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Large time domain for pQCD: % <ts< A;Q/ED
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QCD COHERENCE IN VACUUM
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EXPERIMENTAL EVIDENCE
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TASSO Collaboration, Z. Phys. C 47 (1990) 187
OPAL Collaboration, Phys. Lett. B 247 (1990) 617

Intrajet distribution:

“Humpbacked” plateau
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ANTENNA RADIATION IN VACUUM

The antenna is a laboratory to study
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ANTENNA RADIATION IN VACUUM

Qq=—Cg  :singlet
Qq+ Qg = Q4 :octet

The antenna is a laboratory to study
coherence effects.

a _ _» K’i a R' al . 7

M= i [ 5
k'=k'— xp’
dN Vac o

W dgk — (27T)2w2 (QgRCOh + (Qq + Q(j)zj)

destructive

Reoh :@q + Ra_ interference

V

independent rad




ANGULAR ORDERING

aSCF dw db
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ANGULAR ORDERING
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total charge of the emitting system
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ANGULAR ORDERING

(dNg)yp = % Cr du dg@(cose — cosfy3)

T w 6

Fundamental building block of the QCD cascade!

Reason: emissions at large angles are sensitive to the
total charge of the emitting system

Q1: how will the coherent structure of the jet be
altered when immersed in a deconfined medium?

Q2 (easier): how will the antenna radiation pattern
look like in medium?



| CMS Experiment at LHC, CERN
/ Data recorded: Mon Nov 8 11:30:53 2010 CEST
—_'| Run/Event: 150431 / 630470

HOW DOES A JET LOOK LIKE IN A
NUCLEUS-NUCLEUS COLLISION?
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|) large energy loss of
leading particle
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MEDIUM-INDUCED RADIATION

Baier, Dokshitzer, Mueller, Peigne, Schiff (1997-2001), Zakharov (1996),
Wiedemann (2000), Gyulassy, Levai,Vitev (2001-2002)
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MEDIUM-INDUCED RADIATION
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MEDIUM-INDUCED RADIATION

Baier, Dokshitzer, Mueller, Peigne, Schiff (1997-2001), Zakharov (1996),
Wiedemann (2000), Gyulassy, Levai,Vitev (2001-2002)
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ANTENNA RADIATION IN MEDIUM

Mehtar-Tani, Salgado, KT PRL 106 (2011) 122002
Mehtar-Tani, Salgado, KT arXiv:1102.4317 [hep-ph]

x*=0 xt=L*

eikonal approximation for fixed
opening angle of the pair g* y*
medium is modeled as a classical
background field
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ANTENNA RADIATION IN MEDIUM

Mehtar-Tani, Salgado, KT PRL 106 (201 1) 122002
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eikonal approximation for fixed
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Mehtar-Tani, Salgado, KT PRL 106 (201 1) 122002
Mehtar-Tani, Salgado, KT arXiv:1102.4317 [hep-ph]
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eikonal approximation for fixed
opening angle of the pair
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background field

Jo(z) = gU,(z+,0) 6B (z —

Classical Yang-Millseq:  [D,,, F*| =J" |, [D,,J"] =0

o .
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Gelis, Mehtar-Tani (2005), Mehtar-Tani (2007)

Linear response: OA" — 2ig [A

med’

8+Az’] _

10



ANTENNA IN MEDIUM

Y. Mehtar-Tani, KT arXiv:1 105.1346 [hep-ph]
C.A. Salgado,Y. Mehtar-Tani, KT, in preparation
E. lancu, J. Casalderrey-Solana arXiv:1105.1760 [hep-ph]

Multiple scattering = effective propagators:

J = Re{/ dy’*/ (1 = Amea(y™,0))

1

I+

00 + 7
X /sz exp [—z’k Lz — 5/ d¢n(§)o(z) + i%5n2y+
y -
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x (8, —ikTén) -0, K(y'", z; ,7J+,y|lc+)|y=6ny+ } + sym.
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ANTENNA IN MEDIUM

Y. Mehtar-Tani, KT arXiv:1 105.1346 [hep-ph]
C.A. Salgado,Y. Mehtar-Tani, KT, in preparation
E. lancu, J. Casalderrey-Solana arXiv:1105.1760 [hep-ph]

Multiple scattering = effective propagators:

J = Re{/ dy’*/ (1 - Amea(y™,0))
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<
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P

\/

x (8, —ikTon) -0, Ky ", z;y",y |k+)|y=5ny+ } + sym.

