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A Q
* LosAlamos Outline

« Some data on light hadrons

For illustration only

*Single inclusive particle quenching at high p-:

Review of e-loss
Heavy flavor energy loss

 Other heavy quark calculations:

Elastic energy loss, transport coefficients
In medium resonances

e Possible directions:

Look at D and B meson dissociation
Verify the calculations
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How Does it Work?
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Not a proof of anything but ....
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A
*ieafiames Induced Radiation o

Just ca PDFs and FFs Calculate everything else

&Mz 4,

g

Need an organizing principle!
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A,
" besfames No Vacuum E-Loss O

(As much as | like oxymorons)

100.00 ; \ . . . - T - T .
Yo | What did | mean yesterday

f AE,.. ~80-90%
* Clearly does not make sense

10.00 ¢

1.00 £

dl/dx [GeV]

(Will never be a leading hadron
of z>0.1-0.2)

DGLAP evolution

Matrix equation

0.10

0.01
1.0

d . Ydy - T

d

~a(Q%) = B(as(Q?)) Very slow
In Q2"
= FFs

——> Splitting that counts
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» Los Alamos 44 -
ORIV Splitting Functions
Modulo — 1-x
7Y NW%
\ 1
And the corresponding X
anti-quark
1 3
4 1 PNx)=Cp [(1+x7) - | +=8(1—x)
CF:_’ CA:37 TF:— 9 F 1'_'.1'-' ¥ 2
3 2
o _ Polx)=Tp[(1—xV+x7],
The “+” prescription regulates a divergent
integral with a divergent subtraction (1— g1
Jr dxf (x) fa.' {fix}—]{[;}}gix]
. o . P =2C, | it A x|
Give the Altarelli-Parisi evolution kernels: *le * |
w2, (x,a, (1?) =Py (x)+0 (al) 1 )
dp ?CJ—ETiF]nj B(1—x) ,
For real radiation leading to energy loss the

loop corrections do not contribute

November 2 2005 6

Ivan Vitev, LANL



Formation Time

2
* From the uncertainty principle: 7. = 1/ AQ P, = { P, M. 0}
Hadron
Parton /'zp+ kl ~AQCD ﬁ
- 55 Sl k. +m,
p Vl/‘/x (1-2)p* Pr {Zp 2zp° ’q
.1 (0.2 GeV.fm) 2z(1-z)p* k,

AVT = — —
Y T ap kK *+(1-2)m° —z(1-2)M,’ {( 2P ki}

T D B

12 fm 1.5fm 0.25fm

The simpler argument: "the gamma boosted size of the hadron" gives
qualitatively the same results . =y, R =y, x1 fm

. 22(1-2)
The incorrect argument: K, —> p; Ay ~ NOT correct
N
November 2 2005 7 Ivan Vitev, LANL

Formation time (p; =5 GeV):




2 )
> LosAlamos Cross Sections

S - matrix S=1+IT, <f|T|i>:(27T)454(Pi_Pf)Mﬁ

* The Feynman diagrams automate the calculations of the contributions
to the invariant scattering amplitude between definite initial and final states

1 | M fi |2 d p 4
do = 11 " (27)*5*(P; —P)
4(p-p,) -mim,” LIkt 7728, (27)
. * Initial particle flux factor (2 particles)
lim_ ., —
7 2s 1 * [dentical final state symmetry factor
1 * Phase space factor (final state)

* Energy-momentum conservation factor

November 2 2005 8 Ivan Vitev, LANL



The pQCD Formalism

* Reliable formalism with predictive power j‘d Py

QCD factorization

*To LO (2 to 2 scattering) - single and
double inclusive hadron production

Can also incorporate Cronin effect: jdsz foeq (Ky)

do
dx dz gb
d d pTl abed o [nln xfmm
oiaNlN2 _ 5(Ap — W)Z j 1 M
dylddeQpTlde” Pr\Pry  abed 2, min 1
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Derivation and Verification

