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@ Motivation: Hard Probes at RHIC and the LHC
e observables related to jet quenching
e the general physical picture
@ Jets in the vacuum
e radiation formation time
e angular ordering
e double logarithmic approximation
@ Jet quenching in perturbative QCD
e transverse momentum broadening
e medium-induced radiation
e multiple branching, energy loss, wave turbulence
o Adding vacuum-like radiation
o the full, Markovian, picture (= Monte-Carlo)
e in-medium jet fragmentation
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Hard probes in heavy ion collisions

@ The QGP phase “lives” for about 10 fm, that is, .... 10722 seconds !

E,AKQ

@ How to measure such an ephemeral form of matter 7

@ Use energetic partons, or jets as “thermometers”
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Hard probes in heavy ion collisions

@ The QGP phase “lives” for about 10 fm, that is, .... 10722 seconds !

E,AKQ

@ Hard partons, photons, leptons created at early times : 7 < 0.1 fm/c

@ Interact with the surrounding medium on their way to the detectors
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Nuclear modification factor for hadrons

@ Ratio of particle yield in AA and pp scaled by the number of binary collisions

_ 1 dNpa/d?p, dn
— AY3 dN,,/d?p.dn

Raa

@ Compare d+Au and Au+Au at RHIC at midrapidities (1 ~ 0)
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Nuclear modification factor for hadrons

@ A similar pattern emerges at the LHC energies

— B —
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@ The amount of suppression increases with the centrality of the collision

o central collisions (head-on Au+Au scattering) look denser
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Energy loss

@ Partons can lose energy via interactions in the plasma

@ Hadrons measured with a given energy F have been produced with E + ¢

Pb-Pb \[Syy =276 TeV

10°Ls —— scaled pp reference do.llled(E) g dO.VaC(E + 6)
g T = Jaro g

@ P(e): probability density for losing ¢

1N, 1/2np) (PN / (dn de) (GeV/c)?
3 3

dO_VaC (E) ~

@ Rapidly falling spectrum for the hard process

@ Bias towards small values for ¢

Ll L
0 5 10 15 20
P, (GeV/c)

@ Even a small ¢ may imply strong suppression
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Jet quenching

@ Hard partons are typically created in pairs which propagate
back—to—back in the transverse plane

e 'Jet': ‘leading particle’ + ‘products of fragmentation’

@ AA collisions: jet propagation and fragmentation can be modified by
the surrounding medium: ‘jet quenching’
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Jets in practice

@ Experimentally, jets are constructed by grouping together hadrons which
propagate at nearby angles

@ The jet opening angle 6y (a.k.a. R, 0jer, 0 ...) is the same for both jets

outside

< outside
T

-
~—inside

@ Medium modifications refer both to the jets and to the outer regions
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Di-hadron azimuthal correlations at RHIC

@ Distribution of pairs of particles w.r.t. the relative azimuthal angle A®

o Compare p+p, d+Au and Au+Au, all at midrapidities (n ~ 0)

e I
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=~ 02 |
S O+ . —p+p min. bias ‘79?\11 1
3 L ]
> F * Au+Au Central B
S L ]
5 0.1 |
& r 1
s L ]
< L i
~N

- L S
O 1

Lol | | PR | |

E] 0 1 2 3 4

A ¢ (radians)
@ Peak at A® ~ 0: both hadrons belong to a same jet
@ Peak at A® ~ 7: they belong to two back-to-back jets

@ Au+Au: no peak at A® ~ 7 | One of the jets has “melted” into the medium
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LHC: Di-jets in p+p collisions

\

ATR\N
JATLA
%EXPERIMENST ~ /

Date: 2010-10-25 03:27:26 CEST —_—
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Jets in peripheral Pb+Pb collisions

Run 168875, Event 1577540 ’
Time 2010-11-10 01:27:38 CET \\

EXPERIMENT

@ Jets in peripheral AA collisions look very much like in pp collisions
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“Mono-jets” in Pb+Pb collisions

@ Central Pb+Pb: ‘mono—jet’ events

@ The secondary jet can barely be distinguished from the
background: Ep; > 100 GeV, Epe > 25 GeV
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Di—jet asymmetry at the LHC