(57’L| £ qu

Describes Brownian motion through medium potential...
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The opacity expansion

[Baier, Dokshitzer, Mueller, Peigne, Schiff, Wiedemann]

Propagation and interaction is encoded in the path integral:
+

K+ 50" wlk) = [ Dlr) exp [ [ a (50 - ;n@)o(r))]



The opacity expansion

[Baier, Dokshitzer, Mueller, Peigne, Schiff, Wiedemann]

Propagation and interaction is encoded in the path integral:
+

K (v/* 207 ylk) = [ Dlrl exo [ [ o (e <s>—;n<s>o<r>)]

Expansion in terms of n(§)0(r) = the medium opacity:

K(r,y;;%,71) = Ko(r, yi; ¥, 71)
z/

—/ dé n(€) /dplCo(r,yz;p,S)%0(0)’%(40,5;?,3%)

z

!/ /
z z

+/d£1 n({l) /dfg n(fg) /dpl dp2’C0(raylap17€1)

z €1
X % o(p1) K(p1,&1; p2,&2) %U(Pz) Ko(p2,&2;T, 1) . (6.2)



MODELING THE MEDIUM

Poisson equation: ~91 A (7, x) = pmea(zT, )

Gaussian approximation:
(Pnea (@™, @)prea(@™, @) = 6°m, n(a™) d(a+ — ') (2m)%6®) (¢ — ¢')

(Ahea(@h, @) Afca (™, @) = 6°mp, n(z™) o(z™ — ')

x (2m)?0 (g — ') V*(q)
® Medium is a set of static potentials
with screening length mp-!
® No recoil
® Mean free path: A
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AMPLITUDE AT N=1

Describes two physical processes of a virtual parton traversing the medium:

a 0 d2q > ab (k™ —v )zt
(DAq — 27’92/ (27-‘-)2/0 da [T'Amed(a?+>Q)] QZ ek )

v 1/2
; +
X [ﬁ_L exp (Z%—_I_Qj )] - €)
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AMPLITUDE AT N=1

Describes two physical processes of a virtual parton traversing the medium:

a 0 d2q > ab (k™ —v )zt
(DAq — 2292/ (277)2/0 da [T'Amed(x+7q)] QZ ek )

p ~ 7 v?
P X — L exp|i—2zaT || €y
o 2k
Hard emission K - |
. > / k' =k"— zpz
with rescattering 4 i i g oy
V' =k'—q" —xp

\_ J
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AMPLITUDE AT N=1

Describes two physical processes of a virtual parton traversing the medium:

d2
(2m)?

(DAg = 2i92/

q/dw
0

-
p

Hard emission
with rescattering g

~

q

i p B o c
_|_
b
F=oN “ N %%@ %
a: g ’“

é@?

%

14

T Amed Qb i(k~—v )z
’ @exp sz—_l_a;' )] - €E)
ot — i :Ep
V= l~cZ —q' — zp
N
L1patov vertex
v K
L= 2 2

emedium-induced emission
off an on-shell particle

\_ J




INDEPENDENT RADIATION

o —_
(00) \o}

w dN [indep] /dw

o
\V)

—
T T

o

R L[fm] mp [GeV]

5

’ .

indep
dN;

“dw 2k

(n/mD

8(X3(7F’d

s

L-I-
/V(q) /0

0.001

dr™

1 — cos

il ) = (87 CA
1 : g )‘mfp
(k — Q)2x+ k-q
2k k*(k — q)°
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INDEPENDENT RADIATION

dNindep A LT L — 2 L .
w—2 — = 8aSCFq/ / dx™ 1—cos( +Q) il 5 el 5
dw d°k I8 V(q) J0 2k k (k; — q)

