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Formation length for Bethe-Heitler process

y
e
R é w . % Ly~1/g ~ QE?%;:C)
e

In 1953 Ter-Mikaelian noted that the photon formation length becomes very large at

E — oo.
For classical electron trajectories in the matrix elemente — e +

M / dt expli(wt — k7 (t)] &0 (¢)

2
2E;
mew

the coherence length is simply the time scale dominating the t-integral L ¢ ~
It agrees with quantum estimate Ly ~ 1/q. from the uncertainty relation ApAz > 1

which gives L ~ 2ZelLo8) with ¢ = w/Ee.
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The photon formation length in medium

L can be viewed as a longitudinal scale at which the radiated photon and electron
become separated by a distance Az > A,

VAV, VAV,
® > L
(S

in vacuum

Az~ (1 —ve)Ly ~ Ay

in medium

In a medium due to multiple scattering v. = vel = ve ((c0s0)) < ve

Azmeq ~ (1 = v LT ~ N,

The radiation is suppressed (the LPM effect) when L;ff < L.



The history of the LPM effect

In 1953 Landau and Pomeranchuk within classical approach obtained for the photon

spectrum in the regime L%/ < Lj
dP 1

_m_

do  Vw

A quantum theory, valid beyond the soft photon approximation, was developed by Migdal
in 1956. The old-fashioned PT was used. Migdal’s method is based on the evaluation of
the electron density matrix in the Fokker-Planck approximation

The LPM effect for e — ~e was qualitatively confirmed in experiment in Protvino at

E. = 40 GeV [A.A.Varfolomeev et al. JETP 42, 218 (1975)].

The first accurate measurement (for w < E¢) was performed at SLAC [P.L. Anthony et al.
Phys. Rev. Lett. 75, 1949 (1995)]. For w ~ FE. the effect was studied in 2003 at CERN
SPS [ [H.D. Hansen et al. Phys. Rev. Lett. 91, 014801 (2003)]
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Now there are hundreds of papers on parton energy loss in the hot QCD matter produced

in AA-collisions and its role in the jet quenching phenomenon
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a — bc induced splitting and LCWF

In general for a — be Ly ~ 2Expz./e*, where € = mjzc + mZz, — mixpe.

At L >> a (a is the screening radius, in QED a ~ rp/Z'/3) the transverse coordinates

are frozen at the longitudinal scale ~ a. It allows to write the cross section for a — bc in
QED and QCD in terms of LCWF which is formed at the scale ~ L ¢ [Nikolaev, Piller,

BGZ (1995)]
|aphys) = |a)VT = n+W5°(5,2)|bc) = Slapnys) = Saf{la)V'1 — n+Speca Vol (g, x)|bc)}

b
ae X
1-x
C

n = [ dpdz|V5¢(0, x)|2, Sbea = SpScSE,

P(a — a) = ‘<a'phy8‘g‘a’phy8>‘2’ - -
P(a —bc) =1—P(a — a)
do P (z) R * [ =
= —a=rbe :/dPI‘PZC (7, 2)[*oabe(ps @)

dx

(W5 (p,@)|* o< €K7 (pe) and oape(p, x) o p* log (a/p)

= do/dr x Pyy(x)/€

do\ B2 40372[4 — 4g + 222
_0> . 2027 s x]log(Zame)

for spin non-flip part of o(e — ve)= (d
T

-~ 2
nf 3mix
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Basics concepts of the LCPI approach

GM C

We consider processes like a — bc in an external vector field (in QCD or QED). The
S-matrix element is written in standard form in terms of incoming and outgoing WFs. For

g — gq’ it reads . _
(9d'1519) = —ig / Ay (W)TH A% (9)q(y)

The quark wave function is written in the form

Yi(y) = exp[—iE;(t — 2)]ux¢i(z, p)// 2E;,

A is quark helicity, uy is the Dirac spinor operator. The gluon wave function is written in
a similar way. The z-dependence of the transverse wave functions ¢; is governed by the
two-dimensional Schrédinger equation

i3¢i(27 p) _ { (7 — 9G)? + mg
0z 2,&1'

+9(G° = G }9i(2,7) .

G is the external vector potential (the color indexes are omitted), u;, = FE;.
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The transverse part G can be ignored for gauges with potential vanishing at large
distances. Thus we have a Schrédinger equation with “time”-dependent potential
U=g(G° - G3).

The z-evolution of ¢; can be written in terms of the Green’s function as

¢i (22, P2) :/dﬁ1K¢(ﬁQ,22\51721)@(21,51)

= One can write the cross section in terms of the initial (z = z;) and final (z = zy)
transverse density matrices and the Green’s functions K and K*.
The Green’s functions are written in the path integral form

; d—»d 2 ; 2 _
Ki(p2, z2|p1, #1) :/Dﬁexp {z/dz {M( pz/ ) _U(ﬁaz):| - (zi Zl)}
7

In calculation of the gluon spectrum o ({|{q’g|M|q)|?)) the averaging over the medium
states (( )) is performed before the path integration. In vacuum

1 [im(ﬁz —p1)?  imi(z2 — 21)}
exp

2mi(z2 — 21) B

K;)ac(52722‘51721): 2(22—21> 2//”
7
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Pl

a/Ly suppressed

<1 29 Zf

— lines (K) interact with the medium as “particle” and «+— (K*) as “antiparticle”. ({))
generates an interaction between trajectories. This interaction is local in z at Ly > the

correlation radius in the medium. The effective Lagrangian for the path integral reads

in(2)0x (Tp, Tp)
2

Mﬁ?
2 Y

Leg = LE(7p)—LE(75)+ Lint(Fp, T5), LH(Tp) = Lint (7, 75) =

7
Tp, Tp are the sets of the transverse coordinates for “particles” and “antiparticles”, o x is
the diffractive operator for X = “particles”+"antiparticles” system scattering off a particle

in medium, n(z) is the number density of the medium. L;,,.(7p, 75) = Lint(Tp — Tp)
—p.10



In QED o x is a scalar, but in QCD for the 4-body part (z2 < z < z¢) ox is an operator in
color space. The spectrum integrated over g. does not contain the 4-body part at all.

(s =(Cye(=)e( )

52 2 2 Saa(1]i)  Spea(2]1)  Spp(f12)

For this transformation we have used the relation (valid in vacuum and medium)

—

T\\ — — !
ldp //q:5(7'—7' )
= p

The spectrum reads [BGZ (1999)]

AP T )
— = 2Re/ dz1 / dz2g{p¢|Spp @ Svea @ Saalpi),
dwd(]b Z; z1

§ is the vertex factor, Sqa, Sbg, Spez are the evolution operators for the corresponding
L.t ¢. The two-body parts can be evaluated analytically [BGZ (1987)]

</5¥a ar~ |Saa|/0aa/0aa > = Ka(P_laaZ/|ﬁaaz)K&k(ﬂaaz/|ﬁ&>Z)(I)a&(ﬁ'a - P_¥a>z/|ﬁa - ﬁa,Z)
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The interaction phase factor @ ,,=exp [~ [*dzn(2)oaa(fa(z) — fa(z))] should be
evaluated for the straight trajectories of a and a.

