E) 1—€¢/v \1—¢/v

Quenching Weight = prob. of radiating €

¥ define average energy loss:  gnargy conservation: £ < v - B,

/(l—zh)v 4// \
0

d — f(1 -
cPlO=A0=a - rom0
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Scaling of Ry, — Energy loss models

# Approximate:
1

Ry~ — <E>/MD(1 _j;/y)/ﬂ(zh)

& Use KKP at Q2 = 2 GeV2 D(zp,) = C2%(1 — 2)”

+# Obtain approximate T scaling with A=0:

1 FI0 =z "
(1 - %f[(l - zh)u])ﬁwﬂ (1 - (1- 3}5” )

Ry ~

in practice, A< 0
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Scaling analysis
A.A., nucl-th/0604041
» HERMES data presented as:
- z-distributions: Ryp(z) with <v> = <v>(z)

- v-distributions: Ryp(v) with <g> = <g>(V)

Alberto Accardi HP2006
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Scaling analysis
A.A., nucl-th/0604041
» HERMES data presented as:
- z-distributions: Ryp(z) with <v> = <v>(z)

- v-distributions: Ryp(v) with <g> = <g>(V)
» Scaling analysis of Ry — remember 7= C 7 A(1-2) v
Fix A
For each z compute t=7(z,<v>) and Ry(t) = Ry(2)
For each v compute t=1(<z>,v) and Ry(t) = Ry(v)
Fit ¢(t) to {t,Ry;} obtained above — x2 = yx2(L)
d(T)=a+bt+ct’+dt +et’
a+bt+ct’

a+dt+et”

( cross-checked by ¢(T)=

Best-fit Apest by ¥2 minimization
If ¥2(Apest)/d.0.f. €1 = Ry scales with 1, and is charachterized by Apegt
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Scaling analysis
A.A., nucl-th/0604041
» HERMES data presented as:
- z-distributions: Ryp(z) with <v> = <v>(z)

- v-distributions: Ryp(v) with <g> = <g>(V)
» Scaling analysis of Ry — remember 7= C 7 A(1-2) v
Fix A
For each z compute t=7(z,<v>) and Ry(t) = Ry(2)
For each v compute t=1(<gz>,v) and Ry(t) = Ry(Vv)
Fit ¢(7) to {1,Ry;} obtained above — %2 = y2(A)

d(T)=a+bt+ct’+dt +et’
a+bt+et’

a+dt+et”

( cross-checked by ¢(T)=

Best-fit Apest by ¥2 minimization
If ¥2(Apest)/d.0.f. €1 = Ry scales with 1, and is charachterized by Apegt

» NOTE: the overall scale of T cannot be extracted
(Ry scales, or doesn't scale, independently of the value of the overall constant C)

Alberto Accardi HP2006 18



Scaling analysis - example

5‘ | |' 1 | | I
HERMES w* on Kr

I I I I I | I I I I

0.8 [

O nu-=distr.

i~
o=
BN LY

best fit (A, =0.34) —

0 o 10
T(A,...) [fm]
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» AM(m)>0 : Formation-time scaling for pions!
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¥ AM(m)>0 : Formation-time scaling for pions!

Results - Ej,, = 27 GeV

- HERMES I
— * N g B
-~ @ Ne prelim. i
- O Kr E= 27 GeV \ / 4

\J 3
- 0 e ® e &® E
R S— PSS S— e — P
s o o & 3

¥+ Why Apegi(h®) ~ 0 on Kr?
<= proton anomaly!

Alberto Accardi

HP2006
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» pions are still positive! confirms results at 27 GeV

» Apest(hT™) ~ 0 but Apegi(h) >0
- proton anomaly hypothesis confirmed!
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Daia vs. theory

1 - data AA AGMP Giessen + data AA  AGMP Giessen -
— prelim. -1 —
- o0 . 3
7 3 & # (5 # |  Experimental data:
< oL . SN }— - HERMES
L N + - £ K + - "
L€ e™ Om xT T 0T xT 1 3 Energy loss models:
S ? = o ¢ * © ¥ - AA = Arleo + realistic
g R O _._EE._. ol e iiiiiiiiaiaiiaiiaaiaias —3
< ok x &° F x &0 @ 3 geometry (A.A.)
5 = WW = Wang & Wang
| & data WW Giessen data Col.Dip
- ! ] - {S“}U',E} E .
i opa- R i tE fﬁ 1 = Absorption models:
~ E L 2 1< 5 SR — . <= AGMP = Accardi, Gruenewald,
,Eh* eN okr | _ [Kr em o xn] . Muccifora, Pirner
L L J - Giessen = Falter et al.
2 f :."3 € i : 2 f : .- : = Col.Dip. = Kopeliovich et al.
;;; 0E 80 3 ;;: 0E (] W =
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Conclusions

* Correct interpretation of hadron suppression in A+A requires
understanding of partonic energy loss vs. prehadronic absorption

* 1-scaling analysis of hadron quenching in nDIS:
<+ discriminates energy loss and prehadron absorption
< directly from data — with minimal model dependence
< is powerful (e.g., sensitive to proton anomaly)

% pions and charged hadrons at HERMES have Apest = 0.4 £ 0.1

— formation-time scaling!

hadronization starts already inside the medium!