Incoherent limit: k-q 4 (_ 1 1 L2)
q/wq) k*(k—q)? 2 /v<q) 2 ke
(L—c0)
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INDEPENDENT RADIATION

lendep L SQSCFC_/Z\ / /L+d + (1 (k - Q)Q + k- q
5 = i — COS T X 5 5
dwd k I8 V(q) J0 2k k (k; — q)

Incoherent limit: k-q 4 (_ 1 1 L2)
q/wq) k*(k—q)? 2 /v<q> 2 ke
(L—c0)

dSO.(nas)( )
li = — N
et Z d(Inx) dk 772 ¢ Cr

Probabilistic
X [(1 —wy)H(ky)+noL / Hk, +aqi1) interpretation!
d1

—I—noL/q R(kb(hL)] : Wiedemann (2000)
1
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INDEPENDENT RADIATION

dNindep 8 Cw é LT . 2 .
W q2 _ 2% Fq/ / dx™ 1—cos(k +Q) ol 2k 4 >
dw d<k I V(q) J0 2k k (k; — q)

Incoherent limit: / k-q g / ( 1 1 2)
" g = —— + L
v K2(k—q)? 2Jvg \ K (k—q)?
(L—c0)
N=1 ;3 (nas) ot
Jim C;(‘f ) d(f) — 22 NpG
—00 nxr TT<_o®® eqe o
m=0 e Probabilistic
& . .
X [(1 —wy)H(ky)+noL | H(ki+qi1) interpretation!
d1

+ng L /ql R(kb(hL)] : Wiedemann (2000)
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INDEPENDENT RADIATION

dNindep 8 Cw é LT . 2 .
W q2 _ 2% Fq/ / dx™ 1—cos(k +Q) ol 2k 4 >
dw d<k I V(q) J0 2k k (k; — q)

Incoherent limit: / k-q g / ( 1 1 2)
" g = —— + L
v K2(k—q)? 2Jvg \ K (k—q)?
(Leoo) - .
N=1 .3 (nas) Lo
Jim C; (‘1’ ) d(f) — 22 NpG
—00 nxr TT<_o®® eqe o
m=0 e L Probabilistic
& . .
X [(1 —wy)H(ky)+noL | H(ki+qi1) interpretation!
d1

+ng L /ql R(kb(hL)] : Wiedemann (2000)

16



INDEPENDENT RADIATION

dNindep A LT . 2 L .
w—r 5 = SQSCFQ/ / dr™ | 1 — cos & +Q) g5 5 1 2
dw d°k I8 V(q) J0 2k k (k; — q)

Incoherent limit: k-q 4 1 1 2
q 2 2~ 9 7 T L 5 T
vig) k°(k —q) vig \ k7 (k—q)? .
(L—00) . , .

L 4
-

d3 (nas) . e xx' x/'
L]im d(? )d(l:n) = 042 NQEF " _o**
—00 nxr T, e" .’ .’ « 1 .
m=0 P L Probabilistic
"' ¢’¢' ° °
X [(1 —wi)H(ky)+nol | H(ks+air) interpretation!
i .+"

o
—I—noL/q R(kb(hL)] : Wiedemann (2000)
1

N=1
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THE TOTAL SPECTRUM

GRS 8asCrq L
W—gpg — Seord / / dx™
d k /A V(q) 0

{[1con (22 imat) | -2
()] - 2
e G ) -] 7

two phase structures: two vertices:
“dipole” phase, involving Lipatov vertex
the opening angle “gluon-gluon” vertex

LPM phase, describing
rescattering interference
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THE TOTAL SPECTRUM

dN™ed 8a,Cr g /L+ .\
w = dx
Bk .
two phase structures: two vertices:
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rescattering interference
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THE TOTAL SPECTRUM

d Nmed
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d3k
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THE TOTAL SPECTRUM

d Nmed
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d3k
two phase structures: two vertices:
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THE SOFT LIMIT

KR e vacuum-like
e antiangular ordered

18



THE SOFT LIMIT

. ¢ vacuum-like

lim L ° 1_—1 — 2 _2 .
w0 KK e antiangular ordered

AN 8a,Crik-k &
v - Ba R%/O L (e

w
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THE SOFT LIMIT

g KR e vacuum-like

11 . = — .

