Application: fermion Energy loss in a NR plasma

a) Large velocities (V>>v, . ):

1 2
S ( ) ~ 0 (1 + q—gWT ( )) As |®| can reach values as large as q V
EL(wa Q) q qUrms
wg %_(qums)z_g(qums)ll
0 “ ~

2,2 2
~ w26 (w2 — wg _ 3 ms%p ) w?§ (w? — w%’r(q))

dEfar ~4D 2d +aV d 2
col,L. _ QYQED 9 aq f ww o w26 (w2 — w2(Q))

dx Vo Jo T v w Vg "
~ap g (qV)? We touch the
_ O‘QEzD / qf dw?w?S (w2 — w2(q)) plasmon pole at
1% , finite T
wy(q W
= w?(q) provided ¢ > é ) ~ ‘}3
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Application: fermion Energy loss in a NR plasma

dE(f:l%iL _ QQED f%qD w2( )@ QQED 2 In dD
dz 72 o v T v G, v
2 2 2
2 Urms V neaQED Urms V
~ ¥ ]_1’1 ~ X 1n
QEDID = Ty (vrmJ T V2 Vs

2
cQQED Vv
1

UV divergent !

Old friend from Bohr formula (for NR fermion);

b) At small velocities (V<<v,,,.): Mild dependence wrt T

We cannot touch the plasmon pole at finite T <> we feel W at small = g := “@rtiws

2 w - 5 T w

kC

,!‘\ _

{q {Urms

Y
~

2
¢+ q%)

2
(+#) 3 () (%)
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10 N/ |
_Z\/_q qums _z\/_q qvcjrns ~ _Z\/gqquU:ns W
2
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Application: fermion Energy loss in a NR plasma

dEiilf,L _ QQED /QQD ¢*dg (7 dw w? y \/gqq%ﬁ
0 T Sy w Ve (g ‘|‘QJ29)2

dx V

~qp 2 qV
QQED / a0 2
= dq / wdw UV divergent !
V2V Jo (g2 4 qp) e =

aqepVaqsn [T ¢idg

5 V 'n.ea-éED Vv
= 3 X|XQEDIp X ~ T X "
\/ 97T/2’Urms 0 (q2 + q2D) Urms ‘rms

\ J
1

New behavior
~ 0.2

w=qV <qpV As V is too small, plasmon cannot be excited =>
—‘ * Energy loss is reduced and increases with V

= :
® W * Energy loss a area of the soft exchange domain

(ap?)
~ 2 202 Ao D
W~ \/‘*’p +3¢70ims X Uemsgp Energy loss decreases with increasing T
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Application: fermion Energy loss in a NR plasma

Summary for longitudinal contribution
Possible interpretation in
terms of collisions ?

dE® | aqepkd v vgep , (V
dx 27 T

far
1 2x dEcir Maximal value of ~ 0.6 at V=3v,__
@qep ki dx e

0.5k
ol 1% V2 s (Y in the QGP)
Urms V2 Urms
0.3F New scale : Urms ~ V T/me
02F

0.1f

V/Vnus
2 4 6 8 10

HQ lectures

®, scale disappears (of course, no bound state
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Application: fermion Energy loss in a NR plasma

Longitudinal contribution Transverse contribution
1 2 dg™ far
_ﬂ' col.L 1 2nm dEcol,T
¥QED kf) dx XQED % dx
0.5} 01k
Vv v? V
0.4F Ims 11’1 0.01
Urms V2 /Urms
0.3}
0.001
0.2}
107
0.1}
-5 M A 2 A :
> 1 p 2 A 00 0.2 0.4 0.6 0.8 e

Negligible as no
Cherenkov radiation

HQ lectures 64



Application: fermion Energy loss in a NR plasma

Close and far collisions together (NR particle)