ZC

p. > p.1l-¢), z, > - 0
a2 ”/ E (or p.) . —
P = ()P, 2y > 2 \ -
(e > Induced splitting
P = 4
» . Lo “ /\j\/\l — 72.0
.I; ‘: JJJ JJ,:‘ e > 72_0
9 g L\-_
o> > “Modified fragmentation” is also a
bad choice since it is not universal
1 Z, Py, (1dz, dN ¢
Dy, ,a(z,) — D), /4 T j D, 4 (z,)
1-¢ 1-¢ Z, *0 Z, dw
Quenched parent parton Feedback gluons
g
* Use energy conservation to verify Idzl Z{L D, /d[ Z, )Jr Pr, Il dz, Dh/d(zg)dlj
the fragmentation sum rule 1-¢ 1- z, 7%z do
= (l—g)+g =1

* May worry about Q? — from yesterday
large changes, small effect (does not introduce large uncertainties)

November 2 2005 10 Ivan Vitev, LANL



Gluon Radiation
in Hard Processes

Hard
Jet Production

Soft
Gluon Radiation

We have assumed
the gluon to be
sufficiently soft

and collinear

A(p)=———, c=T

P’ +ie

Xx<1 and k, <E,

November 2 2005

M
’ XxX=1-2
R -
e ku_[xE, Eﬂ,kJ
ﬁ"ﬁ
o o' =[(1-0E" 2 p, |
T p

My = id(p+ k)e'™H970(ig,)(2p + k) e (k)iA(p + k)c

. Jllui'.i'—l-k:lt’.f[p-l-k:”":[—z'iﬂ.u F'E‘__j:k': “"J"P\EWI“I: El'q.u,l;l_]k LM(' .
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K
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dmdﬂkmwﬂﬁ o T X g2
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Medium Induced Radiation

Direct D A, H Virtual V.A,
kc
&5
M & k.c
lirﬂ,ﬂ ¢ tfﬁ Mz o0 &E@E M3Zg1 M5 02
0 L Zo 7 z Ty L I, Z,
?6 >p || & <1 >

p
™
k.c

Zy Lo ) )

. B = > - -
i f; B o £
1] L =1

|
J@#ﬁu’ﬁﬁﬁﬁhﬁ"ﬁ%@
2 M

k.c

Clearly similar Recursion Method is needed
to go toward a large number of scatterings!
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Elastic Scattering Part

o

Normalized elastic potential

pq)r= Lo _ 1 Heps
- oa dq 7 (g4 pt)

d*b; d*q;
{oe o (—i : g 1By gtia by
{++)ar = | 1, 1‘1[ 2m) ! v(0, q;) (+1) [{? v*(0,q )

dzqf d’q; (2m)*8%(ai — i)
(272 [27)2 A, (0, 4:)v (0, 95)

' rF a. :

Equal momenta

2 2
(-)ay = (- ”" (=9) (i 7 V(0 @) TP (0, qf) e b )
_ d*q; d"l L(2m)20 % (qi + q) |
= (=1 }[{EF}E {E*?r}? 1, v(0, q; )v(0,q;)

orC.C.

- [ L o _[fq,“

Equal but opposite momenta

November 2 2005 13 Ivan Vitev, LANL



¢@Naﬂ‘[ﬂ5 i i o
The Gluon Scattering Vertices

e k : L 2
k=[zE* k™ =wo, k| ,e(k) =0, 2:E+  p=0-DE"p7pl Ets bt > (p;_k)
gluon gluon polarization parent parton Approximations!
Lok k-a)? 0 (k-agi-q)? 0 (k- z )’
PT 9T T M T Ty » SHo-3) o
p+k-ap, P+k-0,,-0,
m m qn

The difference between QCD and QED is on the self coupling of the gauge

field (dynamical color)
One can also add the

_ B .. g color factors
Fmn = (2p+k — gm — @n)al™ (kign, gm) = 2E+k+

November 2 2005 14 Ivan Vitev, LANL



s Alamos Direct Scattering ®

Y < ke Mg, * In the approximations that we outlined
§

& we can factorize the answer
Zy 7y Zy Z Zj
1 Oy ——,
LTI k.c
4.4, 4.4 ’ Mii0=
Jet production Average over the Radiative part with
amplitude momentum transfer propagators, phases

and color factors

Fd 'IE}? + I;L.:H___i-l_P+k':lT|:l [f ﬂ|:T.g,l |:—1:|f r-':ll qlﬂ E.—“:]]-I_x]—xn] 2:‘?3 £ - I:]'.'_ — :I o
Example: My 01 (2r)

dgs o
BT g: vigiz. Q1) A(p+ k — g Ak — gp) e M= 20)

gtz —2a)

