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Jet quenching in heavy ion collisions

@ Hard processes in QCD typically create pairs of partons which
propagate back—to—back in the transverse plane

@ In the vacuum, this leads to a pair of symmetric jets

@ In a dense medium, the two jets can be differently affected by their
interactions with the surrounding medium: ‘di-jet asymmetry’

@ The ensemble of medium-induced modifications: ‘jet quenching’
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T CMS,/ | cMs Experiment at LHC, CERN

—~— Data recorded: Sun Nov 14 19:31:39 2010 CEST
— Run/Event: 151076 / 1328520
Lumi section: 249

Leading jet T R
pr:205.1 GeV/c ) B

Subleading jet . |
pr:70.0 GeV/c |

e Large energy imbalance between a pair of back-to-back jets
@ Much larger than medium ‘temperature’ (average p,): T ~ 1 GeV

@ The 'missing energy’ is found in the hemisphere of the subleading jet:

> many soft (p; < 2 GeV) hadrons propagating at large angles
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A challenge for the theorists

@ Soft hadrons can be easily deviated towards large angles:
elastic scatterings with the medium constituents

@ Main question: how is that possible that a significant fraction of the
jet energy be carried by its soft constituents ?

@ Recall: bremsstrahlung in the vacuum (w = zFE, 6 ~ k| Jw)

w, k M
L [Zexorexerent
M

asCRdiwdk:i NaSCRdixd792
T w kK o7 oz 6?

dp =

e many soft gluons ... which however carry very little energy

e asymmetric splittings < 1 : energy remains in the parent partons
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Medium-induced radiation

@ Additional radiation triggered by interactions in the medium: BDMPSZ
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@ Originally developed for a single gluon emission
Baier, Dokshitzer, Mueller, Peigné, and Schiff; Zakharov (96-97)
Wiedemann (2000); Arnold, Moore, and Yaffe (2002-03); ...

@ Sufficient for the relatively hard emissions which dominate the average
energy loss by the leading particle (e.g. for computing R44)

@ However, hard emissions propagate at small angles ...
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Medium-induced radiation

@ Additional radiation triggered by interactions in the medium: BDMPSZ

@ When gluons are sufficiently soft, multiple branching becomes important
Blaizot, Dominguez, E.l., Mehtar-Tani (2012-13)

@ Medium-induced gluons branchings are quasi-democratic (z ~ 1/2)

@ Very efficient mechanism for energy transfer towards soft quanta:
wave turbulence
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The BDMPSZ mechanism

@ Gluon emission is linked to transverse momentum broadening

@ Uncertainty principle = gluon formation time ¢;

1 w

tf >~ — ~
"TAE T K2

@ large when k; — 0

@ k, cannot be arbitrarily small: it accumulates via collisions

e independent multiple scattering => a random walk in p

o during formation, the gluon acquires a momentum k2 ~ {t;

tfﬁ% & ki’:cjtf = tf(w): —
kg q

o softer gluons are emitted faster: LPM effect
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Democratic branchings

o Probability for emitting a gluon with energy > w during a time L

I -
~ g L 4

P(w, L) ~ ay @) -

e a function of the energy w, not only of the splitting fraction x

e When P(w, L) ~ 1, multiple branching becomes important

1
w < wp(L) =024l = L2 ty(w) = —,/o
g q

@ LHC: the leading particle has £ > 100 GeV > wy, ~ 10 GeV

e it abundantly emits soft (z < 1) primary gluons with w = 2 F < why

D
T,
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Democratic branchings

o Probability for emitting a gluon with energy > w during a time L

@ Their subsequent branchings are quasi-democratic: = ~ 1/2

o when w < wpy, P(zw) ~ 1 independently of the value of z

e daughter gluons are softer, so they disappear even faster

@ {1, (w) =~ the lifetime of the mini-jet initiated by w
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A typical jet event at the LHC

@ Several primary gluons with energies w < wp, (L) < E

,’é w~T éé\:T
il %

@ The primary gluons generate ‘mini-jets’ via democratic branchings
@ Energy transmitted from primary gluons to soft gluons with p ~ T
@ These soft gluons are expected to thermalize

o Energy loss at large angles is controlled by the hardest mini-jets :
those initiated by primary gluons with w ~ wy, (L)
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Probabilistic picture

@ Medium-induced jet evolution &~ a Markovien stochastic process

@ tf ~ agtpy Kty - no overlap between successive branchings
e interference phenomena could complicate the picture ...