V<<Vrms Vims V>>VrmS

f J R P | 2 T
dE cg{,L ( V' < Vs ) NeoED V
~ ><
dx T Urms

)

dx mV/ 2

dE (Eg{,L(L? > 'Urms) 'T?.-e(l’éED ( V )
X In

dEgr | 2reoqeo VG 3TN ) (80T dEgr  neogep (M mY) (4m*V?
dx 3T Urms MV?2 k% v

dx 2mV?2 \E M k3,

A o

T
= |

dEcol(V > vpps) - -n_.ea-aED In ( 2m V2 )

dx mV?2 kD Urms
d.fU T v 2 i F
e . NeQED 2mV?
~ A —— [n
mV Wp

T disappear from physics for V>v,_ |
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Application: fermion Energy loss in a NR plasma

Close and far collisions together

dE. (au) AEeo1(V ~ Vpms) N ..n.ec}»QQED . 8??'.1--]“-
dx = dx T k%
N
\ \\
. v*— C(Cold condensed
n, fixed Non relativistic hot = \ matter

plasma

P/M

0.2 11‘ 10 100

Even hotter NR
ﬂ V. Vrms plasma
I'1ms
M

What if T still increases (until m_) and v, =1 ?
HQ lectures
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Intermediate summary

What do we want ? Acquire a global understanding of energy loss.

Coupling strength

I

|

Density |

|

Relativistic 1

I

NR plasma _ ’plasma I

_________________ > === -~
Matter . @ - "
Reduction _-"
BB Bound Pt - Sf Eloss for _-- . + Getting
states -~ < _-" quantum
— - )
T<<m, T~m,and Temperature
beyond
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Heavy fermion Energy loss in a relativistic plasma

Braaten — Yuan scheme

Relying on the smallness of the coupling constant

14 ) Heavy fermion of mass M probes the medium via
Debye S Av. dist r : :
. virtual fermion of momentum g
radius o ®
1D
Region |: g>g* : hard; close collisions; individual;
© O ‘b\incoherent.
e
O o o Region Il: g<q*: soft; far collisions; collective;
O coherent; macroscopic.
O ° 0N
@)

HQ lectures
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Heavy fermion Energy loss in a relativistic plasma

First evaluated in stationnary regime by Braaten & Thoma (91)

1. Rate (Weldon 83):  T'(E) = —%[1 () (P4 A (E e 13),
Y

Heavy fermion self energy
At lowest order: More generally:

dqQ Quite general relation : includes the soft
(P] — o2 / _ 4A"_;y(Q)'}"”‘S(Pj'}y collisions (Q<q*) as well, provided one takes
(L?T) / A the full photon propagator A at finite T
At T=0

HQ lectures
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Heavy fermion Energy loss in a relativistic plasma

. . ) 1E 1
2. Differential rate Al = dd_{;rd‘lg = (i_ =7 f;.u dl’ IR convergent
dx /

3. Separate |q|<g* and |q|>qg* (both gauge invariant)

Hard part: simpler to evaluate the rates with the usual transition matrices

2
P P’
=2 T |xn(p) (1-n(p) 3(P+p-P"-q)
o + compton scattering with photons
P
E<<M?/T

dEfd  AT271 1-V2 14 V] [ ET
_ ) — e n n
Oiax =P/(1-v) and then o oA Mo

- ~ - - + Apara (V'
. T |V 22 1—V ora (V)
averaging on p

E>>M2/T dERG= A2 L V2ET 4
Head on: g, =Vs~VET dx HQ letires qr 3
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Euristic derivation of the hard part for relativistic particles

dEN % 1 P
Z L [dF v with v=F

flux

2
dgel g
at 12

E . e
4B o (=) [lHmex || do

S |t|min
N’

Average on the plasma particles
(equil. distribution)

dUel

i

» vy x (P — P)CMzw—x\f( %)N_Et

Following Bjorken

— F in the rest frame of the plasma

Inthe CM : (P’ — P) o +/s(0,sin ¢y, cos Oy, — 1)
: 62
o v/5(0,8in Ocrm, —752)

with 62, ~ — <1
S

E
Boost factor from plasma frame -> cm frame : —

7’\"\/5

S

Important integral :

/ ~ s~ ET
‘tlmax d e tma dlt ~ FET
‘]‘lt‘min d|t| Oel |t| 0.¢ ftlmin ‘t|| q*

* 2
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Heavy fermion Energy loss in a relativistic plasma

soft part: need to consider the so-called HTL resummation for the photon propagator:

21'/\/@/\/\//\/\/\/\/\/\/—'_

272 v 22, 2 2
L L €17 Crow nrr, €17 (1—2%), x+1
I, = 3 (1 5 111 1) and [~ = ; 1+ 7 In —

. 1 1
LAHTL(w. q) = and ARE =
L . 2+ T (w0, ) (w.q) = — 2 -y )

For g~eT, polarisations indeed come at the same order in A

2

d ot Va , W
- — d dwu; 1/}’ — —_— W.
dz 4“1 g / 19 / . W, q) + = | priw.a)

: : HTL :
with the spectral functions  pr/7 = —;ImAL/T (w + 1€, Q)
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Heavy fermion Energy loss in a relativistic plasma

Remarks:
.. dEsoft _ o HL _ o HT
> Similar L1 to Landau approachas ¢p(w,q) =1+ —- and er(w,q) =1 ——
dx d 2 A oa
» These dielectric functions can also be obtained from 1 + - f k-0 fo/0vdyv
proper statistical distributions k= w—K-v
» Pole structure (no Cherenkov, no excitation of the collective modes)
2 2
q VL (Q) 4 w 2 ( ) )
2 2 2 / \ %4 q
+ 1 w —qg Tl .
A
X cut x=o/k
Pole Non vanishing & constrain from Pole
|0n§ collect. imaginary part stationnary current trans collect. mode.
mMoae. i (Space-like)
(Landau damping) P imaginary part=0
\ J — . J
Y ~—\?,—— Y
Time-like Space-like Time-like

HQ lectures




Heavy fermion Energy loss in a relativistic plasma

4. Result for E<<M?/T...

soft 42 _ 2 4 q
dEZ" T [l =) In ol ] X [lnE + 4450&(1”)]

dx 247 |V 212 1 -V eT
dEMd A2 1 1 V2 14V  ET
—— = — — In - | x |In + Apara(V
dx ur |Vo2v2 1-V] | M " av)
dEpr AT?2 1 1-V?2 14V]  F :
o |V ovE 1T V| _1” e 7AWV
] B A T
... and for E>>M?/T F
dEiljird,’U—ﬂ €4T2 | 2T n 4 n ,§ s Vs
= n e A I y
dz 247 q* 3 p _
§ T oav o
dEBT) edT? [E 1 = 4 /// ]
— 111 _— + .. ; T
dx Vel 247 Te ot i B B

0.0 0.2 0.4 0.8

Disappearance of the mass scale
HQ lectures

Increasing function of v

1.0
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Pictorial summary of medium effects on collisional E Loss

(a.u.) ~

dE AdEco (V' ~ Vpms) nea%ED n ST
dx dx T

.2
kl)

n, fixed

Even hotter

NR plasma

2
What if T still increases Ultrarelativistic dFcol N NeXQED < F(V)
(untilm,) and v, =17 plasma dx Me

... and then a miracle appears !!!

HQ lectures
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Collisional E loss & processes in QCD

dE/dx [GeV/tm]

Introduced in QCD by Bjorken (82) for light quarks; arbitrary IR regulator for |t |2~ 0.5-

1 GeV ~ mass M of the particle. 2
P dE _ Mg /o\* 2<k>E N

1 f
H = T (‘3‘) log (1 + B_)
B @ B:T'l

Used as such by Cleymans and Ray (85) in their derivation of the FP equation (FP...
interesting, but nothing really evaluated besides Eloss) ... then Svetitsky (88)

Revisited by Thoma and Gyulassy (91) using Landau’s method + gluon polarization function
evaluated by Klimov and Weldon (very similar to the photon case)

x z+1 1 72— 1 x+1
g (z) = m% [1 — Elog (az — 1)} ; Ip(x) = EmQD a2 [1 -~ log <x — 1)]
with m% = 4ra,T?(1 + ny/6)
04 T ToroTETe ToT T TTTe
g - » Correct choice of |t ., |, but so high that the