For the bea-part | Dpy,DpeDpa = [ DFDpaDpa, where g = g, — e, fu = Tppp + Tepe
is the center-of-mass coordinate of the bc system. The | Dg, Dp5 can be taken
analytically. In the new variables S.; reads

A

(7. Oas P

pa?ﬂd’ﬁ/ﬂ’z/|5|pa7 d?ﬁ? Z> — Ka(ﬁ/a,Z/|ﬁa,Z)K;(p_'/a,Z/|p_’a,z)j<(p_¥,zl|ﬁ, Z)

K is the Green’s function for the Hamiltonian

) 1 o\ ? 1
i=— ( ) Fole )+ ) vz ) = —in(2)ea (. o — )2
2u(x) \0p Ly

In this Hamiltonian the trajectories p., pa are straight, u(x) = Eq,x(1 — x),

Ly =2u(x)/e* s the formation length

e? = [mizc + m2x, — m2zpae].

The potential is not central. The integrals over the center of mass of the end points can
be taken analytically. It makes the trajectories a and @, b and b parallel
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P _ 2 .
dedg, — (27)2

2 f 2 f
e/d?exp(—’i(fb ' 77)/ le/ dz2g® ¢ (T, 22)K(T, 220, 21) i (2T, 21),
Z4q 21

®(7, 21)= eXP T)/ dzn(z) P, (T, ZQ)—eXp _’)/

For x-spectrum the potential v is central (since a is at the center of mass of be. The
spectrum reads [BGZ (1996)]

dP ~f “f R . s
o=Re [ T [ dag (7, 22l 21) — Kool 20)
dx Z; z1 p1=p2= O
1_
Sle P
Here g = %:Dbal@) 0 . 0 Forg 5 gqwe have configuration . gy =

212 (z) Op2  Op1

qqg ~ |88) atxz — 0, qqg =~ |33) atz — 1.
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In QED and QCD the three-body cross section can be written in terms of the dipole
Cross sections o2 = geez and o2 = 04g. 0~ee(p) = oez(xp) and

Tgqg(p,x,2) = 2[02 (p,z) +o2((1 —x)p, 2)] — %02 (zp,z). [Nikolaev, BGZ (1994)]

Fora — a (ig)(ig)* — (ig)?. = the unitarity P(a — a) + P(a — bc) = 1 is satisfied
ig

I s ==

For the z, g3 spectrum the contribution from |z1 2| — oo can be expressed via the LCWF

of the a — bc transition in vacuum, 2¢ (we use the adiabatically switched off coupling)
21 E ‘

B
>

-
>

- \ =0 (in vacuum)

r 3

Z9
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Formulas for x, ¢, spectrum

dP 2 zf 2f
ey — (27r>2Re/d7_"eXp(—icj’b7_") /Zz d21/21 dZQQ{CI)f(F, 22)[K(T, 220, 21)

— Ko (T, 2210, 21)|P; (2T, 21) + [P £ (T, 22) — 1]Ko (T, 22]0, 21)[P; (2T, 21) — 1]}

_|_

d7d7 exp(—iq,7) Wl (x, 7 — A)W(z, 7)) [® (7, 2;) + ®;(z7, z¢) — 2] ,
(27)2 “ “ ! !

Here z1 2 integrations comes only in the matter. For L, > L we have the picture

21

| = ] :
N~
| I I

Z9

scattering at Ly > L

P
dedg, — (2m)2

Re/ d7d7 exp(—iq,7)Wo* (x, 7/ — 7)o (x, 7 2T 4ea (7, 27) =5 (F) —Taa(z7)] |

'y, =1 —exp|— "h f dzn(z)|. For ¢ — gq at x < 1 it gives the Kovchegov-Mueller

spectrum in p A-collisions. -
.



The z, ¢, spectrum, parton produced in QGP

In the case of a a — bc for a incoming from —oo the radiation rate vanishes for a zero
external potential. But for a fast parton produced in a hard reaction a — bc splitting is
possible even without external potential. It is the well known LO DGLAP parton
showering. In this case the spectrum can be written as (now z; is the production point)

dP 2

zf Zf
— = Re/d?exp(—icj’b%’)/ le/ dz2gq P ¢ (T, 22)[K(T, 22|0, 21)
dxdq, (2m)2 2 - {

—Ko (T, 22]0,21)|P; (27, 21) + [P (T, 22) — 11Ky (T, 22]0, 21)P; (27, 21)
+Ko (7, 2210, 21) @i (27, 21) |
The X, ®; which is 0 x oo can be written via the LC wave function, then

P 2
dajd(ﬁ, N (271'

2 f zf
)QRe/d?eXp(—icj’b?)/ d21/ d22§{<I>f(7_", 22)[K(T, 22|0, 21)
24 21

— Ko (T, 2210, 21)|P; (27, 21) + [® £ (T, 22) — 1] Ky (T, 22]0, 21) P; (2T, 21)}

1
(27)2

4_

=

/ d7d7 exp(—igyT) Vo (@, 7 — F)VUo (2, 7) Dy (27, 25)

It describes DGLAP (red) and induced (blue) splitting with p broadening
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Other representations for the x-spectrum

LPM ef fect

-ve:‘}/
+ <>

+ g rE+...

— = nos(p,x)/2, 03=—+7 +—— |
@@= == T

<-— =LCWF

The LPM effects is equivalent to absorptive correction for scattering of bca system. This
form has been used for successful description of the SLAC and SPS data on the LPM
effect in photon bremsstrahlung from high energy electrons [BGZ (1996,1998,2003)].
dP/dx can also be written in terms of the bca medium and finite-size modified LCWF

- - P —
- < — —— —

% in-medium finite-size modified LCFW

—%=  ordinary LCWF

This form is convenient for parton produced in a medium.
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Dynamical effects in HTL method

The LCPI method applies also to the dynamical pQCD weakly coupled QGP.

"0ail?) _, p(p),
P(p) = g°Cr / dz|G(z,01 2)—G(z, p,2)], Gz —y)=uuu,((A"(x)A" (y))) [QED BGZ (1987)]

P(7) = [ sl = expliADP(@.