w—0 K2K? e antiangular ordered
N

A _ L
demed o 8asCrqlk - K dm+0(‘5n|ﬂﬁ+)
d3k 7 K%K | /o
( . \Q‘_/
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THE SOFT LIMIT

g KR e vacuum-like
lm . p—
_2 °
w0 K°K e antiangular ordered
A X - )
dN™!  8a,Cri|k -k L n n
w——— = = dx"o(|dn|z™)
d2 k T KK ||/o
[ k y .- > 4
7 dipole-medium
o Cross section

\_
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THE SOFT LIMIT

T AL e vacuum-like
w0 K2R e antiangular ordered
N Yo p
demed - 8asCrglk-k| " dz* o (l5mlet)
d3k 7i8 H2R 0
e dipole-medium
L cross section
\
, dNEE o | A R
(27T) w dgk — w2 CF (Rsmg + 2 med j) + CA(l med) j

7-\>/sing = 7?/q + R(j — 2j
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SATURATION

7 |mpat

~ Lt
Amed (045, L) = m%/o dz™ [1
D

Medium decoherence parameter

—> controls the cancellation of interferences

LT

71 |mp ™

s ()]

71| =|dn|LT ~0,.L

LT

r A
1 -1
Amed = = LT r3 |In + const. ri.™ > mp
6 rimp " ] 77 .
» “dipole” regime
- J
(" )
-1
Amed ~ nOL+ = Nscat I1™ < mp
» “saturation” regime
N\ J

19



MULTIPLE SCATTERING

Wilson line along the trajectory:

-+

Up(:v+,0) = P, exp {zg/ dz™ [T : Ar;ed(z+,z+pJ_/p+)] }
0

Only the quarks are » o ,
rotated in color: Jg (k) = _ZgﬂUp (L,0) Qq
1
Amed =1 = s5—=(Tr Up(zt,0)U (z,0))

| <>
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MULTIPLE SCATTERING

Wilson line along the trajectory:

:B+
Up(:v+,0) = P, exp {zg/ dz™ [T : Ar;ed(z+,z+pJ_/p+)] }
0

Only the quarks are ) P a1
rotated in color: (k) = —ig p-k P (£,0) €
1 I
_ 1 _ + T(t |
Amed — Ng 1 <’I‘r Up(ZC ) O)Up (SC ! O)> qu §>
Multiple soft scattering approximation :
Aped = 1 — 6_%26{92@ L’ 0" L |

q: medium transport coefficient
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ONSET OF DECOHERENCE IN
MEDIUM

Amed — 0 Coherence ‘
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Amed 7 0  Coherence

Amed — 1 Decoherence



ONSET OF DECOHERENCE IN
MEDIUM

Amed — 0 Coherence
Amed — 1 Decoherence

asCr dw sinf db

AN, = O(cos — cosb,z) + Apmeq O(cosb,; — cos )] .
o, = 2R 2 B2 g 10) + Buned ©(c05 6,5 — cos )]
12 Mehtar-Tani, Salgado, KT
[ PRL 106 (2011) 122002
@ 10
ke, [
S 8f
§ i medium-induced
S 6 ] ~_ radiation
38 4F vacum | T~
> [ radiaton S>> @00 TT=——
| ol
O ||||||||||||||||||||||||
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ONSET OF DECOHERENCE IN
MEDIUM

Amed — 0 Coherence
Amed — 1 Decoherence

asCr dw sinf db

tot
dN, % = — — 1 ool [©(cos O — cosby3) + Amea O(cos O, — cos )] .
12 ' Mehtar-Tani, Salgado, KT
ot _ o,Cr dw sinf df o0} PRL 106 (2011) 122002
DV | opaque ™ w 1—-cosH 3 gt
S medium-induced
% 6 radiation
1) Independent emissions! 3 4F vaowm | vl
: radiaion D> = ~TT=—_]
2) “Memory loss” effect S 2}
O PR I T [ T S Y [ S A

0 0.1 02 03 04
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DECOHERENCE

- a two scale problem!

