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Color probes in the medium

QGP
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Color probes in the medium
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Color probes in the medium

o W, kL medium-induced radiation
(BDMPS-Z, GLV, HT,...)
= .
— — b einclusive observables
QGP
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Color probes in the medium

oY W, k.L medium-induced radiation
(BDMPS-Z, GLV, HT....)
=
o — einclusive observables
QGP
.
Q0000
% Q00000 = ? (working models)
2 eexclusive observables
ejet substructure
QGP A~
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What is a jet!

Main features in HIC: ® 3 fragments into

* significant dijet energy many partons with virtuality
asymmetr
Y / ® | PHD: hadronization does not

e soft particles at large angles . : ,
P J J affect inclusive observables (jet

e vacuum-like fragmentation

of hard jets shape, energy distribution etc..)
I S— B e« . . 1 , NG
Large time domain for pQCD: 75 <t N2
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Coherent parton evolution
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w Jet scale: Q = EOjet
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Coherent parton evolution

w Jet scale: Q = EOjet
/// B
// @ / d

O—=<"— »p dzPC 2 (x/z, zQ)

A |/ = zE —_ dlog Q

O
/
Q =wb ~w @_]et = | effective scale
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Coherent parton evolution
w Jet scale: Q = EOjet

// B
Q’l@jet% —{ D d DB (x /dzPC )D& (x/z, zQ)

A 1/ = zE ~__ legQ N 2"

\\
Q =wb ~w @_]et = | effective scale

100 inCOh:Q=1000 GeV
"""""" Con @ 1000 GoV ® resummation of branchings
oE T coh: Q =500 GeV . . .
_ ] ® probabilistic picture
"E . . .
E e \ ® modifications both in the
NE NN r_, soft & hard sector
_ 0.8 | : ..
- os b \ ® basis for precision pQCD
0.001 ;— | | I 1 I ) . . .
o e T Bassetto, Ciafaloni, Marchesini, Mueller,
X Dokshitzer, Fadin, Lipatov (80’s) |
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Antenna spectrum in vacuum

O = Eb, b e laboratory to study coherence effects
- C
e contains important elements of transverse
a BTTTTOO color coherence
C
Q. = 0 ::singlet dN o , ,
—— = + .+20Q, -
Q.! 0:octet Bk (27)2w? [Q”Rb QR Qe ch]
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Antenna spectrum in vacuum

b

O = Eb, ® 3 [aboratory to study coherence effects
- C
e contains important elements of transverse
a T T T T [0) color coherence
C
Q. = 0 ::singlet dN Qs [’ , |
Q.! 0:octet YK (27)%w? -QbRb + QR +2Qy- ch]
Qg -
S @ QT+ QAR T) + QX(R:1 )
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Antenna spectrum in vacuum

O = Eb, b e laboratory to study coherence effects
- C
e contains important elements of transverse
a BTTTTOO color coherence
C
Q. = 0 ::singlet dN Qs [ , '
Q.! 0:octet YK (27)%w? -QbRb + QR +2Qy- ch]
Qg -
S @ QT+ QAR T) + QX(R:LT)

coherent spectra
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Antenna spectrum in vacuum

b

O = Eb, ® 3 [aboratory to study coherence effects
- C
e contains important elements of transverse
a BTTTTOO color coherence
C
Q. = 0 ::singlet dN Qs [ , '
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Antenna spectrum in vacuum

b

O = Eb, ® 3 [aboratory to study coherence effects
- C
e contains important elements of transverse
a T T T T [0) color coherence
C
Q. = 0 ::singlet dN Qs [’ , |
Q.! 0:octet “Bk (27)2w? -QbRb tQeRe+2Qy- ch]
© @ L QR T) + QIR )
tot. charge coherent spectra

Coherent spectrum:
asCF dw df

dN,), =
( Q>1P T we

©(cos § # cos )
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A simple reasoning

® antenna grows during the
formation time of the gluon

® ;| «r1: gluon resolves the
charges of antenna legs

® i1 >r1: gluon resolves the total
charge (O i color singlet)

Yo
T~ yotf = _&!92 /:\_,\‘_‘ \‘: T
’/};’\fﬂ\\ | 'J‘ '
BIN
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A simple reasoning

