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Introduction: Quark-Gluon Plasma

QGP is a phase of QCD
which exists in extreme high
temperature and/or high
density.

In RHIC of BNL, gold nuclei

are collided at 100GeV per
nucleon. It is believed QGP
is created at T~ 350MeV

(4 x 10'2K, 250,000 time hotter

than the center of Sun)
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Heavy Ion Collision

Suppose two gold nuclei )

move along zand —z
directionrespectively. \
near the speed of light. 4.hardon ga

3.0GP

2.thermalization

Highly Lorentz contracted

in z direction, define proper P@7ton jormation
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fime:

Vv

T =./t?2 — z2

Gold nucleiCollideatt =0 Lightcone Cartoon of Heavy Ion Collision
L. McLerran hep-ph/0104285

Stage 1 & 2:
Parton formation and thermalization, little is known.

Stage 3: 1~0.1 — 1fm, studied by transport theory and hydrodynamics.
Stage4: free streaming gas of hadrons, eventually arrive at detector.



/ .
/M/gja”ide Jet quenching
jet

« |In RHIC Au-Au collision, define

Hard azimuthal angle ¢ on the fransverse
scattering plane. correlation function shows
“absence of away-side jet”.
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« Partons interact with 3 - — p+p min. bias ﬁm .
medium and deposit 3 | 4 * AusAu central ]
energies before % oal ' |
hadronization. ? : :
= i ® |
« Studying medium 0;_. ........... s, L.&.L_*._*_gjt;_.#_if;%...:.
properties and how N . o | | ]
parton lose energy -1 0 1 2 3 4
is interesting. Star PRL 91,072304(2003) A ¢ (radians)
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Parton Energy Loss in Weak Coupling

We don't know whether quark-gluon plasma createdin RHIC is
wedakly-coupled or strongly-coupled, but we can only carry out
perturbative calculations in weak coupling.

When high energy quarks or gluons travel through a weakly-coupled
quark-gluon plasma, they lose energy, and finally equilibrate with the

plasma. /
For weakly-coupled QCD plasma, B V‘fv»,,\,\’

energy lossis dominated by hard q-99
bremsstrahlung and pair production
inthe limit E > T.

g-4qq
Right figure shows the only three

lowest order (~g) interaction
verticesin QCD.
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From “Collision Rate” to Bremsstrahlung

bremsstrahlung refers to any radiation :\Eg\‘

due to the acceleration of a charged .. hi=EyE,
particle. A

If quarks or gluons in the plasma kick .

a moving parton (through exchange
a virtual gluon), then the parton will

deflect from its original direction and P
may bremsstrahlung a final gluon. EEL
In order to evaluate the gluon E, E,

bremsstrahlung rate, we must T

study the property of the medium,
and find out the rate of “energy
transfer” via elastic collisions with medium.
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Characterization of the Medium

We can define a fransport coefficient g . average transverse
momentum square fransferred from medium per unit path length

for a particle tfravelling through the plasma, parametrically:

E>>T

N <(ﬁ) 2
a~— CIu +QZ """ + QNJ_ =q1

One of the mostimportant parameters used to characterize
the property of medium.

g can be defined precisely by the elastic collisionrate I, :

dr
A — 2 el 2
q—fd qldquq
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Differential Elastic Scattering Rate

In general, the differentialrate for a high-energy particle elastically
scatter from the plasmaiis given by:

df'el,s d d3 dO'el R 14 . .
dqu ~ dz P2 quf(Pz)[ + f(p2 — q)]
f(p,) is a Bose or Fermi distribution E

that accounts for the probability
of encountering the plasma particle.

For high-energy particles(E > gT), q T
elastic scattering from the plasma
is dominated by t-channel gluon
exchange.
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Integral Expression of §

Differential elastic scattering rate has the limit forms:

2
1
, KT
dleLs qi(qi+mp) (4. ) Tq
dzq'l' 14 ’ (QJ_ > T)
q;

mp ~ gT is Debye Screening mass, which characterize the modified
Coulomb law: V(r) ~ e ™07 /r, it dlso acts as infrared cutoff of q;.