P(q) can be written in terms of the HTL polarization operator ITuv.
mi

(7% + m?%)

P(q) = ¢°CrTC(7), C(q) = = [Aurenche, Gelis, Zaraket (2000)]

In LCPI approach we reproduce all AMY [Arnold, Moore, Yaffe (2001,2002)] results on

photon emission [Aurenche, BGZ (2007)]. the pole 1/¢? (due to zero magnetic mass)
changes the effective dipole cross section at p > 1/mp, at small p it is the same as in

static model.
—p.18



x-spectrum in OA for L=cc

In QED and QCD o3 (p) = Ca(p)p?, C2(p) is a smooth function. For ¢

CrCpaZ /d(j[l — exp(iq p)]

2
Ca(p) = S , Ca2(p) = log
p? (g% +m7)? 2

PMD

The Hamiltonian takes the oscillator form if one neglects p-dependence of C2(p) and
replaces it by C'>(pc ¢ ). The oscillator frequency reads

(1 —1) (n(2)Cs(z,2)\?
205 (i)

C3(z,z) = 2 {9[1 + (1 — x)?] — 22} C2 . The OA is used in BDMPS calculations (for
massless partons), Cy = qC’F/2nC’A [Baier, Dokshitzer, Mueller, Peigne, Schiff (1997)].
In BDMPS (p7.) = ¢L for gluon. In QED for vee C3 = z2C5.

The OA corresponds to the Fokker-Planck approximation in Migdal's approach. In OA
<p%> = 2C9nL. The oscillator approximation is clearly not good for ¢ — gq in the BH
regime when p.¢r ~ 1/e. One could expect that the OA should be applicable when

pefs < 1/e. Inreality this is not the case when L < L.

1
—) atp < 1/mp
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dP do 54 5 () do8  2a,Pg,(x)C3(z) P Cr[l+ (1 —2)?]
0} 3 - ) —
dxdL de =~ EEM g dx 3me? Ga T

2y/nEx(1 — z)Cs(x)
€2 7

st~ 5 [ (- ) o (25) () o (23)]

Fore — ~ve C’F — 1. Atn<1Srppm(n) ~1—16n*/21. Forn > 1
Srpyvm(n) = m/_ (1— 2\/_) The leading term gives

n=L¢|Q| =

n < 1 BHregime, n > 1 strong LPM effect.

<P,
db_ aslag(@) | nCs(@) —  —s/2 g 0 oy [BGZ (1996)].
dxdL ’7'(' 2FEx(1 — x)

The factor ( ) gives the heavy-to-light K-factor (strong LPM regime)

s
n2v2

M2 — m2)43/2 M2 3/2 —2
Krl— - (Mg — ma) (KDK — [1 1 Q ] Dokshitzer, Kharzeev (2001)

2v2 \/2E(1 — z)nCs3(x) V/18EnCs /4
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Comparison with SLAC and SPS data on ¢ — ~e

Experimentally the total electron energy loss AE. = w1 + w2 + ... Is measured.
SLAC E-146 farget
E=8, 25 GeV W
AP ALLARANANNN
e .
colorimeter
el

For SLAC and SPS experiments L‘;if I <« L. The finite-size effects are important for the

gold target L = 0.7%Xy at E. = 25 GeV, where the multi-photon effects are negligible.
We evaluated the multi-photon K-factor in the probabilistic approach (dilute loop gas

approximation)

emission suppression

1 x
dP, 1 dP, dP, dP,dP, [(dP,(x)\ !
K(z)~ —[dr1—|<{1—= [ d K e et ( ! ) ; = T—
()~ exp [ / 1 dmll { 2/ 1 [d:m + dxo dx1 dxo dx 2T
x 0

Here x < 1. For SPS we use K (x) valid at any x. The inaccuracy < 0.5%.
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Comparison with SLAC E-146 data

The spectra in the radiated energy. The dashed line shows the Bethe-Heitler spectrum,
the dotted line our calculations without finite-size effects.

0.10 |
o 005 I I
< [ (a) 0.7% X0 Gold I (b) 0.7% X0 Gold
4 8 GeV 1 25 GeV
O 0.00 -+ —
% (c) 6% X0 Gold ] (d) 6% X0 Gold

- 8 GeV T 25 GeV

0.10 + |

0.05 .

0.00 L

10 T ""iéo T ---ib T ""iéo
k (MeV)
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Comparison with the CERN SPS data

The spectra in the radiated energy on 4.36% X Ir target. The dashed line shows the

Bethe-Heitler spectrum. » = 2tanh (A/2), A = log (10)/25.

rdN/dlogk

0.006

0.004

a) E=287 GeV

0.002 v

0.006

o
o
@)
Y

0.002

0.006

0.004

0.002

c) E=149 GeV

E—-——-———— = = T wo—_o_ L]

10

100
k (GeV)
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Parton produced in a brick of QGP

For a fast parton produced in a medium zo > 21 > z; = 0. Expanding the spectrum over
density for the induced part we have

<)== )=

z=0 z Z=Locp

The spectrum can be written via an effective BH cross section

L
dP doBH (z, 2 deH T,z
:/dzn(z) eff( ) ff( )

ar Lon, SRS _Re [ dpu (pa)s(p, 2 (5w, 2).

0

where i (p, z) is the LCWF for the ¢ — gg transition in vacuum, and 4, (o, x, z) is the
in-medium finite-size modified LCWF for ¢ — qg transition in medium at the longitudinal

coordinate z. Atn — 0 and z — 0o ¥ (f, z, 2) = P(f, x), and o J/f = PH. Atz — 0

doBH (z,2) doBH (1) . : - : :
T —% o z. This is a direct consequence of the Schrddinger diffusion

relation p? ~ z/u for the transverse size of the gg Fock component of the quark
produced at z = 0. This effect is responsible for the L?-dependence of AE, at
E4 — oo. In QED the situations is the same.
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Qualitative pattern of induced gluon emission

The Schrodinger diffusion relation p? ~ [/ relates the typical transverse and
longitudinal scales. In an infinite medium

pSG s ~min(ppm, prem) 155 ~ (025 4) 1

ppH = 1/€, Iy = 2Ex(1 — x)/€? (BH regime, weak LPM effect)
prpy = [Ex(l —x)nCs]~ Y4, lppar = /Fx(1 — x)/nC3 (strong LPM effect).

For a finite-size matter two situations are possible.

® |Infinite medium regime: L zl?o, and perg ~ pg?f. The spectrum can roughly be

calculated using the effective BH cross section for an infinite medium. There can
exist a region with strong LPM effect (number of rescatterings N > 1) with

dP/dx oc x—3/2. Butat x — 0, 1 we always have the BH regime (N =1
dominates).
® Diffusion regime: L S pesr ~ pa(L) (pa(L) = \/L/2pis the diffusion radius).