® antenna grows during the
formation time of the gluon

® ;| «r1: gluon resolves the
charges of antenna legs

® i1 >r1: gluon resolves the total

to to Tt charge (0 if color singlet)
1 1
>\J_ ~N — = —
ki wb )\! <7 %(9<(9()
Bt = 0
'r‘ m\J — T—
AT ki < zQ Z
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m+1

2 2" m
M m+1 ]! IM ™" Vi

universal function (antenna)
peyond the soft limit Ju

ouilding block of the shower i
large-Nc: only nearest neighbor

[Bassetto, Ciafaloni, Marchesini, Mueller, Dokshitzer, Fadin, Lipatov, Seymour, Catani..] /=
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In the soft limit:

T

p’.‘
p; - P;

Vi = (JHk)TT(K5))



Iwo types of radiation

® |Invacuum: w, k|
® bremsstrahlung off an W
O »—

accelerated charge

- driven by the virtuality (dN,} a,Cr dw db
lf\ p—
177 T w 0
® in the presence of a
medium: 500N W, k|
® vacuum-like
o (66 —— b

® medium-induced
- driven by medium characteristics

...see talks by J.-P. Blaizot, Y. Mehtar-Tani
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A new scale in medium

How is the medium resolved
e medium fluctuates with typical
transverse wave length Q'

® zero color on average, ! > Qs
® resolved by ! < Qg1
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A new scale in medium

How is the medium resolved
e medium fluctuates with typical
transverse wave length Q'

® zero color on average, ! > Qs
® resolved by ! < Qg1

— éfs' I ro=1t
Q:(t) = gt TR

S

| transverse momentum sq. per m.f.p. X length 0 {
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Multiple emitters in medium

Mehtar-Tani, Salgado, KT PRL106, 122002; PLB 707, 156; JHEP 1204, 064; arXiv:1205.5739
Casalderrey-Solana, lancu JHEP 1108 (2011) 015

® antenna as a laboratory
® analogous to the vacuum case
® essential elements of transverse coherence

® necessary step toward multi-gluon
emissions
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Multiple emitters in medium

Mehtar-Tani, Salgado, KT PRL106, 122002; PLB 707, 156; JHEP 1204, 064; arXiv:1205.5739
Casalderrey-Solana, lancu JHEP 1108 (2011) 015

® antenna as a laboratory

® analogous to the vacuum case
® essential elements of transverse coherence
® necessary step toward multi-gluon

emissions
! an rog! L
J = Re / dt’ / dt (1 LI\ el O)ﬁ
| 110 0 | ¢
| " | 2 . 1 [ " # 2
|~ | @z exp Lik-z! = [ din(t)"(z)+is%n%t
f%> " # 2 Jy ‘
\E/ ’ "')y I Z#$n ) l‘I)z K(tla Z;t7y/|#)|y:5nt T Sym. eI LT
: /ik\ R\ :'/('/;\
S ~ (9(') Mehtar-Tani, KT arXiv:1105.1346 /\\\\\ A RO
BN /i( ) r' .'
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[nterferences: analysis

Importance of interferences:

e condition: color correlation
between emitters

e what is the probability that the
pair remains correlated?

NFRETR(ERS

decoherence parameter
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Importance of interferences:

e condition: color correlation
between emitters

e what is the probability that the
pair remains correlated? 0 L Q%) =qt

Ameal) =11 xp (1 P QAO) = ta=(@t) ™

characteristic

decoherence parameter decoherence time
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[nterferences: analysis

Importance of interferences:

e condition: color correlation
between emitters

e what is the probability that the
pair remains correlated? 0 L Q%) =qt

Ameal) =11 xp (1 P QAO) = ta=(@t) ™

characteristic

decoherence parameter decoherence time

® at t > 4. Independent radiation
® at short timescales: sensitive to interferences
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Hard scale analysis

¥ r; < Qs_l (Dipole regime) ¥ r; >Q S_l (Decoh. regime)
T A
! -1
! g9 T i I S
J v
. screening
Amed ~ EQ? ré I I | v length
Ameg ! 1" expl|" — 22 (s: characteristic momentum
PL 19 s !

scale of the medium

Mehtar-Tani, Salgado, KT JHEP 1204 (2012) 064, arXiv:1205.5739
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Hard scale analysis

