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Jets in pp @ LHC

http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html

GATLAS

" L EXPERIMENT

Run Number: 152166, Event Number: 347262

= under good theoretical control! [T,
= benchmark processes
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Parton branching in vacuum
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Parton branching in vacuum
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Parton branching in vacuum
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b | Leading singularities
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Parton branching in vacuum
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b | Leading singularities
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Parton branching in vacuum

TASSO Collaboration, Z. Phys. C 47 (1990) 187
OPAL Collaboration, Phys. Lett. B 247 (1990) 617
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Parton branching in vacuum

| H
0 [

hard < ;R > sdft

TASSO Collaboration, Z. Phys. C 47 (1990) 18
OPAL Collaboration, Phys. Lett. B 247 (1990) 6
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Antenna spectrum in vacuum

e decay of a highly virtual particle
¢ a laboratory to study coherence effects

e contains necessary elements of
transverse color coherence
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Antenna spectrum in vacuum

b e decay of a highly virtual particle
¢ a laboratory to study coherence effects
a TTTOOOD e contains necessary elements of
transverse color coherence
Q — E‘gbc
C
dN Qg 9 5
e = Ry + Q¥R +2Q, - Q.J |
A3k (27T)2w2 [Qb b Qc c Qb Qc
> | * Sig)
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Antenna spectrum in vacuum

b e decay of a highly virtual particle
¢ a laboratory to study coherence effects

a DVOVVTO e contains necessary elements of
transverse color coherence

Q E Hbc
C
dN
) _
d3k
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Antenna spectrum in vacuum

b e decay of a highly virtual particle
¢ a laboratory to study coherence effects
a TOVTOTO e contains necessary elements of
transverse color coherence
Q E‘gbc : :
C
dN
W _
A3k
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Antenna spectrum in vacuum

b e decay of a highly virtual particle
¢ a laboratory to study coherence effects

a 0000000 e contains necessary elements of
transverse color coherence

Q = Eby
C
AN . T | |
YEE = i QR QiR +2Qy Q.|
= oy | 9T + @Ry~ 7) + QAR ~ T
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Antenna spectrum in vacuum

b e decay of a highly virtual particle
¢ a laboratory to study coherence effects

a TOOOO0O e contains necessary elements of
transverse color coherence

we = QiRy+ Q2R +2Q,- Q.J |

- QLT + QY (Ry—T) + Q2R: — )|

coherent spectra
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Antenna spectrum in vacuum

b e decay of a highly virtual particle
¢ a laboratory to study coherence effects

a TOOOO0O e contains necessary elements of
transverse color coherence

Q — Eebc
C
dN Qg o | '
s [
- (27)2w2 _Qii"' Qg (Rb — j) T Qg (RC — j)]
tot. charge coherent spectra
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Antenna spectrum in vacuum

b e decay of a highly virtual particle
¢ a laboratory to study coherence effects

a 0000000 e contains necessary elements of
transverse color coherence

Q = E0p.
C
dN . T | |
YEE = i QR QiR +2Qy Q.|
- iz QW+ ARy =) + QR =)
tot. charge coherent spectra
sCr dw db
(dNg), = = - - :j 5 ©(cosf — cosb,z)

Fundamental building block of the QCD cascade!
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How is the jet modified?

No established theory of jets in medium!
e what is the relevant ordering in medium?
e is the process still Markovian?
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How is the jet modified?

No established theory of jets in medium!
e what is the relevant ordering in medium?

® is the process still Markovian?
/

QGP m; N
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How is the jet modified?

No established theory of jets in medium!
e what is the relevant ordering in medium?

® is the process still Markovian? = :
/ P/,

R - |QGP -
QGP %
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How is the jet modified?

No established theory of jets in medium!
e what is the relevant ordering in medium?

® is the process still Markovian? =
/

Easier question:

® how is the antenna spectrum
modified in a medium?
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Decoherence of radiation in media

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

® zero color on average, A > Qs
® resolved by A < Q1
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Decoherence of radiation in media

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

® zero color on average, A > Qs
® resolved by A < Q1

! _ What probes the medium?

