Classical limit of QCD and

parton’s energy loss

Katarzyna Deja
National Centre for Nuclear Research, Warsaw, Poland
in collaboration with

M. Carrington & St. Mrowczynski



Qutline

Motivation

Classical approximation
General energy-loss formula
Stable system

Unstable system

Prolate system

Conclusions



Motivation

0 Jet quenching
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Away-side jet is suppressed in central collisions



Motivation

2 Anisotropic QGP

Anisotropic QGP is unstable due to magnetic plasma modes



Energy loss in ustable plasma
=

How to calculate energy loss in unstable plasma ?

o May we use classical aproximation

YES'!



dE

Classical approximation to .

Scattering due to one-gluon exchange

do 1 1
test parton P E - q_4 - q4_
k
plasma qmln - rnD - gT

constituent

When may we treat the process classically ¢



dE

Classical approximation to —

Classicality of the test particle

A<<d~T" = p>>T

A —wavelength of the test particle

d —distance between particles in the plasma
1 -1/3 3 T —temperature of the plasma

n—density of plasma particles

p —momentum of the test particle
g—momentum of exchanged gluon

Classicality of the gluon field

T >>q



dE

Classical approximation to .

p>>T >>QTl
9
g<<l

In weakly coupled QGP (9<<1) dominant contribution to dE/dx
of high-energy parton is classical!



Fast parton in an quark-gluon plasma
I

Wong’s equations of motion

)
P 0! ()R (XM, (),
SR _gf o, () A (X()Q. ),

First two equations are well known from electrodynamics,
but how to obtain the third one 2



Current conservation in QCD
"o |

Covariant current conservation in QCD:

D,j“ :(6ﬂ5ac+gfabCA2)jc =0 — Q,(t)="?

Ja (1) = 9Q, ()5 (r —r(t))
Ja (t,1) = 9Q, (VS (r —r (1))

i — __nfabcpu p_ﬂ
dt Qa (t) - gf Ab (X(t))Qc (t) E 1

p

to>r proper time

dea;T) — _gf abcuﬂ () A (x(2))Q, (7)




Fast parton in an quark-gluon plasma

Wong’s equations of motion (Hard Loop Approximation)

)
P 0! ()R (XM, (),
SR _gf o, () A (X()Q. ),

Simplifications

Gauge condition: U, (7) A (x(r))=0 = Q,(r)=const

Parton travels with a constant velocity: u, = (yz, yVv) = const



Parton’s energy loss

The classical formula of the particle’s energy loss per unit time

GE (1) _ |
dt - gQaEa(tlr) v

dE®) [, . -
T — J-d r Ea (t’ r) ]y (t’ r) gauge invariant form

J.(t,r)=0Q °® vo(r—vt) - current generated by the test parton

E.(t,r)=? - chromoelectric field induced in the plasma



Initial value problem
N

Et=0,r)=E,(r), B(t=0,r)=B,(r)

One-sided Fourier transformation

f(a),k):jdtjdgr el (t, 1) s Imo
0 s
" dop dk —i(wt—kr) | ' |
fLr)= _Oo‘[ia 27[-[ (2r7)° ° flok) \/ Re w
O<oeR



Transformed equation

Energy loss per unit time

?

EW) “ do ¥ doip &K o o
Cdt 2 I Zﬂj(Zﬂ)3°( )Ja(a), k)

—oo+io —oo+io!

Linearised Yang-Mills (Maxwell) equations (Hard Loop Approximation)

ik -E(w,k) = p(w,k),  ik-B(ew,k) =0,
ik x E(o,K) = ioB(w,K) + B, (K),
ik x B(e,K) = j(@,K) — i 0E(@,K) — D, (K)

" D(,K) = (e, K) E(@,K)

< 2 3 i ' Cpkyi
=5 49 jol P v ot (1_gj8kj+k_v
20 7 (27)° o-Kk-v+i0" 0p ) )

-~



General energy loss formula
N

dE(t) 19 G 17 d - d3K
I o 272"[(2 )3

—o+io —co+ic!