The effective BH cross section is chiefly controlled by the finite-size effects. The
N = 1 term dominates, the LPM suppression is small.
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Failure of OA in diffusion regime

For massless partons the OA for finite medium gives [BDMPS (1997)]

dP P,
BDMPS _ Ys Gq(®) log | cos QL]
dx T

dPBDMPS - ozsPGq(:L‘) L4C'32)n2

. ~ T (1 VL2 = ltis N = 2 rescattering! [BGZ, (2001)]
T 7 T — X

The mass effects gives nonzero N = 1 term, but for massless partons it vanishes. ltis a
consequence of neglecting the Coulomb effects

doBH (z, 2 P d
et () _ 2s® Gq / : /dp20203(/0 exp | —5 .
dx _ 8mp2 (2 d( )

For C2(p) = const Im [ dp? = 0 With the Coulomb effects
Ca(ip) = Ca(p) — const - i /2. Only 7 /2 contributes! It gives (no Coulomb
log(1/pamp)!).

daerIJ{(w, 2) B a3mCrCapa(2)Paqg(z)[1+ (1 — 2)? — 22 /9] s
dx N—1_ 8 .
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Naively one could expect for N = 1 %/  p2log(1/pamp). But there is no the
Coulomb log in the N = 1 term! For photon emission at Ly > L oPH oc 1/z is
replaced dependence o BH o« 1/(1 — )

doBH (x, 2 2 1+ (1—x)?
erfWE) | zeemodnOrCOpl+ (1= 2)?] pes ooy
dx Nt 4FE(1 — x)

The N = 1 can also be calculated using the momentum representation [Gyulassy,
Lévai, Vitev (2001); BGZ (2001)]

S R R & B B

Each diagram can be calculated as (bc|M|a) o« [ dzdpd; (z, p)d}k (2, P)da(z, p) with the

plane wave functions with sharp pr change at the rescattering point [BGZ (2004)]
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N =1 term in momentum representation

doBH (g, z SC+P
ef7(®2) _ aiCrPoq(w) [F(1,2) + F(1 —z,2) — F(z,2)/9]
dx m2CF

Pws) = [ - W gk, 7)-[1 - cos (72 + )p3(2)] 5 3(2)

E2+m%)2 B 2Ez(1 —x)’
—9 — 7\ —
7 D p—k)p - Ok —p
HEp =2 PP (HEP)emo = D)
(P2 +e)* 2+ ) ((F-k)?+e) P

F = Fy+ 6F, Fp = F(e =0), 0F is mass correction.

The momentum integration gives for e = 0 Fy(y, z) = 73y p?(2)/2. There is no any log
terms! LLA fails since for e = 0 ViH(E, p) = 0. Integration over the position of the
rescattering gives dP/dx oc L?

dPn—1 ~ mnL?a3CrPgq(x)[1 + (1 —x)? — 22 /9]

dx e=0 SCFEx(l — ac)

The Debye mass does not appear in the spectrum! In massless limit the mass scale is
given by 1/p4(2). The photon spectrum has the same L2-dependence! [BGZ
(2001,2004)].
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Mass correction

2.2 4.2 2
T € 1 1 1

OF =~ TePay 2 log? 7 3 + log 7 3 log ﬁ — 3log 7 3

2 € Pq €~ Pq ¥y mpPq €~ Pq
2,2 2.2 4,2
m 1 3m<e 1 1
Y ™p log 5 ~ Pa¥ log? 5 for log 5 | >1.

€2 €2p= 2 €2p= €2p=

— The mass correction to §(dP/dx) is oc L3 and positive [Aurenche, BGZ (2009)]

54PN =1 a3 Pgq(z)[1 + (1 — x)? — 22/9]Lne?p5 (L) lou? 1
p— O -
dz 2CH S\ e

In the OA mass correction also has an anomalous mass dependence. To obtain N =1

term in the OA one should make replacement

1 246 (k _ iC
= = i — which gives oqz(p) = ——t p?
(k2 +m2)? na2C,Crk? 2nCa

dPQ4, _ 44Las Pog(@)[1 4 (1 — z)? — z2/9]e?pA (L) log 1
dx 67CACR e2p3(L)
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Mass dependence and LCWF in p space

doe : L2 ko : .
° fng:iw 2) _ Re/dpp2¢ (7, x) (GB(pr x)> b (P2, 2)

plip(p,x)| oc exp(—ep), plm(p,x,z = o0)| o< exp(—e,/np) and the integrand is
smooth like that for the BH cross section. At z < L¢ ¥m (p, z, 2) oscillates. This can give

anomalous mass dependence of the spectrum.
Finite-size LCWF. (=z/L¢, p in1/€ units

— 7=1000 — 7=10 —— =2
— =1  —— =05 — (=02
Re (p W(p.Q))

1 T

-0.5— —
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Accurate numerical method for all rescatterings

z o

daerIJf(:B,z) . . .
=Re [ dz1 [ dz2 [ dpg(z)Ku (22, p2|2, 0)0o3(p)K(2, plz1,01)| .
dx , / p1=p2=0

For the vacuum Green’s function zo-integration comes up to infinity. The integral equals
the LCWF with the azimuthal quantum number m = £1 ¢(p, x) o< K1 (ep) exp(ima). It
allows one to represent the effective Bethe-Heitler cross section in the form [BGZ (2004)]

ImO/dg ( )

dx mu(x) dp VP p=0 7

F is the solution to the radial Schrédinger equation for m = 1

im_ 1 5, 2_in(z—§)03(p) Am? — 1 1
o [ 2u(x) (8,0) 2 + 8p(z)p? + Lf] F(& p).

with the boundary condition F'(¢ = 0, p) = \/pos(p)eK1(ep). We solve the Schrodinger
equation back in time. It allows one to have a smooth boundary condition.