What are the typical

dipole transverse sizes? 0
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Medium-induced radiation

AT
i

Tform

Baier, Dokshitzer, Mueller, Peigné, Schiff (1997-2000), Zakharov (1996)
K. Tywoniuk (Lund University) “Decoherence of QCD radiation in a QGP” 9

Longitudinal coherence

e induces a characteristic formation
time larger than mean free path

A

Lform = )\mprcoh tform = w/q

ki2nd — MZNcoh I€2 d— cjw
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Medium-induced radiation
Longitudinal coherence
mr _ - ¢ induces a characteristic formation
L=k time larger than mean free path

A

tform — )\mprcoh tform = w/q

A

kmd ,UQ Neon kmd qw

tform

Baier, Dokshitzer, Mueller, Peigné, Schiff (1997-2000), Zakharov (1996)
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Medium-induced radiation
B Longitudinal coherence
mr _ -1 ® induces a characteristic formation
. A - Mind time larger than mean free path

A

Lform = )\mprcoh tform = w/q

—_—— kina = 1° Neon k2q = /Gw

Coherent spectrum

dN L GL?
wW— X Qg = g\ —
dw tform W
Energy loss:

Baier, Dokshitzer, Mueller, Peigné, Schiff (1997-2000), Zakharov (1996)
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Medium-induced radiation

Longitudinal coherence

mr _ -1 ® induces a characteristic formation
o ) + " "ind time larger than mean free path

Lform = )\mprcoh tform = w/qA
N k?nd = 11° Neon king = V/ qw
Uform
Coherent spectrum

ttorm = L = k12nd = qL = Qs dN L gL?
_ W— X Olg = Qg|\| ——

LPM effect in QCD: dw tform W
e spectrum suppressed torm»L Energy loss: AE o« §L?

Baier, Dokshitzer, Mueller, Peigné, Schiff (1997-2000), Zakharov (1996)
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Medium-induced radiation

Longitudinal coherence

mr _ -1 ® induces a characteristic formation
o ¥~ "ind  time larger than mean free path

Lform = )\mprcoh tform = w/qA
N k?nd = 11° Neon king = V/ qw
Uform
Coherent spectrum
ttorm = L = k?nd = qL = Qs dN L gL?
_ W—— X Og—™— = g\ ——
LPM effect in QCD: dw tform W
® spectrum suppressed trorm>L Energy loss:
o dpd
Local transport parameter(s): ¢(t) = o

Baier, Dokshitzer, Mueller, Peigné, Schiff (1997-2000), Zakharov (1996)
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Induced gluon spectrum

L 21./ 12 12
P2k k k
R~ 4 dt k—k' L —1t)si -
1 ‘”/o /(%)27)( ’ )sm<2@)exp( 2 czw)

Two step process

e quantum emission + classical broadening
e emission all along L

. 2 __ A
* collinear safe! M fkf—vqw

* basis for phenomenology! T} _ o7

Mehtar-Tani, Salgado, KT arXiv:1205:5739
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Induced gluon spectrum

L 21/ 12 12
d“k k k
R, ~4 dt k—k L —1t)si -
1 “’/o /(%)27)( ’ )Sln(zfc_7w>exp( 2 czw)

guantum emission of
gluon with mom. k’

Two step process

I
® quantum emission + classical broadening |
® emission all along L f@?zc}L
I
I

. 2 z
e collinear safe! bij = v
® basis for phenomenology!

Mehtar-Tani, Salgado, KT arXiv:1205:5739
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Induced gluon spectrum

L 21/ 12 12
d“k k k
R, ~4 dt k—k L —1t)si -
1 ‘”/o /(%)273( ’ )Sm<2fc_7w>exp( 2 czw)

prob. of acquiring quantum emission of
mom. k-k’ after L-t gluon with mom. k’

Two step process .
® quantum emission + classical broadening :
® emission all along L f@?zéL
e collinear safe! fk?v=\/é_w |

* basis for phenomenology! T} _ [o7d

Brownian
motion D
Mehtar-Tani, Salgado, KT arXiv:1205:5739 /= = = = <\
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Induced gluon spectrum

L 21./ 12 12
P2k k k
R~ 4 dt k—k' L —1t)si _
1 ‘”/o /(%)27)( ’ )Sm<2fc_7w>exp( 2 @w)

prob. of acquiring quantum emission of
mom. k-k’ after L-t gluon with mom. k’

Two step process

I
® quantum emission + classical broadening :
® emission all along L f@?zéL
I
I

. 2 _ /7
e collinear safe! f/ff = V/qw
® basis for phenomenology! = 0/
— / Brownian

...d mISS|ng .