I, (0,)- (k)

@ from Maxwell equations
E' (w0,k) =—i(Z) (0, K)|ef’ (@, k) + k x Bl (0, k) — @D}, (0, K) |

@ transformed current

LED=0Q Vo(r-v) = j.(wk) =92V
w

dE (t) 7 de I d°k

-V | 05 (0|

—0+io

dt 27i J (27)°




General energy loss formula

o+io

do J d°K ooy

(27) £ (@] 9LV g () - 0DL ()
T w—aq

27

—o+io

> (w,k) = —k?6" +K'k! + 0’ (e, k)

The dispersion equation

det[>(w,K)|=0

@(K) - collective mode in the plasma system



Energy loss in equilibrum plasma
2

B0 _ e f d’k @] 1 By
dt i (272')3 k2 EL(E,k) 7] ET(G) k) k2
0.3} standard result is reproduced
01p -

E. Braaten and M. H. Thoma, Phys. Rev. D 44,2625 (1991)



Energy loss in unstable system

18
4 Imo
AEWM) o T do [ K o foal X
5 - V_OOLC,ZZ I(zﬂ)sb( =) (@k) R

: ay,J _ _ o ) R J
y l0g Q_V _l_gjklkkB(I)a(k)_a)Doja(k):| \\/ oo
a—Q \ w=0=K-Vv

Dy, (k)=-9Q"@&" (@ k)= ™) * (@, k)v*

By, (k)=-9Q @™k (2 )" (@, k)V




Prolate system

f(p) ~5(p,)5(p,)

n - determines anisotropy: n=(0,0,1)

Inverse propagator: X'(w,k)=-k*5" +k'k! + 0’¢" (@,K)

Problem !

How to inverse the matrix X ¢



Energy loss in prolate system

dE(t) R deo ¢ d%k

—ig2C. vy o “i(o-a)t (y-1 U o,k
g ©° R ) oh Ve (=) (@

1 _ _ .
x[ @0 (k'k* —k25* N2 ) (@, k) + o™ (@,K)(= ) (@, k)}
Inversion of the matrix X which depends on k and n

2.=aA+[B+yC+6D

~ - - i, J - i j
basis A”:5”—kk2 , B”=kk2 -
K K (KK
Of . . nT: 5 —_ n
< . nind o k?
matrices | C"=—"5-, D" =n;k’ +k'n/
nT
¢

>t=gA+B+7C+6D
>X¥7h=1 = ap.yé

P. Romatschke and M. Srickland, Phys. Rev. D 68, 036004 (2003)



Collectives modes in prolate system
B

Collective modes

i _ ij iy #°k-n i iy ﬂz(a)z"‘(k'n)zxkz_a)z) i
> (w,K) = (@0° — 1 —k?)5" +Kk k‘—wz_(k'n)z(k ni +n'k’)- o ey n'n’

det [ (w, k) |=0

Spectrum of collective modes

ol (k)= p* +K’
05 (K) = +(k-n)

o =%(k2 b(k-nf £k* +(k-n)* +4u7K? — 4P (k -n) —2k2(k-n)2j



Energy loss in prolate system
i

There are 10 contributions corresponding to

o=*m,K), *a,k), to, (K)o (k),o=k-v,0

d’p f(p)
27)° |p|

Only one dimensional parameter: u° = gzj

Remaining parameters: g =1, M =1, ‘n‘ =1, C, =3

The integral over k is performed numerically for

Koo <k <K, O<k; <k,



Numerical analysis i
N

1 _dE

ot k_ _=5u Equilibrium value
i 1 dE
— ~ 0.2
150} 97u dt
100 —
a0 —
+ at




Conclusions

The formalism to compute the energy loss
in unstable QGP is developed.

The standard equilibrium result is reproduced.

The energy loss in unstable system is strongly time
and directionally dependent.

dE/dx in an unstable QGP is much bigger than in
equilibrium on.