- — CMS,/ | CMs Experiment at LHC, CERN
- ‘ — Data recorded: Sun Nov 14 19:31:39 2010 CEST
[ Run/Event: 151076 / 1328520

i Lumi section: 249

Leading jet - T _
pr:205.1 GeV/c . o

Subleading jet f
pr:70.0 GeVic /

@ Huge difference between the energies of the two jets
@ The missing energy is found in the underlying event:
e many soft (p; < 2 GeV) hadrons propagating at large angles

@ Very different from the usual jet fragmentation pattern in the vacuum
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The nuclear modification factor for jets

@ The jet yield in Pb+Pb collisions normalized by p+p times the average
nuclear thickness function (T'44)

& | ATLAS antik, R =0.4 jets, {5, = 5.02 TeV |||-|
-1| ,,,,,,,,, -
1 d2Njct } e +
Ry = New dprdy|ay o *‘;:.:E‘% *
e <T >d2‘7jet O = e
AA] dprdy = wﬁ@d—um
pp
o different centrality bins 0.5 ==
=
lyl <2.8 =0 - 10%
. 2015 data: Pb+Pb 0.49 nb™, pp 25 pb"  [£120 - 30%
@ stronger suppression for more BEERA (T} and luminosity uncer. %ggggoﬁ
.. L | I 1
central collisions 40 60 100 200 300 500 900
P, [GeV]

@ Naturally interpreted as a consequence of energy loss inside the medium
@ Ra4 is almost flat at very high pr: energy loss increases with pr
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Jet fragmentation function

@ Energy distribution of the hadrons inside the jet

e w = pr of a hadron inside the jet

dN
D(w)zw 25 — T T
dw ATLAS | <21antik R=0.4jets |
[ 4
RN e *
_ do w a 2 [] 126 < p < 158 GeV, |5, = 2.76 TeV |
0 dfdw x @ 126 < pi < 158 GeV, (5., =5.02Tev ]
1.5 -

=

e ratio of FFs in Pb+Pb and p+p

enhancement at low energies: pr < pli' ... os

[uny
- E
o
[uny
o
N

o ... and at relatively high ones: py ~ plr'

slight suppression at intermediate energies

@ This is an example of intra-jet medium-induced modifications
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Medium-induced jet evolution

@ The leading particle (LP) is produced by a hard scattering

@ It subsequently evolves via radiation (branchings) ...

x
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Medium-induced jet evolution

@ The leading particle (LP) is produced by a hard scattering

@ It subsequently evolves via radiation (branchings) ...

f60‘60‘<
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@ ... and via collisions off the medium constituents
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Medium-induced jet evolution

@ The leading particle (LP) is produced by a hard scattering

@ It subsequently evolves via radiation (branchings) ...

@ ... and via collisions off the medium constituents

@ Collisions can have several effects
e transfer energy and momentum between the jet and the medium
o trigger additional radiation (“medium-induced”)
o wash out the color coherence (destroy interference pattern)
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Jets in the vacuum

@ A hard scattering generates a time-like system (positive virtuality @ > 0)

Q= (p1 +p2)2 =2p1 - po =2E1E5(1 — cosh) = 4E?

c.o.m

@ ... which can decay into a pair of on-shell partons (at tree-level)

G 09000000000,

@ ... or into other time-like partons, which will in turn decay ... and so on !
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Jets in the vacuum (cont.)

@ Multiple emissions (‘fragmentation’) leading to a jet structure

@ The differential probability for one splitting is given by bremsstrahlung :

0.Cn v di
T w ki

ap =

ki =wsinf ~ wh

@ It favors soft (w < E) and collinear (6 < 1) splittings
e many soft gluons ... but they carry very little energy
e most of the energy remains in the few partons with large x = w/E

e small angle emissions k; ~ wf with § < 1 = jets are collimated

@ The collimation property is further enhanced by angular ordering
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Angular ordering in the vacuum

Interference between emissions by several sources
@ successive quantum emissions are generally not independent
@ One sums the amplitudes and only then one takes the modulus squared

o the ‘cross—terms’ represent interference effects

2
2 -~
) ) &
S ] 6(;35
F N
& 0, ¢
“OUITOUII0 BT 7 BTV,
T > - o b“bba ; * ) b%%@“
o ‘55;3) b

@ Quantum interference complicates the “automatization” of the parton
showers (e.g. Monte-Carlo event generators)

e a priori, inconsistent with a classical probabilistic description

@ Angular ordering “saves’ the probabilistic picture and allows for Monte-Carlo
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Radiation: Formation time

@ Uncertainty principle: quantum particles are delocalized

2
de Broglie wavelength: A} = — ~ —

2w 2
A ~O0At 2 N —= At 2ty = 5 ~ —
L <AL S

@ "“Formation time” : the time it takes to emit a gluon

@ This argument universally applies to radiation: in vacuum & in the medium
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Formation time in the vacuum

@ The emission is triggered by the hard scattering

%%gf% .

waL

B,Q?

te

@ The formation time is controlled by the parton virtuality: ¢ ~ 2E/Q?