The calculation

. Li(p, K, qu, 21 — 20) & i—=a— v(—wo, Q1) — v(wi — wo, qp)e” ™ 1750
proceeds via EFk w ( )
integration in the _ giwn{z1—20) i (20 —20)
complex plain: =iv0.a1) e (1 o )
Uor G, How denominators emerge k o, = (k -0, )2
; d*q, iq.-b
ﬂrf]j:] — J[F}Etﬁ':ﬂn {_1} / - 1:{{}: '-{]1| f.:—tf-h- Y,
Final result: J (2m)?
e (k—q1) e s i
x Bigy ———* eglwn—wi)z(glnzs _ plnZo) [p g T,
O ( ) le,an)
November 2 2005 15
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Alamos Double Scattering
J - The Strictly Unitary Part

* For double or “virtual” scattering we can perform all the integrals at the amplitude

level (We know there will be no scattering in the complementary amplitude at the
same position)

M 2,03 Mg.ﬂj
This one will be relevant when @zﬂ Em “l - » @E“ im “I il -
we compute larger number of ﬂg‘ﬁi’r&ﬁﬁg’ﬁﬁﬁﬁ%\ @\%ﬁhf@fm’hﬁm
scatterings ) % % ) k.c i k' £ k.c
q1.a] (2.az2 {qr.a & u e R

E{Cl qq) e~ b2y

o ipr E —i
\IEIHWIU:I;(P“{ i) [ i v(0,q,) e b s"l[

(27)2
This factor 2 can be considered € (k—qp —qo)
a symmetry factor in the case of X = |2igs) T :

i i —qi —qa)?
identical momentum exchanges !

gl (1 —f.="i'“‘"3”"{:’_:::]) (e, az], a1](Ta, T, )

The diagram looks as if there is mo momentum exchange (all the strength in the forward
direction (, +(, = 0). The color can also be simplified [[c, a1]1 ai] =C,C
These are unitary corrections to the jet ( = parent parton ) and gluon elastic scattering

November 2 2005 16 Ivan Vitev, LANL



A

Los Alamos Double Scattering
- System Broadening
M3, M2,0.2
Looks like the gluon getting a Zy Z  Zj Z] Zy Z Zj Z)
transverse momentum kick @ "‘%}}\ S p > @ g I p}
T TN %‘ R osrowerrodoeer
‘Eﬂ B k.c =3 R k.c
qi.a) @ HD §o.a; qi.a  Gr.a;

. 2 | Bas .
M3 o = J(p)e'P™(—i) [ir“q"b'i'ﬁi],q]][—-.!'_] [if“q"*'b“z'{(],qg] b

(2m)? (2m)?
ek —ar) s o
W Ezga : L q‘_,-ll_ E:_'l'.\.._-plfl—u.l._l—lEE:IT--]—l — E:.!-\J.]—I:I :I ﬂ-_j[l:n- r-‘l-]][_Ig.!IﬂLJ .
(k—ai)

* The color may or may not be simplified easily (locally)

* These look very similar in structure to the single Born diagrams (one
momentum exchange with the gluon)

* There is a “-” sign and two possible attachments that cancel the factor
of 2.

November 2 2005 17 Ivan Vitev, LANL



o2¥ames | Power Suppressed Terms

2 .
1 1Py (—i) d q1 Ih—1":l|']:'1,-_!"I d Q2 P—th.l:n .
: ' (2m)2 ) (2w

,WinZg ascay (T, Ta, ) EE+]E fﬁﬁ viqu)v(da)

(27 27)

g~ Hq1:+q2: 21 —20) 1 i
o W ) . ; o . — B N
(p+k —q1 — ga)= + ie (I,gr — qa )= + i€ (p+k—@)+ !E)

* The integral over q,, is taken first and brings 1/ E "

= I?E 1 — - 171 iTen | L — !
Is = . f2z: Q1 Juigaz, G2) ([g:—qg]2+iﬁ (p+.i.'—r;g]'3+ir'.)
Res(ipy) e L iT0)” (_ K+ ) * Note that wh%n surr%med the potential
ST BTl - U ET) divergence /4 = /i, goes away.
Res(ipsy) o —(4Tats)’ (_ k* ) These diagrams are suppressed relative
T EN T - \ BT To the othersby alargefactor kK /E"
* In terms of time ordered perturbation 4
theory you see that there is no support M ~ j f ( z)dz =0
for the integral (integration range)