. . motion %

|n9red|eﬂt--- Mehtar-Tani, Salgado, KT arXiv:1205:5739 L7/ ’
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Multiple emitters in medium

Mehtar-Tani, Salgado, KT PRL106 (2011) 122002, PLB 707 (2011) 156, JHEP 1204 (2012) 064
Casalderrey-Solana, lancu JHEP 1108 (2011) 015
Armesto, Ma, Mehtar-Tani, Salgado, KT JHEP 1201 (2012) 019

® need more emitters to see coherence
® first step toward multi-gluon emissions
® calculating the interference spectrum

00 t’
J = Re/ dt’/ dt (1 — Ameal(t,0))
0 0

X /d2z exp [—z’n -z — 5/ dén(€)o(z) + igantJ 0 ¢t L
t/

x (8y — iwdn) - B, K(t', z;t, Y|w)|,—sn; + sym.
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Multiple emitters in medium

Mehtar-Tani, Salgado, KT PRL106 (2011) 122002, PLB 707 (2011) 156, JHEP 1204 (2012) 064
Casalderrey-Solana, lancu JHEP 1108 (2011) 015
Armesto, Ma, Mehtar-Tani, Salgado, KT JHEP 1201 (2012) 019

® need more emitters to see coherence
® first step toward multi-gluon emissions
® calculating the interference spectrum

j:

Three stage process:
® g propagation + gluon decoherence + gluon broadenir

‘ /
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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 t

Mehtar-Tani, Salgado, KT JHEP 1204, 064; arXiv:1205.5739
Casalderrey-Solana, lancu JHEP 1108 (2011) 015
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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 t

1,
1 — Aned(t,0) >~ exp {—Eqﬁgqt?’}

decoherence parameter

Mehtar-Tani, Salgado, KT JHEP 1204, 064; arXiv:1205.5739
Casalderrey-Solana, lancu JHEP 1108 (2011) 015
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[nterferences: analysis

Importance of interferences:
e condition: color correlation
between emitters

e what is the probability that the q
pair remains correlated? 0 t
N 1 . 9 3 _ (ap2 \—1/3
1 — Aned(t,0) >~ exp {—Eqﬁqqt } = T4 = ( qu)

characteristic

decoherence parameter decoherence time

Mehtar-Tani, Salgado, KT JHEP 1204, 064; arXiv:1205.5739
Casalderrey-Solana, lancu JHEP 1108 (2011) 015
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[nterferences: analysis

Importance of interferences:
e condition: color correlation
between emitters

e what is the probability that the q
pair remains correlated? 0 t
1 2 .3 ~n2 \—1/3
1 — Aned(t,0) >~ exp {—Eqﬁqqt ] = = (qech)

characteristic

decoherence parameter decoherence time

® processes at t > T4: independent radiation
e processes at short timescales sensitive to

interferences

Mehtar-Tani, Salgado, KT JHEP 1204, 064; arXiv:1205.5739
Casalderrey-Solana, lancu JHEP 1108 (2011) 015
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Vacuum: a reminder

(dNg), = o, Cr dw de@(cos@ — c0s 047

T w 6
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Vacuum: a reminder

asCr dw db
dN.),, = O(cos 0 — cos 045
(dNg) T w 0O ( Ha
JANye _asCr [ k <Ok, or 6 < 0y PN/
d3k 7r ‘%f k> 0k, or 0> 0, = 1
S| 1K
0.01;—
o1 10
k2/C)hardz
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Vacuum: a reminder
aSC'F dw db

dNg), = ©(cosf — cosOy5
< Q><P T w O ( qq
de,y* _ asCr #z k <0k, or 0 < 045 fol-- 11
d3k T |% k>0k, or0>>0, i |
S
Z | 4
Hard scale of the problem: |6k| ~ w8,z ol 1k
e determines the maximal oor |
transverse momentum of gluons or L,
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Vacuum: a reminder

aSC'F dw db
dNg), = ©(cosf — cos b,z
< Q><P T w O ( qq
de,y* _ as;Cp #z k <0k, or 0 < 045 0 /K
d3k T % k>0k, or 0> 0, i
S
< | 4
Hard scale of the problem: |6k| ~ w8,z ol 1k
e determines the maximal oor |
transverse momentum of gluons or L,




Hard scale analysis

* ry1 < Qs_l (Dipole regime) * r; > Qs_l (Decoh. regime)
T A
O, —1
O4q ) 1 Il s
J \/
. screening
Aped & E Qg 7“3_ Amed ~ 1 v |ength
1 ry, =60,;L
Amed ~1— eXp[__ Qg 7“3_] e .
12 (s: characteristic momentum

scale of the medium
Mehtar-Tani, Salgado, KT JHEP 1204 (2012) 064
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Hard scale analysis

* 11 < Qs_l (Dipole regime) ° r; > Qs_l (Decoh. regime)
A
O4q s 'l S
\4
screening
Aped & % Qg 7“3_ Amed ~ ] v |ength
Tq > L Ta <K L
SR L=
Amed 1 — eXp[ Q J_]

12

Mehtar-Tani, Salgado, KT JHEP 1204 (2012) 064
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Finite energies

Hard scale of the problem:  Quara = max (r', Qs, 6k)

k, > Qnard: coherence!