@ t; is measured from the hard scattering

e the gluon is emitted within a distance ~ ¢ from the scattering vertex

@ In medium: additional decoherence introduced by collisions (see below)
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A colorless antenna

@ Interference: the gluon must overlap with both sources during its formation

@ Simplest case: ete™ annihilation in a boosted frame —

> colorless quark-antiquark “antenna” with opening angle 6,; < 1

w, k)~ wb,

e “large angle” = out of cone

@ Out-of-cone emissions “see” the total color charge — here zero — hence

they are not permitted (destructive interference between ¢ and )
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A colorless antenna

@ Interference: the gluon must overlap with both sources during its formation

@ Simplest case: ete™ annihilation in a boosted frame —

> colorless quark-antiquark “antenna” with opening angle 6,; < 1

@ Independent emissions by the quark and the antiquark at smaller angles

04,05 < 845 = "angular ordering”
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A colorless antenna

@ Interference: the gluon must overlap with both sources during its formation

@ Simplest case: ete™ annihilation in a boosted frame —

> colorless quark-antiquark “antenna” with opening angle 6,; < 1

@ Independent emissions by the quark and the antiquark at smaller angles

04,05 < 845 = "angular ordering”

@ This argument iterates to the subsequent emissions

THE MYRIAD, ICTS, April 2019 Jet evolution in a dense medium Edmond lancu 22 / 59



A colored antenna

@ E.g.: a color-octet antenna generated by the branching of a gluon

@ A subsequent emission at ¢ > (), “sees” the overall color charge

e it can be formally treated as an emission by the parent gluon

2
o Effectively: independent emissions with angular ordering
-9
A o <6
& 56 6
1 st BT, ™
g ovTetuoey, o OO Gy 56T 50
'j'ir%‘ j%ﬁgf
o, AN

o
92

@ Quantum emissions with interferences ~ classical branchings with AO
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Double-logarithmic approximation

@ Parton showers in the vacuum: successive emissions are ordered in

o energy (w; < w;_1), by energy conservation

e angle (6; < 0;_1), by color coherence

0.C dw dF*

dP ~
P T w 62

@ Log enhancement for soft (w < E) and collinear (6 < 1) gluons

@ Double-logarithmic approximation (DLA): strong double ordering

E>w>w>-->w & 0p>00>0> >0

@ 0y: the maximal angle as set by the first emission
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Double-logarithmic approximation

@ Parton showers in the vacuum: successive emissions are ordered in
e energy (w; < w;—_1), by energy conservation

o angle (6; < 6;_1), by color coherence

asChr dw d6?
T ow 62

dP ~
1 2
E ) 0y

@ The double-differential distribution of gluons in the (w, 6) phase-space:

i~ 2w 2o [ (o 2) ] [ (28]

e n > 0 intermediate emissions that are not measured: additional sources
for the measured gluon with (w, 0)
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Double-logarithmic approximation

@ Parton showers in the vacuum: successive emissions are ordered in
e energy (w; < w;—_1), by energy conservation

e angle (6; < 0;_1), by color coherence

0.Cn v 46?
T w 62

dP ~
1 2
E ) 0y

@ The double-differential distribution of gluons in the (w, 6) phase-space:

2 2 2
w&Qdi;ZQ = aly (2\/a1nEln22> o exp{2 alnlln 22}

e exponential growth, like for the parton distribution, but no saturation:
after being emitted, partons move away from each other
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Jet quenching in pQCD

@ Focus on the parton shower, use a simple description for the medium itself
@ Weakly coupled quark-gluon plasma in thermal equilibrium at temperature T

o jet quenching is biased towards (semi)hard momentum transfers

o see also lectures by Peter Petreczky and Tony Rebhan for the QGP
@ The basic physical mechanism for jet-medium interactions: elastic collisions

@ Successive collisions are independent

e mean free path between 2 successive collisions > duration of a collision

134

L

o
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Transverse momentum broadening