(in the vacuum, interference leads to angular ordering)
o ... but they are suppressed by rescattering in the medium

Mehtar-Tani, Salgado, Tywoniuk; Casalderrey-Solana, E. I. (10 —11)
Blaizot, Dominguez, E.I., Mehtar-Tani (2012)

@ Monte-Carlo studies: possible but generally complicated
Schenke, Gale, Jeon (MARTINI, '09), based on AMY equations (03)

e Evolution equations for the gluon correlation functions

dN dNpa;
= 2 " = o pair
D(z,t) ==z <dx (t)> , DY (x, 2" t) = xx <dxdx/(t)>

@ Exact solutions for a pure branching dynamics (no elastic collisions)
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Gluon spectrum
J.-P. Blaizot, E. I., Y. Mehtar-Tani, PRL 111, 052001 (2013)

72

T g
D(.’IJ,T) = W € 1-z y X

o Leading particle peak near = = 1 and at early times ¢ < t,,(E)

o Power-law spectrum D o< 1/\/z at z < 1
@ The most interesting regime for the LHC: ‘small-times’ 7 ~ 0.2 + 0.4

t
, T
toe (E)

| €
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Jets in a dense QCD medium
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Early times: the LP peak

o Peak position: 1 — z;, ~ 772 = Energy loss AF in a typical event
o Peak width: 62 ~ 772 = LP broadening § £ due to fluctuations
1 -2y~ dx~a7r? = AE ~§E ~ 2§t* = w,.(2)

o LP emits a number of O(1) primary gluons with energy wy, () each

o these emissions are independent : fluctuations of O(1) as well
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Early times: the LP peak

o Peak position: 1 — z;, ~ 772 = Energy loss AF in a typical event
o Peak width: 62 ~ 772 = LP broadening § £ due to fluctuations
@ Increasing t: the LP peaks decreases, broadens, and moves to the left

@ When ¢ ~ t1,.(E), the LP disappears via democratic branching

B
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Later times: the energy flow

@ For t >ty (F), the spectrum is suppressed at any x

@ The energy flows out of the spectrum !
e it actually happens at any 7, but easier to see when 7 > 1
o formally, the energy accumulates into a condensate at x = 0

o physically, it is expected to thermalize
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Later times: the energy flow

@ For t >ty (F), the spectrum is suppressed at any x

@ The energy flows out of the spectrum !
e it actually happens at any 7, but easier to see when 7 > 1
o formally, the energy accumulates into a condensate at x = 0

o physically, it is expected to thermalize
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Later times: the energy flow

@ For t >ty (F), the spectrum is suppressed at any x

@ The energy flows out of the spectrum !
e it actually happens at any 7, but easier to see when 7 > 1
o formally, the energy accumulates into a condensate at x = 0

o physically, it is expected to thermalize
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Wave turbulence

@ The power-law behavior at x < 1 is never changing:

—rr?

D(z,7) ~ e

Bl

@ Kolmogorov-Zakharov fixed point: ‘gain’ = ‘loss’
o the energy flux associated with multiple branching is independent of x

e via successive democratic branchings, the energy flows from one gluon
generation to the next one, down to z ~ T/E
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Energy loss at large angles

@ The energy £ which thermalizes (‘accumulates at z = 0")
1 2 2
/ dz D(z,7)=eT = () = E(1l—e )
0

e If 7 > 1 (low energy jet/very large medium) : (&) ~ E
e For the LHC kinematics : 7 < 1, hence (£) < E

0 §~1GeV?/fm, L=3=+6fm, EF=100GeV = 7~0.2+0.4
(£) ~ 717°E = ma’GL? ~ 14 <+ 56 GeV

e independent of the energy E of the leading particle
o rapidly increasing with the medium size oc L2

o carried by soft quanta ( ~ 0) which propagate at large angles
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Event-by-event fluctuations

M. Escobedo and E. I., arXiv:1601.03629 [hep-ph]
@ Exact solution for the 2-point correlation (the gluon pair density)
1

1 a2 o ane?
D(z) (:C,SC’,T) E— |:e I—e—a/ — ¢ 1411/:|
2 \Jxx' (1 —x —2')

@ The variance in the energy loss at large angles:

2 _ o2y 2~7L22 :1 2
07 = (E7) — (&) = Fwin(L) (€)

@ Large fluctuations: the dispersion o comparable to the mean value (£)
o fluctuations in the number of primary gluons with p ~ wy,, (L)

@ Remarkable scaling properties:

2
Zgz ~ % . independent of F, L, and ¢

e Similar relations for the gluon number: Koba-Nielsen-Olesen scaling
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Event-by-event fluctuations

M. Escobedo and E. I., arXiv:1601.03629 [hep-ph]
e Exact solution for the 2-point correlation (the gluon pair density)

1 1 __nr2 _ _4nr?
D(Q) (x7 xl7 7-) = |:e T—e—a’ — ¢ 1f1~7w’ ]
27 \Jxax'(1 —x — 2')