<+ How much inside? Other observables: pr-brodening, Cronin effect, ...
<+ HERMES @ DESY, CLAS @ JLAB

#* A new challenge to the energy loss paradigm in A+A?
+ may need to revise determination of q, dN/dy, ...

Alberto Accardi HP2006



Outstanding questions

* Is there a fundamental difference between hadronization in nDIS
(forward rapidity) and hadronization in p+p, A+A (midrapidity)?

* Why is  as much suppressed as © in Au+Au collision? is it also in nDIS?

PHENIX Au+Au (central collisions):

g ] Direct y ]
(4 A n? Preliminary
10 il o 1

GLV parton energy loss (dN*/dy = 1100)

—

I |||||ﬁ
/_.:.:
—Mg— '

=

: 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1
0 2 4 6 8 10 12 14 16 18 20
p; (GeV/c)

* Enough phenomenology in nDIS: can we address the space-time
evolution of hadronization at a more fundamental level? in pQCD?
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Scaling in Absorption Models

v2/d.o.f

day

Kr

A=07 T
. . . . . T
2 4 G 8 10
Alberto Accardi HP2006

® -distribution, v=<v>

® v-_distribution, z=<z>

A >0 “absorption scaling”
similarly for ©—, K, p, p
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Formation time estimates 1

* Hadron formation time = time for partons to build up a color field
and develop hadron wave function
= hadron's rest frame: Th ~ R}, = beosHactor e
+ lab frame: th ~ thl (in DIS th ~ Ry, £
Mp Mh

% Fora 10 GeV pion at Hermes th ~45fm >> R,

* This is used in energy loss models to justify the assumptions,
but neglects interactions of the forming color field with the medium

11 T
105 F <v>=115-13.4Gev, <@®> =2.6-3.1 Ge¥* ] Wang et al. :
g e PRL2(02)162301 o
G 0.9 e__© - C
\_"_“i, 09 B o) e ¢ ] ﬁ []E E
Soss | - == 0.6
G oos | . 1 f
%0_75 _ ] 0.4 :
07 | o “N HERMES . 0.2 :
0.65 [ o 5 HERMES(Preliminary ] Ar|eo 0~ -, =R
0‘6 FNEE SN T JN T  T T T [N T AN TNN  H M L1 L1 -
02 03 04 05 Z0.5 07 08 09 1 EPJ C30(02)213 02 04 06

Alberto Accardi HP2006



Formation time estimates 2 - Lund model

* Prehadrons and hadrons are identified as follows [Bialas-Gyulassy '87]
+ Prehadron formed at qq creation (string breaking) - C

+ Hadron h; formed when g and g meet - P, ty
* Average formation times analytically computable

<~ Atlarge z — 1
E, — v = string breaks early to leave

all energy to the hadron: t* — 0
<= Atsmallz— 0
hadron created at high rank after nucleus

many string breakings: t* — 0 remna;t Y
;

<t*>= f(z) (1-z) ZV¥

< K= string-tension
e o TN (non perturbative scale)
R v R e e e
conservation

Alberto Accardi HP2006 30



Formation time estimates 2 - Lund model

<t*>= f(z) (1-z) 2V
K

<th> = <t*>+
K

ZV

<t> (v/x)

1=

o

oY

(=)

* Fora 10 GeV pion at Hermes

th = 6-10 fm > Ry

3]

0 0.2 0.4 0.6 0.8 1

<

% Prehadron absorption with this estimate 1A.A. et al.. NPA 761(05)67]

___________________________ £
;-—x—_i‘_:ﬁ_;"‘-—-—z E_
e — — -~
© & & N
5\%*& _—

N &

Illllllld’l

AN
— & — He prelim. -

-~
+

B —o — Ne prelim. \

0.2 0.4 0.6 0.8

0.2 0.4 0.6 0.8

Z
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see also:
Falter, Gallmeister, nucl-th/0512104
for similar ideas in a transport model
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Formation time estimates 3 - Dipole model

* Leading hadron formation (z > 0.5) [Kopeliovich et al., NPA 740(04)211]

oL ﬁéﬁiﬁﬁ/’/j@-—h-»

prehadron formation

* Prehadron formation time t* = time necessary to radiate AE = v —E 5

<= Atlarge z — 1
E, — v = quark must be short-lived

(1t can radiate only a few soft gluons)
Z\e=t = = 1boost
<t*> o< (1—z) 2V

energy conservation Q%= virtuality

(perturbative scale)
* Evolution into hadron by path-integral formalism

+ usually <th> >> Ra

Alberto Accardi HP2006
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probabilty distribution in t*