Recall the definition transport coefficient § = fdqug—q‘”qf , which is UV
1

divergent, we intfroduce a cutoff A for the transverse moment transfer g, :
dl,;

q(A EJ d?qg, ——qg*
q(A) s qldquql

For the application to bremsstrahlung, there will furn out tfo be a

natural physical cutoff scale A ~ Q,, which means the total transverse

momentum fransfer during formation time.(roughly Q,~(GE)*/*)
() 10



Analytical Results for g

When A K T, simply use the g, < T limit of g , infegrate to get:
4

Gg(A) = 2CraTm3In (mi) when (mp < A K T)
D

where a = g?/(4m) is strong coupling constant, and quadratic Casimir
Cr = 4/3 for quarks and 3 for gluons.

Bremsstrahlung of sufficiently high energy particles depends on g (A)
for A > T. In this case, we need to find T Lets where q. ~ T by carrying

qaL
out field theory calculation.

we can obtain a general expression for transport coefficient G(A)
when A » T. For example: in weakly-coupled 3-flavor QCD:

G (A Cr 4T3(6.311 A+1091 r 0.52
G = 5 9°T*( e no )
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Differential Rate for Parton Splitting

Now we can find the differential rate for gluon bremsstrahlung
whenE >» T in weakly-coupled quark gluon plasma:

ATy 45 (E, T, %)

I = f(E,T,x,q(E,T), P, ,s(x))
Ps_. 45 is QCD splitting function. E\ ~ (1 -x)E
and we have a similarresult for the :
= X

rate of pair production. T
q, KE

expansion in powers of inverse log:

dls_gs (E, x) fln(E/T)
fix = a’T WFgws(x)d«:z(x)

A(x) and B(x) are from iterative definition of g(E, T), since the cutoff
A in the integral expression of § itselfis a functionof §. (A ~ (GE)'/*)
| will use this expansion to calculate stopping distances.

In(In(E/T)) + 2B(x)
2In(E/T)

1+
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A Closer Look of I, LPM Effect

Inreal world, the collision with medium particles is more complicated.

Landau-Pomeranchuk-Migdal(LPM) effect. For very high energy
particle, the qguantum mechanical duration of the splitting process
exceedsthe mean free time between collisions, so successive
collisions cannot be treated independently.

Close to on — shell w

/Ei ...... oo

When initial E is quite large, the momentum transfer ¢ may bring the
parton just a little bit off mass-shell. Then At~1/AE may exceed the
mean free path, and the parton can undergo multiple collision

during bremsstrahlung.

®]3



LPM Effect

« Because of multiple collisions during the long formation time, the
bremsstrahlung gluons from before and after scatterings can interfere:

><'O'OU
Xooo
Xooo
Xoo0
XooT
Xooo
Xooo
><‘O'O‘C$

« The interference will suppress bremsstrahlung rate when initial energy
of parton is very large.

« Parametrically: ﬁ z(l/x)E

In(E/T) /E/& /E ----- %
[sogs~a-aTl E/T

® 14




Stopping Distances

As we have obtained parton splitting rate (energy loss rate) I':

In(E/T)
E/T

[~ a?T

We can use it fo calculate partfon stopping distances [, , in weakly-
coupled quark gluon plasmas.

Discussion of stopping distances [, , has a theoretfical advantage
over discussion of energy loss rates I'. Because the stopping distances
can be generalized to the case of strong coupling, where one may
not speak of individual partons.
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Quark Number Stopping Distances. 1

« From the QCD interaction vertices, after an original quark
splits, it can only convert into a quark and a gluon, in this
case, we can still follow the path of an individual quark.

*  sSUppose we prepare an initial quark with energy E > T, throw
it into the plasma then follow it’s path, and repeat this trial for N
time, and define the position of quark at tfime t as:

%(t) = 2 2o x;(0)

E~T

° ®16
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Quark Number Stopping Distances. 2

We can also define quark number stopping in anotherway:

Right figure, we plot the quark
number probability distribution

at time t. and make a contour

to include a certain percentage

of the total quarks, for example: 60% .