[ T=025 GeV, 0=02

collective picture does not apply anymore
» Confirm the calculation of Bjorken
» Mass hierarchy of collisional Energy loss

» identified as small as compared to the cold
nuclear matter case

HQ lectures
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Heavy fermion Energy loss in a relativistic plasma

Braaten — Yuan scheme

Relying on the smallness of the coupling constant

14 ) Heavy fermion of mass M probes the medium via
Debye S Av. dist r : :
. virtual fermion of momentum g
radius o ®
1D
Region |: g>g* : hard; close collisions; individual;
© O ‘b\incoherent.
e
O o o Region Il: g<q*: soft; far collisions; collective;
O coherent; macroscopic.
O ° 0N
@)

HQ lectures
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Braaten-Thoma: HTL: convergent kinetic

(Peshier — Peigne)

(matching 2 regions)

Low |t|: large distances 5] Large [t|: close coll.
HTL: B Py
collective Bare
modes propagator
—d 1.051,’0 53 — é’i '-i' P2 i
G (Q) = 2 R
f (Q) qz + HDO q2 —w? + HT G,LI.L’(Q) — ;8LW 2
qg= — W
dE._. 2 Ji*
d - :_amlz) hl T dEham’ 2 2 \/ﬁ
» 3 mD/\/g 7:505771Dln F +...
Indep. of [t*| !

SUM: Cé—lgz%a mj ln( VEL

mp/+/3 ) (provided g2T2<< |t¥] << T2)
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Collisional E loss & processes in QCD

Braaten and Thoma (91): extension of their QED work (incorporating a correct separation
both regimes of close and far “collisions”) to the QCD case

Results at the logarithmic accuracy:
O<v<1: vxl:

IR d —_— dEhardz ;
v dx 3

3

uvdiv — dgsoﬁ:;a m]ZD I:l l_vzln( 1+V ):|1 (@) E >
X 1% i

dE _ 2
de 3

Poor man’s pre

dx
) Method followed by Thoma & Gyulassy (91)

Kowi= min(
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Collisional E loss & processes in QCD

—dE/dx [Gev/fm]

Braaten and Thoma (91): In approximate agreement with previous calculations for c, but less

for b.

R L L I A e B 0'5:""I"'I"'I""I"‘
[ T=0.25 GeV, a,=0.2, M,=1.5 GeV ] [ T=0.25 GeV, a,=0.2, My=5 GeV

0.4— ] 0.4+
- Bjorken o * Bjork Thomas .. ]
i BE T — - Bjorken USRI :
- _4 g F Bl BT Gyulassy .

0.3 — e —— H 0.3 -
: (M_)r_n‘g), 1 3 - (M->m,) ¢ e—
C ] é’. C - -

0.2 - ] 0.2
: - 1 2
[ - Gyulassy ] 2 C

0.1 — i 01— .-

cmi M M2/T ~ 0.0k M

;O_IW_I_I L 1 l 1 1 1 I i i 1 i I ] 1 Il 1 | i 1 i l- -[].1-‘ 1 1 1 l 1 L 1 | 1 1 i 1 I L 1 1 1 t 1 1
O | 10 J1L 20 30 40 5p 0 10 20 30 40

Y p [GeV] ! ! P IGEVIT l
o p/M o In(p/M) o In(p/T) energy gain o p/M a In(p/M)
(p<pthermal)

2007: Peshier et Peigné: corrected the BT (both in the leading log and in the

constant beyond the leading log)

HQ lectures
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Refined: running coupling constant

Motivation: Even a fast parton with the largest momentum P will undergo collisions
with moderate g exchange and large a(Q?). The running aspect of the
coupling constant has long been “forgotten/neglected” in most of
approaches

Crucial question: long range behaviour and renormalisation at finite
temperature

HQ lectures
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A Peshier: agnot fixed at the right scale

Running of o (Peshier 06) in collisional E loss -_

M Z / palh) & / d((zs “ /'t\‘

i ¥ 2 to ¥ 2
do- s ﬂ_C‘-'q O - dt ﬂ_C‘r'_c,— O t
with (I>/ dt S / — =2 n L and @

Doing it more cautiously

“to ' T to | )
o / dr 9%, ‘Cj; / at “ Dominated by the soft scale
t1 dt kO3 Jiy tIn®(Jt]/A2)

2o No log(E) increase. UV
/1 S ¢

mChy 1 I .
y = o [a(p?) — a(lta])] conv. for t;—o0

kb3 In(|t|/A2) ‘

)

Softer scale = larger E loss !!!