Formation time estimates 3 - Dipole model

[Kopehov1ch et al., NPA 740(04)211]

ooslKopeliovich etal, NPA740004)211]  [Tobrs ~w &7
<@? >= 3 GeV*
— _ <y> =12 GeV 0.9
| 0.04 |
—~ .h - 00 RM m.
- 0.02 0.7 ).7
= | 0.8
0.9 0.6 r [IJ
.............. HERMES
o.ooo > 2 6 3 10 0.5 : . : ! !
t?(fm) 04 05 06 07 08 09 1.0
Zh
e ZV
<t*> o< (1- 2) Q2 < 5fm (at z<0.5)
Note: computation of Ry, includes: 1) prehadron absorption (dominant effect)
2) quark energy loss (subdominant)
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III. Can we distinguish energy loss
from prehadron absorption?



| - Hadron absorption model



Hadron absorption model
A.A. et al., NPA 761(05)67

* Two-step hadronization inside the nucleus:
1) quark g neutralizes color = prehadron h*

2) hadron h's wavefunction fully develops

o
.

* Average formation lengths

<l+>/(v/x)

<t*>(z,v), <t'>(z,v) from Lund model

o
(&)

T

=]

———
- —

“production length” “formation length”

=]
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Hadron absorption model - 2
A.A. et al., NPA 761(05)67

#* (Pre)hadron suppression factor S, by transport diff. eqns.

* (Pre)hadron-nucleon cross sections:
o3 = 0350}, - fitted to et + Kr » nt++ X

Ch - from Particle Data Group
* Full integration over y*q interaction point (b,y)

.F

e ﬁ}_ — O fdsApA(b s) e m —ﬂ'h TdSAPA(b;S)
th—/dbdypﬂ(byfdx fda: e Xm’

) / / (Al)
prob. that h* is / prob. that h is

absorption absorption of h
formed at x of h* upto x' formed at x' from x' to oo

1 dN%(2) 1 ) )
fos s = fdxdu Zequ(:x: Q )dxdusfh(z u)Df(z Q)

exp. cuts r
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Hadron absorption model - results
A.A. et al., NPA 761(05)67

o LT 0w A A Sl
:‘ = . : ﬂr‘%ﬁ:‘ - i :
08 |- T in :
0.6 |- T T -
- He ||3relim. TN T Ne prelim. -
{}4_ IIIII IIIIIIIIIII IIIIIIIIIIIIIIIIII|IIIIIIIIIIIIIII
- _I I LI I LI I LI I LI I_-I I LI I LI I LI I LI I_ u E u 4 ﬂ E D E l
i T ] Z
—E:ED.B = + — absorption
i il 1 4  HERMES
= + 4 He,Ne prelim.
0.6 [~ — —| N.Kr final T
- Kr + Xe -
_I I Ll I Ll I Ll I L1 l__l I L1l I L1 1l I L1l I Ll I_
0.2 0.4 06 0.8 102 04 06 0.8 1
Z Z
Note: in ref. above, curves differ by inclusion of QZ2-rescaling due
to additional hypothesis of partial deconfinement in nuclei
Alberto Accardi HP2006
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I - Energy loss model



Energy loss model

* The quark hadronizes outside the nucleus
* Gluon bremsstrahlung = AE = modified fragment. funct.

1
h 2 . h _
Dh(z, Q%) — DY Az =AE/v

1— Az
* New: use quenching weights P(Az,L) with corrections for

finite in- me(dlu)m path L=L(b,y) [Salgado-Wiedemann,PRD68(03)162301]
1—2z

2 .
I—AZ?Q) ?

= ) 1
D?(z?QQ;L)z /‘dﬁz ,P%z;‘:?a ) AZDf(l— 3Q2)+pDV(Q\? )D?(z,@z)
prob. of radiating Az prob. of radiating no gluons
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Energy loss model - realistic geometry

* New: Full integration over y*q interaction point (b,y)

1 dN%(z) 1 [, 2 oy d0'T =y o
NEIS dz - gtA /d bdypﬂ(b,y)/dxdeefo(ij )dxdny(zaQ -.rL(bay))

exp. cuts f

* Realistic nuclear density: Woods-Saxon parametrization for A>2
Reid's anft-rara far 2N

L(b,y) = 2/ dz (z — y)p(b, 2) /[ dz p(b, z)  R(b) —y for Hard-Sphere )
Y Y
(p)(b,y) = / dz p(b, z) / L(b,y) (= pus for Hard-Sphere)
Y
* Transport coefficient

(p)(b,y)
p(0,0)

(@)(b,y) = go where  Go = (¢)(0,0)

A
with gp=0.5 GeV2/fm - fitted to et + Kr > nt+ X
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Energy loss model - results

1 3.

ttlI_II

#
;/

Illllllil

:I-IIIIIIIIIH

-He prelim. N -Ne prelim.
{}4_ |I|IIIIIII|IIII| llllllllllllllll |||||I|||I|||I|||
- 1 I | L I L L] I | L I I -l I LI I 10 I | LI I | I
ceererreeririeed 0.2 0.4 0.6 0.8 1

Z

energy loss

A HERMES
He,MNe prelim.