¥ r; < Qs_l (Dipole regime) ¥ r; >Q S_l (Decoh. regime)
T A
! —1
! g9 T i I S
J \/
. screening
Amed ~ EQ? ré 1 g ] v length
.1 L lg <L
| =
Ameg ! 1" expl|" QZS ° ] ()s: chafacteristic Momentum

scale of the medium

Mehtar-Tani, Salgado, KT JHEP 1204 (2012) 064, arXiv:1205.5739
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Medium-induced radiation

One emitter Two emitters
1/Q

< 1/Qs > < S >

> <>

Courtesy: J. Casalderrey-Solana

*Shower transverse size < 1/Qs = radiation as the total charge

*Shower transverse size > 1/Qs = radiation as a independent partons

Revises the usual picture of energy loss!
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Scale analysis

The vacuum-like radiation : 1
. hard = MaXx ( 2/, r
can be characterized @nar (2@, Qs)

using the hardest scale of
the problem. k. > Qnard: cOherence

Mehtar-Tani, Salgado, KT JHEP 1204 (2012) 064, arXiv:1205.5739
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The vacuum-like radiation
can be characterized

Scale analysis

Qhard = Max -(ZQa TJ__la s)

using the hardest scale of

the problem.
12 |
D 10 I
© i
8 .
5 | induced
= 6 vacuum | .o diation
g <o 4 L
,73 coherence
5 2F
0 P Y | L35 1 1 L P 5
0 04 02 03 04 05
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B Mehtar-Tani, Salgado, KT JHEP 1204 (2012) 064, arXiv:1205.5739

k, > Qnard: coherence

> Qhard/$

Assume zQ is small, then:

® medium scales open phase space
® no interferences inside




Jet modification: first steps

® Wwhat does the antenna dynamics imply
for the jet fragmentation?
Casalderrey-Solana, Mehtar-Tani, Salgado, KT in preparation... ;_
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Jet modification: first steps

| QGP

® Wwhat does the antenna dynamics imply
for the jet fragmentation?
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Jet modification: first steps

QGP

® Wwhat does the antenna dynamics imply
for the jet fragmentation?

/'\\ . | \'\ 1. '//\

. : : O/ Y & NS

Casalderrey-Solana, Mehtar-Tani, Salgado, KT in preparation... /&/< [ &&s <)

| | . A . .

« . e . . » ' N \ ‘ ;") r: i
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Antenna: in the jet
AO: AL <P

to totts
Amed =11 eXp (' %Ti@?(tf))
D\U_ K 1//“’Ju_
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Antenna: in the jet

AO: AL <T ® consider local scales

to totts

1
Amed =11 eXPp (' Erng(tf))
D\U_ J\, U/KLL
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Antenna: in the jet

AOTAL ST ® consider local scales
® r, «Qs': unresolved

® all modes #,«Qs

to tot+ts
A — 1! | 1 Q? ()
med — . eXp . 12 /rJ_ S f

Pt ‘ﬁ - ‘\7("";\_\

N [IRVAsL /7
k!_L '!\J 1//K"LL /j:\i:\\ \"', \’,.f.’, u'/,/ /
"1 g .LA"-;B r: » g\
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Antenna: in the jet

AOTAL ST ® consider local scales
® r, «Qs': unresolved

® 3ll modes #, «Qs’
® r, »>Q"': resolved

® # <Qs': coherence

to tot+ts ® # >Qs': decoherence
A = 1 | | 1 2 2
med — 1: €XP | . ETJ_QS (tf)
Ay & 1//Mu_ K\\ \ o (,////
" ,—‘,f._\ ~/ ( o End
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Antenna: in the jet

AOTAL ST ® consider local scales
® r, «Qs': unresolved

® 3ll modes #, «Qs’
® r, »>Q"': resolved

® # <Qs': coherence

to totts ® #,>Qq: decoherence
1
Amea =11 exp (! E?ﬁ%(?ﬁf)) I hard modes are -
Ny b UKy not resolved! <
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Parametric behavior

Generic scaling will involve the medium length L

2 2
In terms of angles:  Apeg =11 e et/
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2 2
In terms of angles:  Apeg =11 e et/

~—

jet definition (%Ge.=R)!
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Parametric behavior

Generic scaling will involve the medium length L

2 2
In terms of angles:  Apeg =11 e et/

R

—
0. = 1/\/ gL3  jet definition (Ye=R)!