November 2 2005 18 Ivan Vitev, LANL
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2 .
* Los Alamos “Probability” Result
Propagators: Hard H= ;E, . Cliyig i) = Ef__;il' __;t____;:"]]q Cascade

Bertsch-Gunion B, —H-C;,  Bi,-i)Guia-in) = Cliriai) — Cliainin) -

* Up to color factors 2-s, pi-s, average over the momentum transfers the probability
of medium induced gluon emission or the medium induced gluon number is

P, = C4Cg (C] — H* + Bf + 2B, - C; cos{wAz1)) = —2C4CrBy - Cy(1 — cos(wy Azy))

2
Explicitly in terms of the p _¢c @ 22‘&'% , 1—cos(ki_ql) Az,
momentum transfer: \/I\( (k,—q,) 20

Let us look at a few limits Dominated by the gluon rescattering

* In the collinear limit kL — (|, or for very softgluons @ — 0
the phases cancel the singularity

* In the collinear limit kL — 0 the angular average over for fixed
momentum transfer kills the contribution 1
> J-d P kL g,
kJ_

November 2 2005 19 Ivan Vitev, LANL

The answer is well behaved



f‘gm Radiation Intensity

and Formation Time

M.Gyulassy, P.Levai, |.V., Phys.Rev.Lett.85 (2000)

L

*  Model the medium as gluon
dominated and us the approximate

i i |]":|rnu: |":I|rnu:
elastic : scattering cross a7 ﬂ Ol £q a
section - dz p(z) | d*ke.
9 ) dx e 24 u(z)?)
V104 =0
Approximately O'eg,g = —23 k-q (k —q)?
——— |1 — ros (z —zo) )| -
2 e I (e )}

AE™ = jd dIr? _ —E, 2R ZCRO‘ jdx jdz s(z)p(z,2) f(Z(x,2))

dx
nz
° 3r 2
Formation parameter bel /
2 f(z) .
Z(x,z) = LB (5, ) _[AZ I Log(z)+ve
2xE form L/ 7
i 1y
; os Y/
_ - 11 ) - /
flz,z) = / - -1 —cos{ud(x, z)) 2 a 6 8 10
Formation | Jo u(ltu) | | z
. 2 . .
function - % n %li}g{f} + 02 . Analytic limits
20 lvan Vitev, LANL
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First Order Radiative Energy Loss

AEW ~

dx =«

Linear Regime: "ThinPlasma™"

2C0, J-

T

f o1

o ne)z-z )+Exj° dx |og[x—°}}
0 X

u()

Z(x,z2) <1 = x = (z-z,) <x<1

C.o, 7t dz 2E
~ j u?(z)(z-2z,) {Log—; +0(1) 100 f—r— e
2 Ag(2) u(z)(z-z,) ~ F dN/dy = 650 N
° — - xdN_/dx T
= 10fF ¢ o
Dynamically expanding media () 1 ng E;
Bjorken expansion T)= X A~y
(B) P ) P mR? dy = F ST T
© ) i E. =10GeV “"‘»\f
7) 2 %01 'h””-:lrul.l 1
AEM ~ MH_L_ 2E . x=/'E
4 7\49 MZ(L)L ’ 1.2 T T T T T T T
. ) | [ dN*/dy = 650-800  — Glyons ]
— Static medium I — . Quaks -
3 g EO‘S_ _-
AE® L 97Caet | A[ANS) 2B Jos| &
4 AJ_ dy H (L)L V0_4-_ ——
- 1+1D Bjorken L FT =TT ==
ol S | | i
qu | 1 - transport coefficient ° ’ E,, Ege'u'] N ?

dN® / dy

November 2 2005

Numerically slow AE /E dependence
lvan Vitev, LANL

- effective gluon rapidity

density 21



.
JLGSAI ° °
AR More Explicit
Just the relevant part of the integrand
2
Massless P=C.C, fki'qL zilcos(klch) A21]
kJ_ (kJ__qJ_) 20
2k, - (k, —q,)" +x*M?
: P=C.,C — 1-cos AZ
MaSSIVE 1 R A(kLZ_i_XZM 2)((kl_qL)2+X2M 2)[ 2w '