Mehtar-Tani, Salgado, KT JHEP 1204 (2012) 064
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—b
(A}

sl
o

&' dNg/dw d6

N A~ OO @

Finite energies

Hard scale of the problem: Quara = max (r1*, Qs,

k. > Qnard: coherence!

__ O > Qnard/w: coherence!

: induced

- vaeum | radiation Medium scales open phase space
' coherence| @ " OUt-of-cone” radiation

" ® no interferences inside

0 01 02 03 04 05

9 Mehtar-Tani, Salgado, KT JHEP 1204 (2012) 064
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o

o 'w dN/dwd6

Onset of decoherence

- in the soft sector

w—0

aion | Amea — 0 Coherence

- vacuum
radiation

S~
~
~—
~
\\
-
-
-_—-

0 0.1 02 03 04

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

o 'w dN/dwd6

Onset of decoherence

- in the soft sector

: w—0
: agaton | Amea — 0 Coherence
poveowm | T Amea — 1  Decoherence

0 0.1 02 03 04

Mehtar-Tani, Salgado, KT PRL106 (2011) 122002; PLB 707 (2011) 156
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o 'w dN/dwd6

Onset of decoherence

- in the soft sector
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w—0

f— aion | Amea — 0 Coherence
poveewm | e Amea — 1  Decoherence

0 01 02 03 04 (Geometrical separation!
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— -

o 'w dN/dwd6

Onset of decoherence

- in the soft sector

2 w—0
OF
8 _ di induced

- medium-inauce
6 radiation Apmea — 0 Coherence
: vaouim | T Apeq — 1 Decoherence
% 01 02 03 o04 (Geometrical separation!

5
a;,Crdw sinf do

AN, = — E [O(cosf — cosb,5) + Amed ©(cos 8,5 — cosb)] .

™ w 1—-cosf

Soft gluons with long formation times
¢ 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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Conclusions

® spectrum governed by the hardest scale

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

® developing a space-time picture of
radiation inside the medium

® from multiple emitters to multiple

emissions T
/O IRVATSE ¢
O/ M & PN
,’r :.—\ .,_/_v_.(-,)"l ¢ ' PRN:Y \
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Backup
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“Dipole” regime

Color transparency
® pair remains color correlated
e radiates coherently: antiangular

® no medium-induced component!

Mehtar-Tani, Salgado, KT PRL106 (2011) 122002, JHEP 1204 (2012) 064
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N

-
o

o 'w dNg/dw d6

o NN B~ O

“Dipole” regime

Color transparency

® pair remains color correlated

<@qq
e radiates coherently: antiangular

® no medium-induced component!

O<w<w,,,

Wmax = Qhard/eqa :
peak enters the
cone

vacuum _
partial

decoherence

. coherence
T T

01 02 03 04 05

9 Mehtar-Tani, Salgado, KT PRL106 (2011) 122002, JHEP 1204 (2012) 064
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“Dipole” regime

Color transparency
® pair remains color correlated Oyq
¢ radiates coherently: antiangular
® no medium-induced component!
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“Decoherence” reglme

Two-component spectrum

® pair decorrelates rapidly

e medium induces radiation off O \ . 12—1
each of the legs independently ’

® interferences scale like 14
e vacuum-radiation up to Q!

screening
v length
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w dN/dw d6

“Decoherence” reglme

Two-component spectrum
® pair decorrelates rapidly
e medium induces radiation off O r . !

—1
each of the legs independently Qs

® interferences scale like 14
e vacuum-radiation up to Q!
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w dN/dw d6

“Decoherence” reglme

Two-component spectrum

® pair decorrelates rapidly

e medium induces radiation off
each of the legs independently

® interferences scale like 14
e vacuum-radiation up to Q!
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The vacuum component

Usually neglected/subtracted from medium-induced spectrum.

® bremsstrahlung off accelerated charge
® after the medium e N

O does not resolve the medium

O soft radiation (tform > L) NG 4

® carly in the medium

O medium does not resolve it
(tform < >\mfp)

O can feel broadening NOTE: this regime is
controlled by hard

medium interactions
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Reshufﬂmg of radiation

k
>

o -

® radiation is reinstated as coming off
the total charge

® in the soft limit:

d Ntot -
2 gt  Us
(2m)? w—gie = — Cr (Raing + 28mea T) + Ca(1 = Aumea) J |
7z'sing = Rq + ch - 2}7
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