K. Tywoniuk (Lund University) “Antenna radiation in medium” 17 1217




Parametric behavior

Generic scaling will involve the medium length L

2 2
In terms of angles:  Apeg =11 e et/

/" N“ %
4
" il )

—
'\.“ 0. = 1/« /GgL3  jet definition (%ge=R)!

In central collisions: %et > " ¢
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Parametric behavior

Generic scaling will involve the medium length L

2 2
In terms of angles:  Apeg =11 e et/

/'rﬂ“ %
4
" ke ] )

—
Ty 0.=1/y/qL3  jet definition (%e=R)!

Coherent inner ‘core’
® branchings occurring inside the

medium with " <" ¢
_ ® modes with #.<Qs " (k. >Q:s)
In central collisions: %t >"c ®tr<L! Q2L<$ <E '
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Resolved eftective charges
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Relevant for LHC

® study the magnitude of the & |
medium resolution @ LHC 508

® PYTHIA 8.150 + 3D hydro + o 06

ved

nres

FastJet (anti-kt, R = 0.3) 0-45_
® substructure analysis with 22
Rmed =" ¢ ::l,: 0_55— K=1,10
® often we only have one uf 04p ", Pr=100,20p Ged
effective fragment within RI ™ 03
® contains most of the jet 221:
energy 0 _0.1 0.2 03 04 05 06 0.7 0.8 0.29
311901 (3011); Phys Rev, €83, 031902 G011 a(r) = 2K e¥4(1) /)"
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Relevant for LHC

increased
collimation =

® study the magnitude of the & |
medium resolution @ LHC 508

® PYTHIA 8.150 + 3D hydro + o 06

ved

nres

FastJet (anti-kt, R = 0.3) 0-45_
® substructure analysis with 22
Rmed =" ¢ ::l,: 0_55—' K=1,10
® often we only have one uf 0.4 pT =100, 20p Ge\
effective fragment within R1™ 93¢
® contains most of the jet 221:
energy 0 _0.1 0.2 03 04 05 06 0.7 0.8 0.29
e B oinen s NI RS () — 9K 3/A(r) g
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Relevant for LHC

increased
collimation i

® study the magnitude of the & |
medium resolution @ LHC 508

® PYTHIA 8.150 + 3D hydro + o 06

ved

nres

FastJet (anti-kt, R = 0.3) 0-41
0.2 =
® substructure analysis with g _
y L 06F resolution
Rmed - N o5 K=1,10
® often we only have one uf 0.4 ., Pr=100,20p Ge
effective fragment within R1™ 93¢
0.2
® contains most of the jet o1b
ener £
gy 0 0.1 02 03 04 05 06 0.7 0.8 0.9
Z
T. Hirano, P. Huovinen, and Y. Nara, Phys.Rev. C84, . 3/4 A TRVATSE
011901 (2011); Phys.Rev. C83, 021902 (2011). CI(T) = 2K g%/ (7') (S ot PEN
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Modifications of the FF

CMS PAS HIN 12 013 hlghpT low p;
rrrrrrrrr°* T [ L [T’ | | RELELELE DU BLAL
3:_ CMS Prehmmary _3 3_ Jet p > ‘IDUGeWc Il <2
F L —129 ub! 1 Track p, >1GeV/c,r<0.3 ]
25F " i F +-Z
o : 1 ¢ ]
e 2f 1 F ]
O : I * ]
% 1.5F + - . .
o ] 1 E
1:_+_._._._;_._._._'_1_: A Y ::‘.-'-- .
0.5F 50%-100% 3 F 0% - 10% 1
ot S T leeoeted Blovoeoboia,l i Bl
0 1 2 3 4 5 0 1 2 3 4 5
€ =In(1/z) g =1In(1/2)
l’ .
o . . €4 o o o o » .
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Modifications of the FF

CMS-PAS HIN-12- 013 highp low p+ _
S E  Jetp, >100GeV/c, hi<2 VILLA: collimated modes
255_ L, =129 ub! _ _ Trackp >1GeVic, r<0.3 _
g . ot Qo < ki < zE#,
% 15- ° -+ - . ) [ .
'FI T [ T T T Q() | no modification of
0.5F o-100% 1 F % -10% 1 :
R A e z > " the fragmentation
0 1 2 3 4 5 0 1 2 3 4 5 EQC .
€ = In(1/z2) £ = In(1/2) function!
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CMS-PAS HIN-12- 013 hlghpT