As time progresses, the center
of the contour moves forward,
slowing down with time, and
the diameter of the contour
INnCreqses.

stopping distance

17



Quark Number Stopping Distances. 3

To summarize the two different definitions we presented in the
last two slides:

Fig.(a) only applies to weak (@ - /%

coupling where we can talk
about individual particles.

Fig.(o) can be generalizedto  ®) -+« o ‘

strongly coupled case, since
quark number density gy°q
is defined non-perturbativelty.

stopping distance )

18



Calculation of Stopping Distances

General Analysis for Quark Number Stopping:

« For weakly-coupled plasmas, when E >» T (parton energy > plasma
temperature), the energy lossrate is parametrically:

ingz/m)
['~a?T ET

« a = g?/(4n)is strong coupling constant.

« Ifwesuppose in each splitting, the quark losses half of its energy,
then the stopping distance is parametrically:

stor™ T(g) T T(E/2) | T(E/4) " TT@E) 2T |In(E/T)

o 19




Calculation of Quark Number Stopping

« To make a precise calculation, suppose initial quark’s energy s E,
while the gluon emitted from this quark carries energy xE. We have

the self-consistent equationfor [

Iy (E) = —— + [ dx Decga®OIT oy

Fg-gq(E) -0 Cg-gq(E)
E ~(1—-x)
%% %b\ob - stopped(E~T)
! ~ xF
| qugq(E) | lq((l - X)E) |
L (E)

« the 15t termon the right hand side represents the distance travelled
before first splitting, the 2n¢ term is the remainder of the stopping
distance after that, and (dI'/dx) /T is the probability that the emitted

gluon has energy fraction x.
®20



A Simple Leading Order Analysis

For quark number stopping, the self consistent equationis:

dlg-gq(Ex)/dx

Lq (E) = # Jy dx =R = 1 (1= 0)E)

r q—>gq(E)

,X) . . g
, we can convert itinto a integral equation:

oo
USE Tyogq(B) = fg xSt

[z (E)—1,(1-xE)] =1
And we know from ’rhe previous slide, parametrically:

l 1 E/T
LSP 2T |In(E/T)

0

At leading order, we can write [, (E) =+VE/A,, plugitintointegral
equationforl,. We find 4, can be expressed as an infegration of x.

1 EdT,_..(E, x
= [ ar P oa®)
0

2005 1 — (11— 2]
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Next-to-Leading Logarithmic Order Analysis

As presentedin the previous slides, analytical expression for dI'/dx

existswhenIn(E/T) islarge:
1

dr(E, x) = a’T (;)i ln%(KE)PS—)gS(x)dq(x) 1+

In(In(kE)) + 2B(x)
+ ‘e
dx

2In(In(xE))

plugitinto the self consistent equation for [,

fldx ATy gq(E, X)
0 dx

[1,(E) -, (1-xE)] =1

To NLLO, quark number stopping distance has the form:

E [1 _ In(In(kE))+2B

1
A In(kE) 2 In(KE) L ]

lq(E) =

A and B can be expressed as integral of A(x) and B(x), they are only
functions of T, and independent of initial quark energy E.

02?2



Numerical Results for Quark Number Stopping

the NLLO expression for quark number stopping distance:

1 bEL
lstop,q = m E/(TL) where: L = In ( )

afT

a, b, c are numerical constants, they depend on number of flavors
we take into account, and on our assumptionof E and T.

In 3-flavor QCD, the numerical constants are:

(1) whenE > T/(@?In(a"1)) : (a.b, c) = (2.230, 0.105, 0.346)
(2) whenT « E & T/(a?In(a™)): (0, b, c) = (2.415, 0.474,0)

if wetake @ =3, T = 350MeV, E = 10GeV, then: sy, = 9.72 fm
compare with the diameter of gold nucleond,,, = 15fm.
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Gluon Energy Stopping. |

Even in the weak coupling, gluon splitting is quite different
from quark splitting.