We take as = 0.4, QGP temperature T' = 250 MeV, m,, = 0.3, m. = 1.5, my = 4.5,
mg = 0.4 GeV, mp = v/2my. In the OA we use ¢ = 0.3 GeV?3

- p.31



(m,=1.5)/(m=0.3) o :} Infinite medium Debye potential

Heavy-to-light ratio
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Oscillator approximation and collinear expansion

The N = 1 term in DIS in the higher twist method [Wang, Guo (2001); Zhang, Wang
(2003)] comes from the diagrams like

Collinear expansions is equivalent to the linear approximation of vector potential

_ L 7 I L, 0 _ - q
AT (Y™, gr+br) ~ AT (y 7 br)+ir——AT (y7,br), = oqq(yr) o GR(FL?).
saatyr) o [ drNIW @G +30)-WEIP). W) = [ dyT A @),

= HT Collinear expansion=BDMPS in the OA, = N = 1term (and any N = 2k + 1)
in HT is absent for massless partons. The calculations in momentum space confirm this

[BGZ (2001); Aurenche, BGZ, Zaraket (2008); Arnold (2009)].
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N=1 term in higher twist GWZ’s model

1

=}

In Guo, Wang, Zhang (2001,2003) calcula-
tions (citation=430!) the non-zero result in
the collinear expansion comes from this dia-
gram (for z <« 1). GWZ use for the integral
variable the final gluon momentum [, then

E

W

o

- o R(lp — kr) - o i(lp — kr)2¢
HGW 2 (Ip, kr, 2,€) o Ak R(lp — kp) =1 — cos 2521—2) |

GWZ DO NOT DIFFERENTIATE the factor R, and obtain
2 T e 2
I —k - 0 1
(3) R(lp — k) :R(ZT)<4> 1
Okr /) (Ir — kr)?

okr/) (Ir — kr)?
However, the neglected terms are important. If one includes them one obtains

2 T "4 2 T
. _ . R(

( ? ) /le RflT ch) ~ (ﬁ) /leR(_QT) —0.
Ok (I — k)2 Ok 2,

AR(I7)
4,
T

k=0 k=0

k=0
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The role of kinematical bounds for N=1

The GLV [Gyulassy, Lévai, Vitev (2001,2002,2003,2004)] group obtained even at
E ~ 50 — 500 GeV a strong kinematical suppression of energy loss

AFE = E?/rdxx———

The kinematic K-factor for N = 1 term for QGP with n =const [BGZ (2004)] for constant
as=const. Curves: q; < gmaz (F) (like that in GLV) my calculations; points: GLV results

1.2
1 - ]
~—~0.8 | .
\LI_J/ : ,
WV 0.6 i ]

0.4 - ® .

02 [ ) B

O 7 ‘ \ ‘ \ ‘ \ ‘
0 20 40 60 80

E (GeV)
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QGP in AA-collisions

S
Vo)

S




1+1 Bjorken model for expanding QGP

N t
Tfr

QGP+hadron gas

QGP

A B

We use the Bjorken 1 + 1 QGP expansion 721 = T3 . n(T) & no(10/7) in the whole
range of ¢. To simplify the numerical calculations for each value of the impact parameter
b we neglect the variation of T in the transverse directions. We take for the time of QGP

creation 7o = 0.5 M, Tynar = Limaxr = 8 fM. We fix Ty using dS/dy/chh/dn ~ 7.67
[B. Mueller and K. Rajagopal (2005)]

= (Tp) ~ 320 MeV (central Au+Au, /s = 200 GeV), (Tp) ~ 420 MeV (central Pb+Pb,

Vs = 2.76 TeV).
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Jet quenching in AA-collisions

Radiative (Bethe-Heitler) and collisional (Bjorken) energy losses modify jet evolution.

iy
55»

The radiative mechanism dominates, AEXY =1 o a3. The theoretical uncertainties in

R 4 4 are large (about a factor of 2) but the variation of R 4 4 from RHIC to LHC is more
robust.
It is interesting to compare R 4 4 for RHIC (1/s ~ 200 GeV) and LHC (/s = 2.76 TeV).

S(y/s = 2760)/S(y/s = 200) ~ 2.2 = Tp(2.76TeV) ~ 1.37(0.2TeV) = « should be
suppressed at LHC. Can we see it from jet quenching?

Can we see the flavor dependence?

-p.39



The nuclear modification factor for A A-collisions

AN(A+ A — h+ X,b)/dprdy
TAA(b)dJ(N+N — h—I—X)/dedy

Raa(b) =
Taa(b) = [dpTa(p)Ta(p— b) Ta(p) = [ dzpa(p, z) is the nucleus profile function.

AN(A+ A — h+ X,b)
dprdy

dom(N + N — h+ X, p)
dprdy

Y

/dﬁTA(ﬁ)TA( —b)

dom (N + N — h + X, p)/dprdy is the medium-modified cross section for a hard
reaction at p. In analogy to the ordinary pQCD we write

dom (N + N h+ X L d do(N + N  + X :
e D D - N ENE) A Bt S AR
dprdy dprrdy

h/ is the medium-modified FF for transition : — h, Q ~ p%..

do(N 4+ N — i+ X)/dpt-dy o< p~" (n ~ 8 for RHIC and n ~ 5 for LHC) then
qualitatively

1 1 -1
Raa(b,pr) %/ dzz"" 2Dhm/z(z,pT) [/ dzz”_zDh/i(z,pT)}
0 0
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Induced one gluon emission in LCPI approach

dP/dx = fOL dzn(z)do /s (x, 2) /dz. The effective Bethe-Heitler cross section for
q — g + q reads [BGZ (1997)]

do-er‘}}cl:($7 Z) i i — A — — g
=Re [ dz1 [ dzo | dp'§(z)Ky (22, 2|2, p)o3(p)K(z, plz1, p1)| .
dx p1=p2=0

0 z

r = wg/E, z is the position of the scattering center in QGP, 03 = 0444 For the vacuum
Green’s function X, zo-integration up to infinity gives the LCWF with the azimuthal
quantum number m = £1 (g, z) x Ki(ep) exp(img) with * = m2z? + m7 (1 — x).

The result reads [BGZ (2004)] @
. Z Z)

dO‘BH 1

eff (% 2) Paq(x) / 0 (F(ﬁ,p)> 4
= — Im | déas(Qe :
iz T B S L AN A B
= FEzx(l—x), ngf = 1.85u /&, F' is the solution to the radial Schrédinger equation
o BR e, ) 1 (02 n(z-8os(p) 4mP-1 1
. y P _ | _ o .z — g3\ p m= —
T [ 20(x) (ap) T T Su@er Lf] F&r)

with L s = 2u(x)/e?, F(£ = 0,p) = \/po3(p)eKi(ep). We solve the Schrédinger

equation backward in time to have a smooth boundary condition.
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Collisional energy loss, 2 — 2 processes

dE,,; 1 dp’ dk np (k)
- Z gp / 3 3
dz 2EBv = g 2F'(2m) 2k(2m)

2m)46*(P+ K — P/ — K"w{|M(s,t)|*)0(wmaz — w)

dl;’[l + epnp (k)]
8 / 2k (273

w = E — E’ is the energy transfer, v = 1 is the quark velocity, P = (E, p) and

K = (k, k) 4-momenta for incoming partons, P’ = (E’,7’) and K’ = (k’, k')
4-momenta for outgoing partons, M (s, t) is matrix element for Qp — Qp scattering,
ng(k) = (/T + 1)t and ng(k) = (/T —1)71, g = —1, ¢4 = 1, gg = 4NNy,
gg = 2(N2 — 1). Similarly to the radiative energy loss we take wmaz = E/2.