Don’t keep massive terms here

November 2 2005 22 lvan Vitev, LANL
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Mass Effects on E-Loss

Cutting out part of the available phase
space

Note that the characteristic features of
E-loss are related to the interference phases

8.0

= 6.0 _
=2 _
g 4o ]
% 2.0 —
C’_’zc _
0.0 —]
2.0 } ] + ] 1

| _ L — oy = 0.5 Se'wWw —
= _‘-,é - 1 — wr = 1 GeW ]
S ' S - @ozasy 7]
;":E. 1.0— - —
"o | oy [Gew] —
% 0.5 — L =3fm —
c’_’z‘_‘;1 = .
0.0 1 1 ]

o 0.5 1 1.5

o [rad]
I.V., hep-ph/0501255
November 2 2005 23

|:a)(l...n)
k k
Izl2 == 2 2l 2 2!
N L+my+x°M
0.4 P -
03| .
AERY
— g 02 Cmmmmmm
0.1
Heavy quarks
0
5 10 15 20 25 30
E [GeV]

Reduction of E-loss

M.Djordjevic, M.Gyulassy, Nucl.Phys.A (2004)

Ivan Vitev, LANL



eﬁsmamns 1
Recent Calculation
1 I
07 - o i Qualitatively and quantitatively
01sf e o) . compatible
0.625+ B
dN/dy = 1150

0.375

025

0.125- 0.4 e
00- ,,*" "'*'--q____”_—
pT [GeV] 0.3 .
AE
E 02 P
Small effect relative to light quarks
0.1
Next part is the implementation, . Heavy quarks
not yet done 5 10 15 20 25 30

E [GeV]

November 2 2005 24 lvan Vitev, LANL
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> Los Alamos Heavy Quarks Ru,
14— - - - - - - 1+~
[ ™ dN,/dy=3500
- b—e
2 Sy
E ¥
g :
w w
@ @
0.2 1
0 . . . 0 : : . . . . .
2 4 6 8 10 2 4 6 8 10
p; (GeV) p; (GeV)
One should be careful about the physical meaning of the parameters!
dN ¢ /dy — 3500 ﬁ =15 GeV?/ fm Where does one get such parameters from?

Are these leptons from heavy mesons? (Coctail methods...) FVTX

What are the different attenuation mechanisms for heavy mesons?

November 2 2005 25 Ivan Vitev, LANL
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» Los Alamos

Experimental Issues R,,

40-60 % central 1 20-40 % central _

0.60 1.1
0.45— | -
02}

§H+"J i
1.4

R.ﬂ.ﬂ

10 u (o +e)2
i
L.'“ 1

¢ i i b$+ o%o

|5}
[T ETIE P P NI FETE ST ST S

oHew b b b b b b b A
051152 25335445 051152253 35445
p; [GeVic]

| would be worried
about those points

November 2 2005

" Au+Au 200GeV |
m (h*+h)/2 min. bias i 0-10%
mE : I
m"ﬂ'ﬁmﬁ-&v@f A e ey e nl
10-20% - '20-3[')%
i +}
A T ol AT e e
30-40%  } o I40-5tla%
i .
-l
.ﬂ‘ﬂ Seo U“D'ﬁ"ﬁ-ﬂ"g%ﬁiﬁ A00 D?ﬁ*ﬁ&*%%
' 50-60% B :so-?c:)% '
E I 1.1 l |
: ﬁwﬁ@%ﬁ; WEWM@%I+
|-|-f-|--|-|-“-|-|-i-i-"|I
70-80% ao-szf
S
Eﬂr@ﬁdr# W'??MHT%

Seep =S=m _S9os =Sma  SD9oS =2 SS90 Sma  SSSS SAma
ShpmeSao ON.hmm—‘m.h-m =~hmm—‘mhm OMhmm—‘Mhm OMhmm—‘Mhm

0 1 2 34 5 6 7 0 1 2 3 4 5 6 7
p1(GeVic) p7(GeVic)

Look here

Ivan Vitev, LANL



* Los Alamos Experimental Issues R,,

Statement: consistent with very large densities

=

STAR preliminary HJ

Pt
.IIIIIIIIIIIIIIIIII

e ©
®»

%?