@ The variance in the energy loss at large angles:

oF = (€% — (€)= T uh (D) =

@ Large fluctuations: the dispersion o comparable to the mean value (&)

o fluctuations in the number of primary gluons with p ~ wy,, (L)

@ In experiments, L itself is a random quantity (geometry fluctuations)

: constraint on the L distribution

e Additional constraints from the gluon multiplicities (via KNO scaling)
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Thermalization of the soft constituents

@ The jet constituents exchange energy and momentum with the
medium via elastic collisions (cf. talks by G. Moore and R. Rapp)

@ The soft jet constituents with p < T are expected to thermalize

@ Thermalization stops the branching process

o detailed balance between splitting (1 — 2) and recombination (2 — 1)

@ Boltzmann equation with both elastic and inelastic collision terms
Baier, Mueller, Schiff, Son ‘01 (‘bottom-up’); Arnold, Moore, Yaffe, '03

0
(55 +0"Ve) Ftp) = Calf] +Cul
o f(t,x,p) : gluon occupation number (jet + medium)

@ Used in studies of the QGP thermalization (homogeneity)
Kurkela and Lu (2014); Kurkela and Zhu (2015)

@ The jet problem is further complicated by its strong inhomogeneity
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A longitudinal kinetic equation
E.l. and Bin Wu, arXiv:1506.07871
@ A tractable, yet physically meaningful, equation can be obtained by

projecting the dynamics along the longitudinal (jet) axis

o the relevant time scales are controlled by the gluon energies
Y < tm(w) : Y whenw > T
W)~ —s———— when w
th a2TIn(1/as) T

thr(w) = —
br( ) .
o thermalization effects are irrelevant for the ‘hard’ (w > T') gluons

e so long as w > T, transverse momenta are negligible: w ~p. > p|

0 3)

(;+vz§z> ft,2p:) = g 322 K&'pz T
+tbr(lpz) /p [:U(ld—x:r)}g Uff(i) _;f(pZ)]
—

Edmond lancu

@ Parametrically correct down to p. ~ T' (captures the right time scales)

Jets in a dense QCD medium
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The front & the tail (exact solution)

2.5
2

1.5
1
0.5

1

{(tZ) g

@ The branching process = a source of gluons with p = p, > T

~

B Y, o[/ w
(&) =35 (5o + 1) 1] #7000 - 90012
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The front & the tail (exact solution)

:
(t-2)y
@ The ‘front’ oc §(t — z) : gluons with T' < p < p.

e gluons recently injected that had no time to thermalize
@ The ‘tail' at 2 St —ty, 1 fp e~ IPl/T

e gluons in thermal equilibrium with the medium
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Numerical studies of the full dynamics (1)

e Parameters: T'=0.5GeV, E = 90T, t,,(E) ~ 10fm

10 2
8 ‘ t=0.11,(E) t=031,(E)

E=90T

E=90T
IpIfT 9
6

100

” 60 P/T

(a) (b)
@ t =0.1t,(E) ~ 1 fm is representative for the ‘leading jet’ at the LHC
o ¢ = 0.3t (E) ~ 3 fm : the ‘subleading jet’ (partially quenched)

@ With increasing time, the jet substructure is softening and broadening
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Numerical studies of the full dynamics (1)

e Parameters: T'=0.5GeV, E = 90T, t,,(E) ~ 10fm

10
: A

=01 t,(E)

E=90T

pltT

(a)

@ t =03t (E) ~3fm

e the LP peak still visible around p = F
e a second peak emerges near p = T' (branchings)

o this second peak develops a thermalized tail at z < ¢ (collisions)
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umerical studies of the full dynamics (2)

10 2
8 ‘ =01 1, () 5

E=90T

=03 1,(E)

E=90T

4
2y B

12

=15ty (E) = 141y

t=1,dE) =95t

IpIFT 2

e ¢ =t (F): the leading particle disappears (democratic branching)
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umerical studies of the full dynamics (2)

10 2
8 ‘ =01 1, () 5

E=90T

=03 1,(E)

E=90T

4
2y 8

12

t=15t,(E) = 141y

t=tolE) =95ty

IpIFT 2

o t = 1.5t,,(FE) ~ 15 fm : the jet is fully quenched
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Conclusions

o Effective theory and physical picture for jet quenching from pQCD
e event-by-event production of ‘mini-jets’ via democratic branchings
o thermalization of the soft branching products with p ~ T