@ An energetic quark acquires a transverse momentum p, via collisions in the
medium, after propagating over a distance L

g

-
Sk, g
yu

@ A random walk in transverse momentum: (p?) ~ GL
@ (: the “jet quenching parameter” (a medium transport coefficient)

@ (L plays exactly the same role as the saturation momentum Q?(L) for a
“large nucleus” with longitudinal width equal to L

@ Quasi-independent scattering centers in the plasma <= MV model

THE MYRIAD, ICTS, April 2019 Jet evolution in a dense medium Edmond lancu 26 / 59



Dipole picture

@ Direct amplitude (DA) x Complex conjugate amplitude (CCA)

|

|

|

1

|

p,=0 P
X Vo e

|

|

|

|

|

|

|

:

o0

xt=0 L L 0

@ Scattering can be computed in the eikonal approximation: Wilson lines
Vi(x) =Pexp {z’g/dw+ A (2T, m)t“}

@ Two such Wilson lines (DA x CCA) = a ¢q color dipole
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Dipole picture (cont.)
5 § AN _ [ &
. 1
§ Say = - tr(ViVa)

xt=0 L

@ Average over a Gaussian distribution of color charges representing the
quasi-free thermal quarks and gluons:

(pala® @)pp(y™,y)) = g*v 56(z" — y*)s® (z — y)
@ v = (Cpngy+ Neng)/N, ~ T?: color-weighted density of quarks & gluons

@ The same as the MV problem with ;2 — ¢?vL
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Dipole picture (cont.)
5 § dN d2r

cowp ) e

X
A 1
§ Say = N. tr(V:ij)

xt=0 L

@ Classical Yang-Mills solution covariant gauge: —V32 A, (2) = p, (27, x)

g°v

(e @00 A5 =0y = dudlat =) s

a

@ Infrared behavior at small-k, is regulated by Debye screening

N, + Nf/2g2T2

3 (cf. lecture by Tony Rebhan)

m?, =
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The dipole S-matrix

@ The same as the MV problem with ;* — ¢?vL and Aqcp — mp

1
S(r) = exp {—4 Li(1/r?) 7'2}
@ The scale-dependent “jet quenching parameter’ G(Q?):

S Q>
~ 4 1
Gy W mgy = AresCrvin s

A2 — A
Q") = g'Cev|
@ A simple interpretation in kinetic theory: I',; = the elastic collision rate

dle
A2\ 2 e

o the average k2 acquired per unit time via elastic collisions

o logarithmic ultraviolet divergence: what sets the upper scale Q2 ?

@ In coordinate space, this is fixed by the dipole size 7: Q% ~ 1/r?
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The jet quenching parameter

@ The transverse momentum distribution (typical p, ) :

2
ﬂ — / dr e~ e—iLﬁ(l/’rz)rz ~ ;e—pi/Qi(L)
d?p (27)2 TQ2(L)

@ The “plasma saturation momentum” Q?(L): exponent of O(1)

2
Q*(L) = L4(Q?) = 4ra’*CprvLin Q;I(fJ x LinL

D

@ The physical parameter ¢ is self-consistently determined by evaluating the
function G(Q?) for Q* = gL :

i
§ = 47a2Cpv In L~ Q2T3 In(2TL
s 2 s s
mp

@ Power-law tail at large p; > Q,: single hard scattering

dN d?r . 1 dra?Cpv
= ~ =T ) a1 /)2 ~ s
[ e -y} =
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p-broadening: numerical results

o Left: the dipole Fourier transform &, S(ky) o< ki (AN /d%k.)
o the probability distribution for &k

e “the dipole unintegrated gluon distribution”

kS (k) kS(k)
0.1 0.1
0.05 - 0.05 - b
0 L L I I kz/Qé 0 - - - kZ/Q(Z)
0 2 4 6 8 10 0.01 0.1 1 10 100

@ Right: the same function, but in logarithmic units
o peaked at k£ ~ @, power-law tail at &k > Q)
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Medium-induced radiation

@ Collisions in the medium can trigger additional radiation (similarly to the
original hard scattering): they provide acceleration (“virtuality”)

-

5
~, :

B o
2 %
2L E %?06666‘
@ A priori, 2 mechanisms for radiation ...

e “vacuum-like" triggered by the original hard scattering

e “medium-induced” associated rescattering in the medium
@ ... but can one distinguish between them ?

@ Look at the formation times: it takes a time ¢; = i—? to emit a gluon with
1
energy w and transverse momentum k
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Medium-induced radiation (cont.)