"In fact, o with running coupling ... an order of
magnitude larger than expected from the
ot 5— Peshier  Widely used expression o, s, o a%(Q?T )/p2.

E Thus, the present approach gives a consistent
i and simple explanation of phenomenologically
inferred large cross sections found in transport
models."

Bjorken

T ||||||I'|

B (12)
(11) + QP
—= (5),E = 10GeV

dE,/dx [GeV/fm]

e
—
[T

el Y

i 2 4
T/ T. HQ lectures 83



Collisional (elastic) vs Radiative

momentum loss after
4 pathlengthL

xXp

o In~y

Qualitative agreement with

But the key issue is to go
guantitative !

o

16 CMS o+
1_43_ ®  charged hadrons
1'2:_ Taa and lumi.

F. uncertainty

ﬁ+
O.Gi—

27.4 pb™(5.02 TeV pp) + 530 ub™' (5.02 TeV PbPb)

3
..".-

0'45 ‘@ ly| < 1
021 Cent. 0-10%
O?Il L L L 111 \I‘ L L L 111 II|
1 10 102
P; (GeVic)
elastic

Saturation (running o)

2
m
Q (~5-
= (~5-10 GeV fo

rc)
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HQ observable (probe)

[ | ST

\/

{Hadronization J -
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85



Why Fokker — Planck (AKA Langevin forces) ?

Bona fide answer: because HQ are heavy => long relaxation times => accumulate many collisions before
thermalization => the “details” are averaged (central limit theorem) .

u-model

|

|

R e ey
R(p. ~2E, | (2m) 32E 27) 2E 27)32E, |
|

|

|

|

mesoscopic model (FP equation)

0F < [7,.1c .
X;Z M2 2m)26t (p+q—p' — ) Ot = Vp f"‘ivp(’if)
< [f(Pg(d)g(a) — f(p)g(a)g(d)] . L

A = ({(p—p')i)) i distribution f in phase space... which fulfills
ki = (o —)ilp —2);)) | % (D) r = —(A(T));
Or (equivalent) B; ; = %(((p —p')i(p — P’)j>> Recovers the a:verages pr <png>f — <HLZ] (T))f

from the p-model
—_

... also because it is much easier to solve than sampling the rate ! A — AA g
D= — T+ for each At
MC simulation then writes: —

Random force (fluctuations) gg
HQ Lectures



Why Fokker — Planck (AKA Langevin forces) ?

Other transport coefficients:

1) Isotropic medium => }Y(ﬁ, T) = 1D (ﬁ, T) X ﬁ % <]5>f — <£(T)>f

(P)y = (P)y(t =0) x e

D [fm_l] . drag (friction) coefficient; relaxation rate

(typical inverse relaxation time ) 0.500

... also because it allows to access physical quantities of

interest more “directly” than in the microscopic model T=03Gev T pepirun)
as=0.3

1.0 50 100 500 100.0
p(GeV/e)
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Why Fokker — Planck (AKA Langevin forces) ?

I1) Isotropic medium => I%(@ = l‘f{, (p)ﬁL (ﬁ) + "GT(p)f[T (ﬁ)
t

Long. diffusion coefficient Transverse. diffusion coefficient

p p- En p-
Projector along HQ Projector 1 HQ instantaneous
instantaneous momentum . momentum
2 B
T RT [Gev fm ] . Transverse diffusion coef. (p space)
—_—
O > Br(GeV?/fm.c)
100p
c—quark /
Link with well known ghat coefficient r -t 2
_ 1
Ld{p?) -
q — — L/ ~ QRT ~ 4BT o - Ti(::(fg\'
E‘ df_ 1.0 50 10.0 50.0 100.0

p(GeV/c)
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Why Fokker — Planck (AKA Langevin forces) ?