* 7. <Q;' (Dipole regime) ° r; > Qs_l (Decoh. regime)
t A
Q—l @ch T . Qs_l
screening
) Aog ~ 1 v length
2.2
Qs TJ_]

k, < max(O., ;1)
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DECOMPOSITION

independent:
BDMPS/GLV

novel interferences
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w=1GeV [
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w =10 GeV
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antiangular
ordering

large angles



¢ H EHE Ny e 6 o o o

" Rmed 1 :jmed :
0.8 - e et .
i w=1GeV [ w =10 GeV - = e o0 o0
0.6
©
1/r, =0.7 GeV 1/6
304F L
S
Z 02 ]
O > . : .
3 Oman antiangular
0.2 L=6fm | ordering
25 oo=5C:‘|eVE \ w =20 GeV

large angles

inside cone




LARGE ANGLE BEHAVIOR

ANT 84O g o ;
W7z = = Fq/ / d$+[1—cos<y+y-5na:+)]
e T v Jo 2

dN™ed 8 aSC’F gL
w p—
d’k V(a) =
; 1/k 2

dipole phase term (Lipatov) l—| L
from antiangular ordering to 2 e a
Gunion-Bertsch drop SO )
valid for both regimes 001}

cut-off is Qnard = max(O., r;1) 01,1, 10

kl / Qhard
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INSIDE THE CONE

v K2

dN™4  8a,Cr gLt / (1 sin QqL+> [ v kT on ] { v K }
w f— — .
V(q)

Bk 7 Q,LT V2 (kTon)?

ri”t > mp
this implies that o » @, spectrum is suppressed
only for hard gluons in the “dipole” regime
r,! <« mp
LPM phase is working
independent BDMPS/GLV spectrum close to

the quark and antiquark
important in the “saturation” regime
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w=1GeV [
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Cd
_____
=

w=10 GeV

“Dipole” regime
e dipole size: r,1
e coherent spectrum

— T——

w=5GeV |

“Saturation” regime

e medium scale:

® two components:
e outside the cone
einside the cone

R — —
]
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“Dipole” regime
e dipole size: r,1
e coherent spectrum

B ——-.-.

"Saturation” regime

0.6_'
04r
3 I
>
.002 B
3 g
or _
[ mD=O.5 GeV mD=2GeV
| L=4fm L=6fm
-0.2 Coveed el ol ol
0.1 1 10 100 10 100
W

C.A. Salgado,Y. Mehtar-Tani, KT, in preparation

e medium scale: Qs
® two components:
e outside the cone
e inside the cone
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SCALING BEHAVIORS

r = = 1f
= | O |
2 osf € o8

o E)qq L [fm] mp [GeV] I_é I
Z 06F— o005 2 o5 Z 0.6
© [ e 005 2 08 O i
~ [ —---- 005 3 05 ~~ i
— Q04F———005 3 08 o 0.4
"6 f - 005 4 05 CTJ I
— [ —-—- 005 4 08 — -
— 02F—— o010 1 o5 c 0.2
Z  fF—--—o010 15 05 . — -
e - ——--010 2 05 N Z -

[ T © Or
Ot T IR TET] R TIT R Lol
1 10 100 0.1
| wr,
2 B Interplay of dipole

and medium scales!
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PROBABILISTIC
INTERPRETATION

. . k-q Ci/ ( 1 1 2)
= - —— + +L
Incoherent limit (L—-00) ¢ /V W= 2l KT g2

Inside the cone:
P> same probabilistic picture as before
P> conservation of probability
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PROBABILISTIC
INTERPRETATION

. . k-q Ci/ ( 1 1 2)
= - —— + +L
Incoherent limit (L—-00) ¢ /v W= 2l KT g2

Inside the cone:
P> same probabilistic picture as before
P> conservation of probability

dNmed 8a,Crq L 7
W—0pz - = Fq/ / dﬂ?+[1—cos(u+y-5nx+)] :
d>k T V(q) 0 )

Outside the cone:

P> medium induces new radiation!

B> only Gunion-Bertsch, no hard component
P> because no corresponding vacuum radiation!
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CONCLUSIONS

¥ copious jets in heavy-ion collisions at the LHC
* medium induces soft radiation at large angles
= onset of decoherence
% a two scale problem: r,! vs. Qs
= jet probes medium, and vice versa
> the radiation pattern off an antenna

= building block for jet calculus in medium
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