—t—tkz/E—I—QEJ_CTJ_

w =

Bjorken neglected the red terms. In this case neglecting the statistical Pauli-blocking and
Bose enhancement factors one can obtain

|t|maw

dBeor 1 ~np (k) do N
dz 2(27)3 Z 9p / dk . / dtME, 1tlmaz ~ 2(k — k2)wmaz -
0

p=4q,9
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Parametrization of o, (Q)

4 10
Q [GeV]

We use running o frozen at al” = 0.5, 0.4. " =~ 0.7 was obtained from the data on
FY at low z [Nikolaev, BGZ (1991,1994)], it agrees with

2GeV 2
/ dO *s(Q7) _ 0.36 GeV
0

T

obtained from the analysis of the heavy quark energy loss in vacuum [Dokshitzer,
Khoze, Troyan (1996)].
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AFE for quark: running o, is important

30

20

10

0 ~==eoF =777 T 0%

LUZO'I'I'I'I'GO
50
40
30
20
I 10
% 20 40 60 80 7100 %0 100 200 300 400 500
p [GeV]

The radiative (solid) and collisional (dashed) quark energy losses in expanding QGP for
L =25and5fm, 1o = 0.5 fm, mq = 300 MeV, m, = 400 MeV [Lévai, Heinz (1998)].
thick: running as with o™ = 0.5, thin: as = 0.5.

T-dependent Debye mass from the lattice calculations [O. Kaczmarek and F. Zantow,
Phys. Rev., D71, 114510 (2005)]
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AFE for u, c, b quarks

T,=320 MeV T,=420 MeV
o T T T T T T T 1o T T T T ]
4 : sl L=2.5fm -
3 6_— T __
— 2 4l ]
> 1l ]
> 7/ 2 e |
(D O | 1 | 1 | 1 | 1 0 1 | 1 | 1 | 1 | 1
— 0 20 40 o60 80 100 O 100 200 300 400 500
LLJ ) A A
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q 20 B L_5 fm .....................................
6 15__ P :
4 10 -
27 5 D
O ad | 1 | 1 | 1 | 1 0 /;.—;a-la 1 | 1 | 1 | 1 |
O 20 40 60 80 100 O 100 200 300 400 500

p [GeV]

The radiative (solid) and collisional (dashed) quark energy losses in expanding QGP for

L =25and5fm, 7o = .5fm, mqg = 300 MeV, my = 400 MeV, m, = 1.2, my, = 4.75

GeV.

running as with o™ = 0.5

red: b-quark, blue: c-quark, dotted: u-quark. 45



The space-time pattern of jet distortion

The formation length for the DGLAP i ~ 0.3 — 1 fm for E < 100 GeV (if mq ~ 0.3 GeV

and my ~ 0.75 GeV). =The DGLAP stage gives initial condition for the induced
emission stage at Trpgr.ap ~ 70.

= Dj,(Q) = Dp;;(Qo) @ DI (E) @ DLFFAY(Qo, Q)

D;’.?}ld is the induced radiation FF (it depends on the parton energy E, but not the
virtuality), DﬁfLAP is calculated with the PYTHIA event generator. Our scheme of the
stages of jet evolution

Induced stage Dg(LQGP)md ’ h
7.k
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The FF for the induced stage

To calculate the D“}ld one needs to take into account the multiple gluon emission. There

is no an accurate method of incorporating the multiple gluon emission.
We use Landau method developed for photon emission [BDMS (2001)]

] (AE sz>exp[ /dwj—i]

=1

P(AE) = n' [H/dwz

dP/dw is the distribution for one gluon emission. The situation is similar to multi-photon
emission QED
d P~

P(AFE) = T —YK(z), AE =w =zE

For thin targets the multi-photon K-factor can be evaluated analytically [BGZ (1998)]

1 x
dP, 1 dP. P P., dP. P -1
K(z) = exp —/dazl— 1——/d:E1 7+dy_d7d7<d7(w)> ,
dx1 2 dxq dxo dxr1 dxo dx
0

x

where xo = x — x1. The major xz-dependence of the K-factor comes from the Sudakov

exponential factor.
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Induced FF for¢ — ¢, ¢ — g, and g — ¢

For ¢ — g we take (like Eskola, Honkanen, Salgado and Wiedemann (2004))

_ o0 E
Dind(2) = KgqPLandau(AE=E(1 — 2)), Kgq= /0 IAEP(AE)/ /0 IAEP(AE)

K ,, accounts for the leakage of the probability to AE > E (gluons are not soft enough!).
For momentum conservation we include ¢ — g transition. At the one gluon level

Di"4(z)=dP(z)/dz, and / dzz[Dy}(2) + DY (2)] = 1

FF for multiple gluon emission we take D;%l(z) = K4qdP(z)/dz with K, fixed from

momentum conservation fdzz[Dg}g(z) + Dj]%l(z)] = 1.

It is reasonable since R 4 4 is sensitive to FFs at z ~ 1 [BDMS (2001)] where ¢ — ¢
distribution should not be very sensitive to the multiple gluon emission.

For ¢ — g we can use only the momentum conservation. In the first step we define

Dm(z) = Prandau(AE(1 —2)) z> 0.5. At z < 0.5 (where the multiple gluon
emission and the Sudakov suppression strongly compensate each other) we use the one
gluon formula D;%l(z) — dP/dz . Finally we define D;%l(z) = Kgng}Cgl(z). Ky is

fixed from the momentum sum rule [ dzzD;T/Lg(z) = 1.
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We treat the collisional loss as a perturbation and incorporate it by a small
renormalization of T p according to the change in the AE due to the collisional
energy loss

AErad<T/) — AErad<T) + AFEco (T)

The collisional loss decreases R4 4 by 15-25 %.