@ In the vacuum, w and k| are independent kinematical variables

o collinear radiation (k; ~ wf — 0) has large formation times

@ In the medium, collisions introduce a lower limit on & ...

2
tfzkf(; & k‘ithtf
1
te S 2?
q

@ ... hence an upper limit on the formation time !
o vacuum-like emissions: k2 >> qtg, or ty < /2w/q
o medium-induced emissions: k3 ~ §t¢, or tr ~ \/2w/q
@ In the medium, there is no genuinely collinear radiation: k3 > k? = \/2wq
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Radiation from multiple soft scattering

(Baier, Dokshitzer, Mueller, Peigné, Schiff; Zakharov; 1996-97)
@ Medium-induced emissions can occur anywhere inside the medium
e no correlation with the original hard process
@ It is appropriate to work with the ("BDMPS-Z") emission rate :

o differential probability for one medium-induced emission per unit
phase-space per unit time

dp Cr 1 1 1k 2
asCRr 1 o 2§u7 tmed(w)E w

dwd?kdt T W tmea(w) V24w

e transverse momentum broadening during formation: (k?) ~ /24w

o Wtmed(w) ox w?? = no soft or collinear logarithm

@ This applies so long mean-free-path < teq(w) < L

DN =

T < w < we GL?
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Angular distribution

@ Transverse momentum broadening during formation & after formation

o formation angle:

260)1/4 924\ /4 2"
Op(w) ~ Q) <Z> T
w w - 9
//////’/ oy .
o the minimal angle ;%\ """ ——— i

90 = 9f (wc) = ﬁ\ 7y
VaL? SN

o final angle NN

O(w) ~ = 0.—

@ Soft gluons w < w,: small formation times (¢y < L) & large angles (6>>6..)

@ Gluons with angles larger than the jet opening angle 6y move outside the jet
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Average energy loss by the LP

@ Differential probability for one emission (integrated over ¢ and over k)

dP _ L _ [We AT 2
— ra— ~ - e =qL?/2
wa, =@ Foa (@) s (w<we.=qL"/2)

@ The average energy loss by a particle with energy E > w,

We d
(AE) = dw w—P ~ gwe ~ agGL?
dw

e integral dominated by its upper limit w = w,

@ Hard emissions with w ~ w,. : probability of O(ay)

e rare events but which take away a large energy

e small emission angle 6. = the energy remains inside the jet

@ lIrrelevant for the di-jet asymmetry and also for the typical events

THE MYRIAD, ICTS, April 2019 Jet evolution in a dense medium Edmond lancu 36 / 59



Multiple branchings

J.-P. Blaizot, E. I., Y. Mehtar-Tani, PRL 111, 052001 (2013)

A TR L
dw tmed(w) w

@ When w(dP/dw) 2 1, multiple branching becomes important

1
w < wh(L) = dw., = L > the(w) = atmed(w)

o wy, ~ @>qL? : characteristic energy for the onset of multiple branching

W ~ Whr

S

tied tbr

Ob%
@ lpy = tmed/Q : typical distance between 2 successive branchings

@ fpr > lmeq : successive emissions do not overlap with each other
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Multiple branchings

@ LHC: the leading particle has £ ~ 100 GeV > wy,, ~ 5GeV

W ™~ Whr

y "

timed tbr

O%bbm
@ In a typical event, the LP emits ...

e a number of O(1) of gluons with w ~ wy,
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Multiple branchings

@ LHC: the leading particle has ' ~ 100 GeV > wy,, ~ 5GeV

. oy
W~ Wy

P £ 5 5§
3 % R

w K Wy

@ In a typical event, the LP emits ...
e a number of O(1) of gluons with w ~ wy,
e a large number of softer gluons with w < wy,,

e the energy loss is controlled by the hardest primary emissions
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Multiple branchings

@ LHC: the leading particle has ' ~ 100 GeV > wy,, ~ 5GeV

. oy
W~ Wy

P £ 5 5§
3 % R

w K Wy

@ In a typical event, the LP emits ...

e a number of O(1) of gluons with w ~ wy,

e a large number of softer gluons with w < wy,,

e the energy loss is controlled by the hardest primary emissions
@ In a typical event, the LP loses an energy AE ~ wy,;

o albeit smaller than the average energy loss, AE ~ @(AFE), this typical
energy loss is more important for our purposes