NLKr final Tt

h
M
| LI | LI I I

/
/

1
S
r

Kr i
{}4_ 'I"'I"'I"'I"'__'I"'I'IIIIII|I||
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Z Z
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Il - The "A2/3 power law"

Accardi, Gruenewald, Muccifora, Pirner, NPA 761(2005)67



A-dependence - naive argument
At first order — i.e., for light nuclei:

a) Energy loss (LPM effect):

/ very naive,

Incorrect
5 € X SRR ’
1-Ry <Az>~ L A but not too wrong...

b) Hadron absorption:

1-Ry; ~ Mm

WRONG!
—> a simplefitof 1-R ould
discriminaate the 2
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Let's really expand in powers of A3
* Approximations for analytic formulae:

+ hard-sphere nuclei (Ry=rpA1/3)
<+ neglect nuclear effects on 2H

* Energy loss model
+ neglect finite size corrections

+ large v = neglect boundary in Jol'ZdAz - NO energy conservation!

Crasry § 0,D(z)
1 — Ren loss __ S502 | _q1_ 22 A2/3 hot.
=, { 2 D(2) + h.o.t

S

coefficient is z-dependent
= fragmentation dynamics

Energy loss yields A2/3 a5 expected at leading order

where do h.o.t. begin to break A2/3 ?
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Let's really expand in powers of A3

* Hadron absorption model

<+ prehadron formed inside A, hadron outside
(it's a good approximation, see A.A. et al. NPA720(03)13)

N
1 — Rabs — 0 A%2/3)+ h.ot.
L N Y9 S A

s

fragmentation dynamics

Hadron absorption follows A2/3 law, as well!

* to distuinguish energy loss and absorption:
1) check breaking of A2/3 law

2) don't forget the coefficient: it contains dynamics

Alberto Accardi HP2006
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Why AZ3 also for absorption?

* Absorption can, quite generally, be approximated in terms of

— P00« mds@(R(b)—|s|)
1—RMN“—”°fdb2 f dyfdxp(a:— 1—e /

—R(b) Y |
prob. distrib. for h*
production length

* If Pe(z—y) =0(z—y) =1- Ry =cA3 (e.g. Falter's et al. leading
h‘k)

* If not, we have a dimensionful scalellx) = /o dz z Py()

: . : A\ "
* After all integrations we obtain an extra power of A: (< 5*)) o A™/3

* Theorem: if Psx is normalizable = n>0 (all known models n>1)
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Why AZ3 also for absorption?

* Special cases

1) =

P*
[e.g., the absorption model

A.A. et al. NPA '05]

2) li_r}x%]??*(a:) =0 — 1— Ry =cA*+ho.t.

[e.g., Kopeliovich et al. NPA...] 5

v x=0.5
Not too different from case 1)

x=0.8 X
Alberto Accardi HP2006

11_1}1%]?3’*(1:) —k#0 = 1- Ry =cA?’?+ho.t.
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IV - cA” fits

Accardi, Gruenewald, Muccifora, Pirner, NPA 761(2005)67



cAZ fits

» to distuinguish energy loss and absorption:

1) check breaking of A2/3 law

2) don't forget the coefficient: it contains dynamics

» the simplest option:

i) choose a set of nuclei {A1,A1,...,An}

ii) fit 1-Ry;(2) = c(2) A%Z) a5 a function of

A = atfixed z (or v or Q2)
= with c and « as free parameters

iii) draw a 2o confidence contour
in the (c,a) plane

» But... still we cannot distinguish

energy loss from absorption...
[Accardi, QM2005, Acta Phys. Hung., in press]

Alberto Accardi HP2006
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So, can we distinguish...? Answer 1

# Absorption and struck quark en.loss mimick each other
< not possible to distinguish (separate) the 2 mechanisms
< not even using heavy nuclei up to Pb

0.9 en. loss
0.8 /
0.7 o
L

0.6
05 /

absorption
0.4

Eh=0.ﬁ5

0.3

05 1.0 1.5 20 25 30

C [x1079)

A-dependence of Ry cannot be used
to test dominance of partonic or prehadronic physics
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