@ Characteristic branching pattern, different from that in the vacuum

e democratic branchings leading to wave turbulence
o efficient transmission of energy to large angles

e large event-by-event fluctuations, strong correlations

e Characteristic, ‘front + tail’, structure of the (partially) quenched jet
e ‘front’ : the leading particle, but also soft gluons radiated at late times

e ‘'tail’ : soft partons in local thermal equilibrium with the medium

o Qualitative and semi-quantitative agreement with the phenomenology
of di-jet asymmetry at the LHC
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Event Fraction

Event Fraction
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Di—jet asymmetry : A;

e Event fraction as a function of the di—jet energy imbalance in p+p (a)
and Pb+Pb (b—f) collisions for different bins of centrality

e N.B. A pronounced asymmetry already in the p+p collisions !

J
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Jets in a dense QCD medium
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Energy imbalance @ large angles: R

in-cone /%,
out-of-cone
0-30% Central PbPb Y
SRS E T T T T
coms . 0-30% L @ >05GeVc In-Cone Qut-of-Cone
Pb+Pb \5,,=2.76 TeV T C—Jo05-1.0Gevic
<y fl.d(=6.7ub" T C_11.0-20Gevie AR<0.8 T AR<0.8 1
+ C=120-40Gevic 1 o =
[ [ 4.0-8.0 GeV/c ] es
o 20+ [ [ >8.0GeVic T E
B
-]
S o
%
-20
-40 1
A iRyt k) e it T T T T

03 04 o1 02 03 04 I
AJ \ AJ AJ

balanced jets unbalanced jets

o No missing energy : Ey 15" = Egiit,

o In-Cone : BB . > EiSnubLoad . di-jet asymmetry, hard particles

o Out-of-Cone : EYU < EQU, . : soft hadrons @ large angles
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Koba-Nielsen-Olesen scaling

e Fractional energy loss at large angles (¢) = (£)/E and its dispersion

1. 0.

1.0 B 05

0.8] K o 04
5 06 J s NerE

— (@
04 C (4o 02
B0
0.2 N o 0.1
0.0 o
0.0 05 10 15 2.0 0.0 05 10 15 2.0
T T

@ Some typical values for L = 4fm: 10 < £ < 40GeV, 3 < N(wp) < 15
@ N(wp) : # of gluons with w > wy (above: wy = 0.5 GeV)

wbr@)r/{ (N?) 3 (NP)
wo

(N(wo)) ~2 [ ~ (), : KNO scaling
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Koba-Nielsen-Olesen scaling

e Fractional energy loss at large angles (¢) = (£)/E and its dispersion

1.2, 0.
1.0 LT T 05
, .

038 / - 0.4
5 06 K S o[ 03

0.4 '> +o 0.2

-
0.2] S 12 0.1
0.9l o
0.0 0.5 1.0 15 2.0 0.0 05 1.0 15 2.0
T T

@ Some typical values for L = 4fm: 10 < £ < 40GeV, 3 < N(wp) < 15
@ N(wp) : # of gluons with w > wy (above: wy = 0.5 GeV)

: further constraints on the L distribution
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The late stages: thermalizing a mini-jet

o At late times ¢ > t,,(E), the jet is ‘fully quenched’

e no trace of the leading particle, just a thermalized tail
o the typical situation for a mini-jet : E < wy,, (L)

05 E=25T t=141g {2144y, 2 25040

— Numerics
0.5 —-- Thermal

0.4

0.3

0.2

0.1

2
|p|

ft,z,p) e T e T (spatial diffusion = hydro)
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Energy distribution

E=90T
25 =05t (E) t= 0.5 ty,(E)
1
2 t=ty(E)
= 5 1= 002ty (E)
Z1s S
w g
- =01ty (E) N
1 0.1 E=90T
tor(E) = 9.5 tre)
0.5
0
-5 5 0 0.01
Z/tre' 1 10

o Left: z-distribution of the energy density e(¢,z) = [dp|p| f(¢, 2, p)

e even for t = t},,(E), most of the energy is still carried by the front ...
e but the respective ‘front’ is mostly made with soft gluons (p ~ T)
e branching products which did not yet have the time to thermalize

e a thermalized tail is clearly visible at z < ¢
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Energy distribution

E=90T
25 t=0.5 to(E) t= 0.5 ty(E),
1
2 t=ty(E)
_ 3 t = 0.02 ty(E)
15 I
2 t=0.1 to(E) go_
1 01 E=90T t=t(E)
tor(E) = 9.5 trg)
0.5
05 5 10 0.01 7
Z/trel

o Left: z-distribution of the energy density e(¢,2z) = [dp|p| f(¢, 2, p)
@ Right: p-distribution near the front: f(t,z,p) for z =1

e scaling window at t < ty,(E) : p*/?f ~ const. = wave turbulence

o for ¢t 2 0.5tp,(FE), some pile-up is visible around p =T
e thermalization is efficient but certainly not instantaneous
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Energy loss towards the medium