After gluon bremsstrahlung a final gluon, or create a quark-
anfiquark pair through pair production , we don’'t know how
to follow an individual gluon’s path.

ey o

which gluon to follow? no gluon to follow!

Try to take all the particles cascaded from an initial gluon
into account.

024



Gluon Energy Stopping. 2

Consider the probability distribution for energy in excess of equilibrium
(rather than quark number), we can measure how far it travels before

stops. This is so called “gluon energy stopping distance”.

For a weakly-coupled plasma, consider the splitting of an initial gluon
movingin the z direction, which cascades through splitting into N

particle, which are “stopped” at positions zy,z,, ..., zy relative to
the initial position of the gluon, then:

El’“"T
l(ene?‘gJ/) » Zi E;z; % E,~T
- E ~ (1 — x)E 270

stop,g E

025



Calculation of Gluon Energy Stopping
A gluon may splitinto a quark-antiquark pair, so when calculate
gluon energy stopping, we have to take quark energy stopping into

account.

we can write the self-consistent equations of gluon energy stopping
and quark energy stopping.

1dl g ,qq(Ex)/dx
19 (B)=- (E) + o de 2= 25 %15 (E) + (1 = )17 (1 - )E)|

+ dl“gqu((z.;f)/dx [xlff)(xE) + (1 - X)lée)((l — x)E)]}

S S C PNLAY B CL L [ngf) (xE) + (1 — )19 ((1 - x)E)]

(e)
[ (E)=
a (E) Cgogq(E) 70 Fq-gq(E)

The gluonsplittingrateis I,= T4, + 344, CONsidering both gluon
bremsstrahlung and pair produc‘rlon processes.
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Results for Energy Stopping Distances

The principle for calculationis the same as quark number stopping,
but more complicated, we found to leading logarithmic order, their
analytical results have the similar form as quark number stopping:

(e) _ 1 i . ( E )
's ~ a@a2r\TL’ L=in{ze

In 3-flavor QCD, the numerical constants are:
(1) whenE » T/(a?In(a™1)) :

(a\”, al?, c) = (6.272, 3.875,0.346)
(2) whenT < E & T/(a?In(a™1)):

(a{”, al?, c) = (6.793, 4.197,0)

if we take a = % T = 350MeV, E = 10GeV, then:

159 = 836fm, 1,7 ~13.53fm, compare with o, 4 = 9.72 fm

27



Numerical Test of the Result

« How preciseis our analyticalresult in high E ? Can the analytical
expressions of Iy, give reasonable numerical results when the parton
energy E is not so large compared to plasma temperature T?

«  We carry out Monte Carlo evolution of a large sample of quarks with
energy E, using the full weak-coupling bremsstrahlungrate dI'/dx to
randomly determine whether each quark lose energy xE in each
small time step At:

0.3 cos
. o
« The ngh’r_flgure shows 02 . .,
the relative error ; ..
e=1-— Lntio v 01* i PY .
Lnumeric ®e , o

as a function of E/T. 0.0

| o

—-0.1-

I 10 100 1000 1g* 105 10f
h E/T ®28



Discussions and Conclusions

* Quantitatively: we found UV-regulated value of g in weak coupling,
and used this value to generalized gluon bremsstrahlung and pair
productionrates for massless high-energy particles in a weakly-
coupled quark-gluon plasma.

*  Quantitatively: we derived simple formulas for parton stopping

distances in weakly-coupled QCD plasma, they behave like ,/E /In(E)
in the high energy limit.

« Contrast: stopping distancesin strong couplingis calculated by
Chesler and his collaborators (arXiv: 0810.1985 [hep-ph])

1

05/ E \3
lsto ~ =\~ (’1 = Ncgg)

stopping distance for a colored excitation(represented by a classical string) in ¥ = 4

supersymmetric Yang-Mills theory in large N, limif.
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