@ This is also the energy lost by the jet
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Democratic branchings

@ The primary gluons generate ‘mini-jets' via democratic branchings

o daughter gluons carry comparable energy fractions: z ~ 1 — 2z ~ 1/2

g u
0'6666\ g <T
s &
zwgﬁ @k{jﬂ‘@"@
o ST & @
“ Dﬁﬁ‘ﬁ‘ 91ﬂ) . 00,
E 5 ) @66/
\g"OfFO@\(B
e Yo r
S
o the probability for the splitting w — (2w, (1 — 2)w) :
I o
P(zw, L) ~ ~aly L
thr (2w) 2w

e when w ~ wy,, P(zw, L) ~ 1 independently of the value of 2
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Energy loss by the jet

@ Democratic branchings are very unusual in the context of gauge theories
e recall: bremsstrahlung favors asymmetric splittings with z < 1
@ Extremely efficient in redistributing the energy among softer quantas

< wp, "disappears” in a time t,,(w) < L

~

e a mini-jet with w
e its energy is successively transmitted to softer and softer gluons

@ Soft gluons are easily deviated outside the jet cone by the elastic collisions

@ The energy appears in many soft quanta propagating at large angles \/

THE MYRIAD, ICTS, April 2019 Jet evolution in a dense medium Edmond lancu 40 / 59



Wave turbulence

@ Democratic branchings lead to wave turbulence
e energy flows from one parton generation to the next one, at a rate
which is independent of the generation
o formally, it accumulates into a condensate at x =0
o physically, it dissipates into the medium, via thermalization

e similar to Kolmogorov turbulence ... but much simpler:
1+1 dimensions, inverse cascade, exact solutions

Energy injection

e BN/

f
AV
VYNV, A N

] x

i)

N

=

%

WORASND
AENOENAENLTS

:

FRAE RN RS R R R
Viscous dissipation
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Probabilistic picture for medium-induced radiation

Blaizot, Dominguez, E.l., Mehtar-Tani (arXiv:1311.5823)

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

e successive branchings are non-overlapping: thr ~ = tmed
o interference phenomena could complicate the picture ...
(in the vacuum, they lead to angular ordering)

o ... but they are suppressed by rescattering in the medium (see below)
@ Hierarchy of equations for n-point correlation functions (z = w/E)

N
D(z,t) =z O;11—$(t) , D (z, 4 t) = za

dNpai
/ pair

— (7
dx dx’( )
@ Analytic solutions (Blaizot, E.l., Mehtar-Tani, '13; Escobedo, E.I., '16)
@ New phenomena: wave turbulence, KNO scaling, large fluctuations...

@ Recent Monte-Carlo implementation (see the talk by Paul Caucal next week)
(P. Caucal, E.I., G. Soyez, A.H. Mueller, to appear)
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Color antenna in the medium

Mehtar-Tani, Salgado, Tywoniuk (2010-11); Casalderrey-Solana, E. I. (2011)
@ The two quarks undergo independent color precessions due to rescattering
@ The instantaneous color state of each quark: the respective Wilson line

@ Their color correlation is measured by the dipole S—matrix

~
/\\
///\‘\)
~~/ )
\\//\\
IS 2 L. o
S(t,0) ~ exp —qu/ At r2(t')  ~ exp § — —G0*t?
21, 12

@ Color coherence is lost for t = t.,, ~ 1/(G0%)"/?
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Color decoherence for medium induced emissions

e Consider an antenna generated via a medium-induced gluon splitting:

2\ /4 1 2w
Hf(w) ~ <u}3> = Tlcoh ~ W ~ ? = tmcd(w>

o the two daughter gluons lose their mutual color coherence already
during the formation time

e not a “coincidence” decoherence via rescattering is what triggers the
medium-induced radiation

AT ,Aé\J‘ )
- /f]{:\J - \‘\Qﬁav\j\
T e 06555(60'0'0T HOCTETTA dmbbb\
Ob)) U@/},\
NN
— 1 "0 Opn,
L
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Medium-induced cascade: the gluon spectrum
J.-P. Blaizot, E. I., Y. Mehtar-Tani, 2013

@ Kinetic equation for D(x,t) = x(dN/dx): ‘gain’ - ‘loss’