We calculate the cross sections do(N + N — i + X)/dp’.dy using the LO pQCD

formula with the CTEQ6 PDFs. To account for the nuclear modification of the PDFs
(which leads to some small deviation of R 4 4 from unity even without energy loss) we
include the EKS98 correction [K.J. Eskola, V.J. Kolhinen, and C.A. Salgado, Eur. Phys. J.
Co, 61 (1999)]. . To simulate the higher order K-factor in the hard cross sections we use
as(c@) with ¢ = 0.265 (like that in PYTHIA). For the FFs Dy, /,(4) (2, Qo) we use the KKP

parametrization [B. A. Kniehl, G. Kramer, and B. Potter, Nucl. Phys. B582, 514 (2000)]
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Comparison with R4, for light hadrons

1 | | | | | | | | | | | | | | |
- (a) Au+Au, s°=200 GeV ~ (b) Pb+Pb, s"°=2.76 TeV = (c) Pb+Pb, s'°=2.76 TeV
0.8 | o 1 PHENIX 0-5% 1 e h, ALICE 0-5% B h, CMS 0-5%
2 06 + + -
Y = =
04—
0.2 —
ol v T Py
0 10 20 0 10 20 30 40 O 20 40 60 80 100

p; [GeV]
aﬁr = 0.4 (upper curves) and 0.5 (lower curves)

solid line: radiative+collisional; dashed line: radiative
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R4 for non-photonic electrons s'/? = 200 GeV

, AUu+AuU, 31/2:200 GeV
_I(a)llllll__~l(b)|llll

* STAR 0-5% 1 * STAR 10-40% _|

A
=
= ol
' [

Electron RA
o

L
o1 o
T T

=
T

0.5

p, [GeV]

aﬁr = 0.4 (upper curves) and 0.5 (lower curves)

solid line: radiative+collisional; dashed line: radiative
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R4 for non-photonic electrons s'/2 = 2.76 TeV

Pb+Pb, s7%=2.76 TeV, 0-10%

! [ I [T 0T [T
(@) 10 al'=0.4

R
o
0o

* ALICE preliminary 1 |

Electron

| |
0 10 20 30 40 0 10 20 30 40 50
p, [GeV]

solid line: radiative+collisional; dashed line: radiative
(a) air = 0.4 (upper curves) and 0.5 (lower curves) including charm and bottom.

(b) o™ = 0.4 charm (thick) and bottom (thin).
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vy for non-photonic electrons

03 I | I | T | T T | T | T | T
(a) (b)
N [AutAu, s'°=200 GeV, 20-40%[Pb+Pb, s'°=2.76 TeV, 20-40%]
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o .
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- ¢
LLJ Ol—ii } __ﬁ ! B
¢ — ] { } i .
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p; [GeV]

og?" = 0.5 (upper curves) and 0.4 (lower curves)

The theoretical curves are for both the charm and bottom contributions,
radiative+collisional
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R 4 4 for D-mesons s!/2 = 2.76 TeV

o o
o OO =

D-meson RAA
o
AN

o
o N

Pb+Pb,

1/
S

°=2.76 TeV

| ' |
0-20% centrality
¢ ALICE

0-7.5% centrality
+ ALICE preliminary

solid line: radiative+collisional; dashed line: radiative
a?;r = 0.4 (upper curves) and 0.5 (lower curves)



Conclusions:

The LCPI approach describes very well the data on the LPM effect for e — ~e
obtained at SLAC and CERN SPS

The finite-size effects can lead to an enhancement of the gluon emission from
heavy quarks as compared to that from the light quarks at L < L. The results of

our calculations in the OA disagree strongly with Dokshitzer-Kharzeev estimates
obtained neglecting the finite-size effects.

» In expanding QGP for RHIC-LHC conditions the gluon emission from the c-quark is
very similar to that from the light quarks. Atthe £ > 100 GeV b-quark radiates

stronger than c and light quarks at x < 0.5.

® In the higher-twist model the N = 1 term vanishes in the massless limit. In the
calculations by Wang, Guo and Zhang the collinear expansion is made incorrectly,
and for this reason they obtained nonzero result.

® The nuclear modification factor R4 4 for the RHIC and LHC is calculated
accounting for both the radiative and collisional energy losses with the running a
and fluctuations of parton path length in QGP. The effect of the collisional energy
loss is relatively small.

» Comparison with the RHIC PHENIX and LHC CMS-ALICE data on R4 4 gives
evidence in favor of somewhat stronger thermal suppression of as at LHC. We

have al” ~ 0.5 at v/s = 200 GeV and " ~ 0.4 at /s = 2.76 TeV. It seems that
the QGP really becomes more perturbative at LHC. The pQCD gives a reasonable
description of the flavor dependence of R4 4. P25
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Formulas for ¢ — ~e

BH b
dp, dPBH  qpabs

dx B dx + de
dPBH d BH L
v 7% , T:/ dzn(z),
dx dx 0
dO'BH
de / dgW (z, o(px) , W (x,p) = Z @, 7 AN DI
{>\ }
L
dPsbs 1 R
— ——Re /ClZl’TL 21 /dZQn(ZQ)/dp\IJ (mapa {A2}>
dx 4 o0
150

Z1

xo(px)®(x, p,{\i}, 21, 22) exp {— i(ZQL_f Zl)] :
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x, 0.4\ }. 21, 2 2 n(z)oes(x
(0%(2, 5, {Ai} 21, 22) _ [_2; <a> _@oee@lA) | g 2 )

0z2 (z) \Op 2

The boundary condition reads

CI)(QZ, P, {)‘Z}’ <1, Zl) — \Ij(aja Z {)‘Z})U(px) .

a(p) = p°C(p), C(p) = Z*Cei(p) + ZCin(p).

2 1—2
Cei(p) = 4ma? {log< ael) + ( > ) f(Za)] , ae =0.8lrgz= /3,
P

f() —yQZ n2+y :

Cin(p) = 4o’ |:10g (2‘“”) o )

. ] , @i = 5.3rgZ /3
P
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Gluon spectrum for m,=0.3, m=0.4 GeV (Debye potential)
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Gluon synchrotron radiation

w > My
E,E’ > My

Lf < Wlin(Rq, Rq/, Rg)

The small angle approximation is applicable at the scale L ~ L ; = One can define
dP/dxdL, and calculate it for a slab with thickness R, , > L > L.

Gluon emission due to multiple scattering and synchrotron radiation should be treated on
even footing, but we neglect the interference of the two mechanisms
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® For SU(3) itis enough to consider chromomagnetic field with color components
a = 3 and a = 8. For radiated gluons we use the color states Q = (Q 4, Q) with

definite color isospin, @ 4, and color hypercharge, Q.
There are 2 neutral gluons A = GG3 and B = (G'g, and 6 charged gluons

X,Y,Z, X,Y,Z given by

X =(G1+iG2)/v2, Q= (-1,0),
Y = (G4 +iG5)/V2, Q= (-1/2,—V3/2),
Z =(Ge +iG7)/V2, Q= (1/2,-V3/2).

® The S-matrix element of the ¢ — gq’ synchrotron transition can be written as
(96/|810) = ~ig [ dybyr (57" G} ()

We write each quark wave function in the form
Vi (y) = exp|—iE;(t — 2)]uxoi(z, p)//2FE;, where X is quark helicity, 4 is the
Dirac spinor operator.
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The z-dependence of the transverse wave functions ¢; for a parton with color vector
= (Qa,Qp) is governed by the two-dimensional Schrédinger equation

Oi(z,0) [ (B~ 9QnGn)? + m2 0 }

where G is the external vector potential (the superscripts are the Lorentz indexes and
n = A, B). The gluon wave function can be represented in a similar way.