I11) Asymptotic regime }ffas + V- (qus) — 6

P
Leads to Einstein relation between A (1), B, and B, <:| D I:>
>
|

B
For constant 1, constant B, = B; (Rayleigh particle): np = —
T

Exo : prove this and generalize it for arbitrary FP coefficients

IV) Asymptotic regime: <*r2 (f)) = 2dD.t  with D, = b

2012
m 77D p=0
spatial diffusion coefficient 2x1)xD;

2703 leT- VH&R (T-mat) w e e

A It LL e C
Only 1 effective transport 10.0 /,:""C;;;() ________________

coefficient at small momentum | ~E

m | e

| Quant. Lim c—quark
R T e e —— —

HQ Lectures T(GeV)
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More insights on FP dynamics

ofpt) 0

ot - Op@

2 possible derivations following the same spirit : existence of a time gap between relaxation (t

individual collisions (t >> t

coII) : treIax coll

Markovian Process

\ 4

Kramers-Moyal equation

I (pit) (-1 o
S nDY

n!  Op" ﬁ;ﬂ'[n (p)f(p;t))

n,, moment of the
transition probability w(Ap)

n=1

l Truncate to retain the 1™t and 2"

moments (central limit theorem)

Af (p;t 0 0?
féi H_ ~o (My(p)f(pit)) + %d—pz (Ma(p) f(p:1))

Fokker Planck formulation

0

[Ai(ﬁ)f(zi 0+ (B, t))]

Ip;
) and

relax

Boltzmann Equation
Lon(fa:p) = / Pqd*d Pp's® (F+ 7 — O)w(p, ¢ . 7))
(fa(p)fB(q) — fa(P) fB(T))

N ﬁ/
p —

o, ! < -
g’ q

Pl < 1P] = || 55|

Several collisions to fully deflect the incoming particle

Grazing approximation for || —

» Expansion of the collision kernel wrt P — p’ (Landau)

@

Fokker Planck equation
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More insights on FP dynamics

dilute medium

assumption : not

mandatory

Markovian
process

Fokker-
Planck

Grazing approximation for Coulomb-like scattering ?

R j]‘“max d

tlmin

A [l g

|t|min

B f|t|max d

|t|min

t

% X Itlinn Rate
d [tlmax d|t ¢ max
it [t oc iy Ty oc In e
do. |t max
Zel |t’2 X Itlmii d|t] o< |t|max

HQ Lectures

Boltzmann

Friction

Fluctuations

Hypothesis: dilute
medium

Hardest scale shows up in the

fluctuations <~ backward scattering

are not so rare < grazing conditions
are not systematically met.

\ 4

Einstein relation is not

strictly satisfied
91



More insights on FP dynamics

dilute medium -
Markovian Fokker- Hypothesis: dilute

assumption : not Boltzmann _
mandatory process Planck medium

3 Viewpoints

« As FP dot not apply strictly they should not be used
to describe HQ transport in QGP... They are at best an
approximation to a more faithfull Boltzmann-like

transport »

« Not at all ! HQ transport in QGP is not doomed to
be described by Boltzmann rate... FP may be much
better as it does not involve on-shell QGP scatterers »
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More insights on FP dynamics

dilute medium -
Markovian Fokker- Hypothesis: dilute

assumption : not Boltzmann _
mandatory process Planck medium

3 Viewpoints

« As FP dot not apply strictly they should not be used
to describe HQ transport in QGP... They are at best an
approximation to a more faithfull Boltzmann-like

transport »

« Not at all ! HQ transport in QGP is not doomed to
be described by Boltzmann rate... FP may be much
better as it does not involve on-shell QGP scatterers »

« You are both right, but do not forget : HQ Energy loss implies both close collisions
(which could be described by Boltzmann transport) and far response from QGP which
imply smaller momentum transfer => FP may be ok for this 2" contribution »

HQ Lectures
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