!

= 2_' LI | 1T 1T | L | L | L | 1] (Itself may be InconSIStent)
g * O'R,, (0-80% AutAuPower-Law in d+Au)

=218 * & R,, (minbias AutAuld+Au D—e decay) ] g 3

1. m & HM (0-20% AutAu'd+Au D—e decay) 7] mﬂ: * STAR d+Au

c1.6 Sys. Emror of * R, , in 0-20% Auv+Au ] '

he W N, Error of e* R, in minbias AutAu 25 | STAR Au+Au (0-5%)
x 14 T W N, Eror of &R, in 0-20% Au+Au —

— i

-'E 1 .2 __

= ]

= .

= -

©

2

[T

=

=

l 1 -
0.4 | :
0.2- 1].5:— HHH - Ao
:l L1 1 1 I L1 1 1 I 11 |$T6|R| Flrle I I|1.1|I I1|a.| i H H H E E E E H II “ ]
nﬂ 1 2 5 q]_IIII |-|'||||||||||||I||||I||||I|||||||||| ||||| 11
1T 2 3 4 5 6 7 8 9 10
F’T (GeVic) p; (GeVic)

The statement is to be checked

Bottom quark contributions
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Certainly the Baseline

We all know that gluon fusion dominates heavy flavor production, right?
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Formation Time

2
* From the uncertainty principle: 7. = 1/ AQ P, = { P, M. 0}
Hadron
Parton /'zp+ kl ~AQCD ﬁ
- 55 Sl k. +m,
p Vl/‘/x (1-2)p* Pr {Zp 2zp° ’q
.1 (0.2 GeV.fm) 2z(1-z)p* k,

AVT = — —
Y T ap K *+(1-2)m° —z(1-2)M,’ {( 2P ki}

T D B

12 fm 1.5fm 0.25fm

The simpler argument: "the gamma boosted size of the hadron" gives
qualitatively the same results . =y, R =y, x1 fm

. 22(1-2)
The incorrect argument: K, —> p; Ay ~ NOT correct
T
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Formation time (p; =5 GeV):
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Additional Effects
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New probe of the strength of the interactions in the medium
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Heavy Quark Diffusion

e T 3" Relation to viscosity
“I-gd AN AD [2xT) = s
SBEm: | v M 2TM
- - - (0™ =D = 2z (0)
Perturbative

D x (20T) = 6(0.5/a,)?

Pha¥8.na.un 2 u TrareT
25 3 35 4 45 § 005 115 2 25 3 35 4 45 5
B (GoV) By G8)

Does not connect to the
energy loss of light quarks

2aT) =1.5
2.-1} =3 (@

Recovers the known
correlation between v,
and Raa
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2

* Los Alamos Charm Resonances
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17, 18], ef. also Refs. [ 19, 20, 21]. Here, we simply assume the existence of the lowest-

lving, pseudoscalar D (B) meson as a resonance 0.5 GeV above the heavy-light quark
threshold | 13]. The pertinent effective Lagrangian with chiral and heavy-quark (HQ)
Symmetry then dictates the degeneracy of the J' =0 state with vector, scalar and axial-
vector partners. The 2 free model parameters are the resonance masses {m D BW—A{E] GeV,
with m.p=1.5(4.5) GeV) and widths (varied as I'=0.4-0.75 GeV). For strange quarks we
only include psendoscalar and vector states. The resonant (J-§ cross sectlons are sup-
plemented with leading-order pQCD scattering off partons [ 22] dominated by #-channel
gluon exchange and regularized by a Debye mass m,=gT with a,=¢*/(47)=0.4. When

evaluating drag and diffusion coefficients in a Fokker-Planck approach [ 10], the resonances
reduce HQ) thermalization times by a factor of ~3 below pQCD scattering [ 13].
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A,
* LosAlamos Summary

» Single inclusive particle quenching at high p-:

Derivation of pQCD factorized formulas

Derivation of E-loss formulas
Derivation of Heavy Quark E-loss formulas

My perspective of the current data status:
Really needs direct measurements

e Other heavy quark calculations:

Elastic energy loss, transport coefficients
In medium resonances
Both much closer relation to hydro and transport

 Possible directions:

Dissociation of mesons in the medium via the broadening
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