We take the external potential in the form G3 = [H,, x g]®, Gn = 0, G® = 0 (the electric
field can be included as well). —gQ,,G3 can be viewed as the potential energy in the

impact parameter plane U; = —F; - 5, where F; is the corresponding Lorentz force. The
¢i(z, p) can be taken in the form

2.0 = exp {25 5 [ a2l +mi )

ap;

dz

— Fi(2).
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(99'|Slq) = —ig(2m)*8(Ey + By — Eq) /_oo dzV (2,{A})0(Pg(2) + Py (2) — Pq(2))

z 52(2)+m2  p2(2)+m2  BI(Z)+m?
xexp{—i/ dz’ [pq (2; a _ Py (Q)E J d 5 d
0 q g !

where V' is the spin vertex factor.

Using 77y (2) + 5,/ (2) = 4 (2) (since Fy, = I, + /) we obtain the gluon spectrum

dP 1 .
dr (27)2 /dpg(oo)/dzldz2g(zlaz2)
z = 2 2 = 2 2 =2 2
e i/de Py (z)—|—mq_pg (z)—l—mg_pq/(z)—l—mq |
21 2E, 2E, 2E
(21,22) = ca D V(22 ANV (21, {A}) = 91d(22)d(z1) /1® + (1)
g1, 22 _8E§:13(1—:13) 2, 1, = g149(22)q\(=z1)/ g2

{A}

with g1 = Cas(1 — z + 22/2) /x, g2 = Casmiz®/2u?, C = |X%, x5 /2],
q(z) = pg(2)(1 — x) — Dy’ (2)z, p = Eqz(l — x).
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Gluon emission in a uniform field

For a uniform field cy(zQ)cj(zl) —[Q2 - F272/4],Q = (21 + 22)/2), T = 22 — 21, and
= df/dz = Fy(1 — x) — q/x. After replacing the integration over p, (co) by the
mtegra’uon over ) we obtain

= d dr | —= —
dLdxr  (2m)2 / Q/_oo ! [/ﬂ <Q 4 T 92

- 2 ~2 72 3
with ®(7, §) = J;ff )7y f24; e? = mZz? + mZ(1 — z). Integrating over T by parts

exp [—i® (T, Q)]

one can kill Q2

dP
de:B

22
R (o e

dP : 0 £2, 2 2 2.3
= _ B g 62+fT — g2 | exp —i€T+fT .
dLdx 27 J_oo T | p? 2 2/ 241

Here it is assumed that 7 has a small negative imaginary part. The integral around the
lower semicircle near the pole at 7 = 0 plays the role of the f: 0 subtraction term.
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In terms of the Airy function Ai(z) = %\/%Kl/3(2z3/2/3) (K3 is the Bessel function)
the spectrum reads

dP a ./ 0
= —Al b dyAl
ST i (k) + L yAi(y) ,

where a = —2€2g1/p, b = pge — €291/, k = 62/(u2f2 1/3,
Thus the effect of field is only accumulated in f 2 = qu,2

Our spectrum disagrees with that obtained by Shuryak and Zahed [Phys. Rev. D67,
054025 (2003)] in the soft gluon limit within the Schwinger’s proper time method.

® |n the SZ formula the argument of the exponential contains ﬁq?mg +F2

B |n the pre-exponential factor instead of 2 SZ have ﬁq?:z:g.

The SZ predictions are physically absurd: The spectrum is insensitive to the relation
between the signs of the color charges of the final partons. The ¢1 — gz g3 transition for
the chromomagnetic field in the color state A in the massless limit vanishes (since

—

F, = 0). This process is analogous to the synchrotron radiation in QED, and there is no

physical reason why it should vanish. Since the pre-exponential factor contains the
Lorentz forces in non-symmetric form it is clear that the g — gg spectrum will have
incorrect permutation properties.
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The g — gq’ spectrum for magnetic field in the color state A for gHA/mQD = 0.05 (a),
0.25 (b) and 1 (c), s = 0.3, mq = 0.3 GeV, my = 0.4 GeV, the initial quark energies:
E, =20GeV, £, =40 GeV, E,; = 80 GeV.
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The ¢ — gq’ spectrum for specific color states. as = 0.3, E, = 20 GeV, magnetic field is
in the color state A with gHA/'mQD = 0.05 (a), 0.25 (b) and 1 (c).

q1 — gaq, Q% =1/2, Qfﬁ( = 1/2, Q% = 0 (analogous to e — ~e in QED)
/

g1 — gzq3, Q% =1/2,Q% =0, Q% = 1/2 (vanishes in SZ)

g1 —9xq2, Q4 =1/2,Q% =-1/2,Q% =1

g3 — gvq1, Q% =0, Q% =1/2,Q% =-1/2
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Energy loss due to synchrotron radiation

Without magnetic field jet quenching is dominated by the induced gluon emission due to
multiple scattering on thermal partons. The collisional energy loss gives small effect
AEcoi/AEqq ~ 0.2 —03,and AE.,;/E ~ 0.03 — 0.05 at E < 40 GeV

Can the synchrotron radiation modify strongly the jet quenching?

2
€mag <gH>

— Y~ | S5

€thermal m,
This ratiois ~ 0.3 if gH ~ mQD. Such a value of magnetic field is required by the
scenario with turbulent viscosity [Asakawa, Bass, Muller (2007)] for explaining small /s.
gH ~ m?% gives AE/E ~ 0.1 —0.2at E ~ 10 — 20 GeV for L ~ 2 — 4 fm.
The finite-size effects become importantif L. ~ L. We have L., ~ 1 — 2 fm. The

finite-size effects may suppress the energy loss by a factor ~ 0.5.
The finite coherence length of the turbulent magnetic field, L., suppresses the radiation

as well. For the unstable magnetic field modes the wave vector k2 < meD [Asakawa,
Bass, Mdller (2007)], we have L., /L. > 1. The turbulent suppression should not be

strong, and as a plausible estimate one can take the turbulent suppression factor ~ 0.5.
With these suppression factors we have

AE’synch ~ AE1coll
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Conclusions:

|

We have developed a quasiclassical theory of the synchrotron-like gluon radiation.

In the QGP the gluon spectrum is dominated by the processes with emission of the
charged gluons, the effect of the neutral gluons is relatively small.

The parton energy loss due to the synchrotron radiation may be important in the
jet quenching if the QGP instabilities generate magnetic field H ~ m%, /g.

Our gluon spectrum disagrees with that obtained by Shuryak and Zahed. Simple
physical arguments are given that the SZ spectrum is incorrect.
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