90 JU— —
=== AEg ed
— AEthej e
,
0 4
560 %
) 7
g /
@ K4
30 J/
V) A —
/: gl
y
0 P 4 5 8 0 12 14
iy

@ Upper curves: £ = 90T; lower curves: E = 25T
@ AFEe : the energy carried by the thermalized tail (¢t — z > ty1)

o Aoy = mwh(t) oc t? : only branchings
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Energy loss towards the medium

90 J——— —
/,/
=== AEg, o
— AEthej e
S
[ 4
360 7
5 /
o 7
@ K4
30 J/
Vi S
/' /_—
;
0 p 4 5 8 0 12 14

@ The energy carried by the thermalized tail is ...
o slightly smaller than the ‘flow’ energy (medium is not a perfect sink)
e ... but still substantial: 5+ 15GeV for L = 3 <+ 6fm
o ... and in the right ballpark to explain the LHC data ©
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Elastic collisions

@ The usual Boltzmann collision term adapted to QCD

k mmmmwgmmmmw P

I R

@ 'Gain’ and ‘loss’ terms: the gluon p is the one which is measured

Calfl = /pkk (2p)(20')(2Kk) (2K')

—®[f] = fpfpr [l + frlll + frr] = frfu (1 + fp)[1 + fp/]

@ 5 conserved quantities: particle number and the 4—momentum

O[f]

@ Detailed balance = local thermal equilibrium: Cq[fioc] =0

1
ef@)p—pu(z)—p(@)] _ 1

feq(p) = — floc($>p) =

eﬁ(p_:“) —1
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Inelastic collisions: Medium-induced branchings

@ The prototype: 2 — 3 (single scattering)

P P
(8]
[:’@mmgmm@fﬁ %%bmm Y
g 4 % plfp ;o (6660

PP
A:’fﬁmmm%‘ﬂmmm k R T T L oL TN

]’/ ”Dab

I
P mbmqu /ng@fmmmm P
%%bw p—p  p—plsS g

24

QQ

q

o
K TUTETTs0t05050T05000™ k k 'o‘o‘o‘o‘o‘mm%%ﬁm K

@ 'Gain’ - recombination; ‘loss’ - recombination
@ Particle number is obviously not conserved

@ Fixed point: zero chemical potential: fioc(x,p) = m
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An exact solution to the 1-D FP equation
@ The Green's function for ultrarelativistic FP in D=1+1+1
NS(p — 1

0 )f, £t =0,2,p) = 6(z)5(p — po)

Q“!‘Ué j—gg — +

ot 0z - 4 9p \dp
Po—P _t

4

T2 _(P*PO)Q _(p+p0)2
[e % —e 4 }6(7&—2)

e
t,z,p>0) = ———
f(t,z,p>0) e
_(p+po—2)2_
¢ " ’ t+2 2]><
1
x erfc \/75—7 P+ Po -1
2 t+ 2
(t—i—z)(p—i—po—i—t—z)e %+ﬂ
Amt2/12 — 22
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Jets in a dense QCD medium

QCD matter: dense and hot, Hirschegg



Limiting behaviors

o Physics transparent at both small and large times: t4..q(p0) = 5 tin

o small times: ty, St < tarag(Po)

(= (p(t)))?
flt,zp)oc e ot —z)

t
PO =po— =T
o energy loss & diffusion

o large times: ¢ > tayag(po) > tin

frre Cxp{ (Z_(pOW}

Atten

o equilibrium & spatial diffusion

o plots: pg = 5T, t1 = tyn, to = 20ty
QCD matter: dense and hot, Hirscheg

Jets in a dense QCD medium
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Formation time & emission angle

) ~ 2 & &(w)z“ﬁu(‘?)m

q w w3

@ This mechanism applies so long as

A< hw) <L = T < w < w= ¢l

@ Soft gluons : short formation times & large emission angles

wKwe = t(w) < L

Or(w) > 0,

O(w) ~ \/37[/ > Of(w)

@ The emission angle keeps increasing with time, via rescattering
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Formation time & emission angle

@ This mechanism applies so long as

A< hw) <L = T < w < w= ¢l

@ Soft gluons : short formation times & large emission angles

wKwe = t(w) < L LY
/// \e
b (w) > 0, o
vaqL s _ Ty
O(w) ~ VIE O (w) LS
w ; ~

@ Emissions can effectively be treated as collinear
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