@ Exact solution with initial condition D(x,¢

2
D(z,7) = u

—27 =

- 1—x =
Va1l —z)32 © =

@ {1, (FE) : the lifetime of the LP until its first democratic branching

e power-law spectrum D o< \% at z < 1 for any 7

o Kolmogorov fixed point: wave turbulence
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Medium-induced cascade: the gluon spectrum

@ Numerical results for D(z,t) = x(dN/dz): E = 5w, and @ = 0.3

210"

D(z, 1)

/
Lol [ cHEN
1074 1073 102 107! 10°
T

e pronounced LP peak near x =1
| 1

e power-law spectrum D 7 atr k1
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Energy loss at (very) large angles

@ The energy leaks into the condensate at x = 0 = the energy fraction

2
27T

contained in the spectrum decreases with time: [01 de D(z,7) =e

@ The energy lost at very large angles = the energy missing from the spectrum

AE = B ) = B[1 -]

@ When E > wy,, this is independent of E: AE ~ 27wy, = ma?qL>

e LHC: EF ~100GeV > wp, ~5+10GeV
@ Additional, angle-dependent, contribution from soft modes in the spectrum
. Vb qL
o w 00

O(w) >0 = wS

@ A natural explanation for the di-jet asymmetry observed at the LHC
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Energy loss at (very) large angles

@ The energy leaks into the condensate at © = 0 = the energy fraction

. . . . 1
contained in the spectrum decreases with time: [ dz D(x,7) = e 27

@ The energy lost at very large angles = the energy missing from the spectrum

)

AE = B(1—e ) = B[1-e ¥

sr pi*>0.7 GeV
a
’EQ p‘TfK>2GeV
v
Se pr >4 GeV
&
AEL
3 1%";,’ T e e T R == Hggaae™" - - TS o 3 e
= A ] "“*-...-—v-.-_._—+——0—_ N— R - -
1 1 1 Il 1 1 1 1 1 1 1
4 06 08 0 02 04 06 08 0 02 04 06 08 1

O 1 1 1 1 1
0O 02 04 06 08 0 02 0
Ar

Ar

Ar Ar

@ CMS: The jet transverse momentum profile P(Ar) (pr in annular rings)

o Pb+Pb vs. p+p: excess of soft particles at large angles outside the jet
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Monte Carlo: Medium-induced radiation only

@ Initial parton with energy £ = p,, jet with opening angle R

. H H _dN
@ Left: fragmentation function (or spectrum) D(w) = w7

o leading-particle peak so long as E > wy, (= ws)
o medium-induced radiation: D(w) o ﬁ at w < we

. ’ ' average energy loss
Fragmentation function varying pto

30 T T
s . . —@— R=0.2
—— p=5GeV —&— R=0.4
71— pe=10Gev 1 25 F —¥R=08 1
— P=20Gev “ = —— R=1.0
—— p=50 GeV e 3
6 ———. p=100 GeV ! 1 S 20t o
———" p{=200 GeV ' ' g
51 ——— p=500 GeV : I 2
: ! )
- : | 2 15 | )
S 4 [ G=15Gev2/im, L=4 fm, 5,=0.25 I’: ) E
: 5 5
: 4 g 10F )
: : ﬁ
H >
' — ©
H 3T » o 2 ’ & |
;' i - g=1.5 GeV4/fm, L=4 fm, 3;=0.25
: 0 ! 1
1 10 100 1000

1000
N initial p; [GeV]
constituent p; [GeV]
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Monte Carlo: Medium-induced radiation only

@ Initial parton with energy £ = p,, jet with opening angle R
@ Right: average energy loss by the jet + its fluctuations

o AFE becomes independent of E when E > wy,,

e energy is recovered when increasing R ... but very slowly

. . . average energy loss
Fragmentation function varying pyo

30 T T
8 T T T —@— R=0.2
P0Gy 2 R=04
7r Pe=20 2€ E 25 | —¥— R=0.8 i
Pi=20 Gev w s +—e— R=1.0
— pt=50 GeV V¢ v
6 ——— p=100 GeV : 1 S ol -
=== p=200 GeV H ' u
5 ———: p=500 GeV : [ o
H i >
3 H i 2 151 4
5 4 [ 6=L5 Gev?/im, L=4 fm, 4,=0.25 ‘ n 1 £
= = H 1 ]
3 [ R=10,6max=15 : ! oA & 10| ]
H ol L
5L Yo U oo g
=t H Aol ® 5L |
2ETTRN oo o, - ) .
1r / X i" Iy I‘ ,l| - - §G=1.5 GeV?/fm, L=4 fm, ds=0.25
' Vi
=] 1
0 BV DAY o " - o
0.1 1 10 100 1000