----------------------------- TR RN LRI RN RELELELE B
E L, =129 !_lb-1 1 ¢ Trackp >1 eWc r-::C-S f
2.5F -] .
S 1 :
o 2 1 F .
0 . 1 © *
% 1.5F + - . .
o " 1 ]
L e @ e - L

— p— L e F—— — — — — — 2F0 . ]

0.5F 50%-100% 4 F 0% - 10%
O: llllllllllllllllllllllllllll IIIIIIIIIIIIIIII IIIIIIIIIII

Modifications of the FF

MLLA: collimated modes

z >

K. Tywoniuk (Lund University) “Antenna radiation in medium”

Qo < ki

Qo

F0c

=0.05, E=100 GeV, Qo=1GeV

< zFE#H.

no modification of
the fragmentation

function!
7N 1 » —\
J r:-\_ .-\ 1,, [ ’i ‘
'4 J -; A
20 | A
e
)



Modifications of the FF

CMS-PAS HIN-12- 013 highp low p;

of oMS Protminary T Frern, Siooceviom<s ] MVILLA: collimated modes
5 Lm[:129”b-1 1t Track p_ >1GeVic, r<0.3 :
2.5F 1 F ]

g t Qo < ky < zE8,

o qsf H i .

o ] oo 1§ = E 5 e :
it B B e b St Q() . o modification of
e A e z > " the fragmentation
0 1 2 3 4 5 0 1 2 3 4 5 EH -

€ = In(1/z2) £ = In(1/2) C function!
E.g.! ~0.05, E=100 GeV, Qy=1GeV
® finite medium resolution power, medium sees the jet in
terms of effective charges
® no modification of the fragmentation of collimated hard
fragments
® 4l constituents lose energy coherently!
® detailed aspects: need further study (O] o PN
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Conclusions

® establishing an understanding of jet
dynamics in medium in terms of hard
scales

® common framework for jet fragmentation &
medium-induced radiation

® developing a space-time picture of
radiation

® new picture of “jet quenching” dictated
by color coherence emerges

...see also talk by Y. Mehtar-Tani

| 97/
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Backup
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Onset of decoherence

- In the soft sector

12 ] $& O
@ 10
S [
3 8 |
S medium-induced A e
% 6 radiation med - Coherence
H3 4 F  vacuum ~——_
' - radiation T Tm——_]
te) o L
O 1 | L 1 1

Mehtar-Tani, Salgado, KT PRL106 (2011) 122002; PLB 707 (2011) 156
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Onset of decoherence

- In the soft sector

12 $& 0

@ 10 -

e} [

3 8 |

0 ! medium-induced |

% 6 radiation Amed I C Coherence

T: 4f vaowm | | eq — 1 Decoherence
2
O PN [T SR SR TN (MO S s S [ T S S (S

0 01 02 03 04

Mehtar-Tani, Salgado, KT PRL106 (2011) 122002; PLB 707 (2011) 156
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Onset of decoherence

- In the soft sector

12 $& 0
@ 10
®) [
% i dium-induced
T\ZJ 6 F radiation Amed I O COherence
CRL 7 (e | ed — 1 Decoherence
el i radiation ———d
2
°% 01 02 03 04 Geometrical separation!

Mehtar-Tani, Salgado, KT PRL106 (2011) 122002; PLB 707 (2011) 156

K. Tywoniuk (Lund University) “Antenna radiation in medium” 23




Onset of decoherence

- In the soft sector

12 $& 0
@ 10
O [
3 8 |
B _ medium-induced
Z 6f radiation Amea! 0  Coherence
T: A veewm e | .. —1 Decoherence
2r
°% 01 02 03 04 Geometrical separation!
8
dN,>. = — — T~ oocd [O(cost — cosl,g) + Amed O(COSH,4 — COSH)] .

Soft gluons with long formation times
e al| particles radiate independently
® “memory loss”: no color correlation to parent

Mehtar-Tani, Salgado, KT PRL106 (2011) 122002; PLB 707 (2011) 156
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