. initial py [GeV]
constituent p; [GeV]
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With due respect to the vacuum

@ So far: energy loss at large angles via medium-induced emissions
e energy loss predicted to approach a constant value at high energy

@ The data for R4 4 suggest that the energy loss should increase with pr

< T T 2.5 T
o | ATLAS  anti-k, R=0.4 jets, |5, =5.02 TeV [ ATLAS ™ |<2.1antik R=04jets |
ot o b
Aary :‘:E*E 2r [ 126 < p < 158 GeV, {5, =276 Tev —|
’ 0”—# " i o [ o ]
ED e " F ® 126 < gl < 158GV, (5 =502 Tey |
massss R L ]
* ™ = 15 @ E
+ =ass) [
EC\I‘II =] \ ] L &]
0.5 R pin
lyl<2.8 = #0-10% [ ]
2015 data: Pb+Pb 0.49 nb™, pp 25 pb™*  [£120 - 30% A i
: ] +140 - 50% [ Pb+Pb, 0-10% ]
NEER(T, ) anld luminosity uncer. iGO S70% 0.5 ‘ ‘ ]
40 60 100 200 300 500 900 o 1
P, [GeV] 10 10 , 1

@ Medium-induced modifications of the hadron distribution inside the jet cone

@ Features that are naturally explained after adding the vacuum-like radiation
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Vacuum-like emissions inside the medium

@ "What do you mean by that 717"

@ Emissions triggered by parton virtualities, not by collisions in the medium

Can they be different from the standard parton showers in the vacuum
(say, as measured in pp collisions) ?

@ YES, THEY CAN ! They have a restricted phase-space ...

e no collinear singularity, prompt formation times
A\ 1/4
2 2w 2
ty = —= < tmed = - or 9>(g>
w

@ They can suffer energy loss & p, -broadening via medium-induced emissions

e they do so ... but only after formation !

They can be affected by color decoherence due to in-medium scattering

e is angular ordering still there ?
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Lund plot: vacuum emissions at DLA

@ Each emission: a point (w;, 6;) in the energy—emission angle phase-space
o logarithmic units: convenient for the double logarithmic approximation
o 0: the maximal angle allowed for the first emission

e FE: the energy of the leading parton, hence the maximal energy allowed
to the first emission

(E.6)

VACUUM PHASE SPACE

0.1

@ Evolution stopped by hadronisation: k| ~ w6 2 Aqcp

THE MYRIAD, ICTS, April 2019 Jet evolution in a dense medium Edmond lancu



Vacuum-like emissions inside the medium

P. Caucal, E. I., A. Mueller, G. Soyez, arXiv:1801.09703, PRL 120 (2018)

@ Vacuum-like parton cascades occur relatively fast and can be factorized in
time from the medium-induced cascades

19 o inside-medium cascades:
g 2 - 2w
wh? q
r 9 o outside-medium emissions:
2
] — > L
o _ 0, wb?
outside
medium 1 o forbidden region in between
Loy Loy

@ End point of VETOED at w,. = %(jLQ, 0. =2/\/GL>?
o typical values: § = 1GeV?/fm, L =4fm, w.=50GeV, 6.=0.05
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Vacuum-like emissions inside the medium

P. Caucal, E. I., A. Mueller, G. Soyez, arXiv:1801.09703, PRL 120 (2018)

@ Vacuum-like parton cascades occur relatively fast and can be factorized in
time from the medium-induced cascades

19 o inside-medium cascades:
g 2 - 2w
wh? q
r 9 o outside-medium emissions:
2
] — > L
o _ 0, wb?
outside
medium 1 o forbidden region in between
Loy Loy

@ End point of VETOED at w,. = %(jLQ, 0. =2/\/GL>?

@ Energy loss & p, -broadening during formation are negligible
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Color (de)coherence

@ In vacuum, wide angle emissions (6 > 6,4) are suppressed by color coherence

@ In medium, color coherence is washed out by collisions after a time ..,

1 .
teon = @GO3 < L if 645 > 6.~0.05

qaq
@ Angular ordering could be violated for emissions inside the medium
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Color (de)coherence

@ In vacuum, wide angle emissions (6 > 6,5) are suppressed by color coherence

@ But this is not the case for the VLEs |

2 2w
9 > eqq & tf - W < qA — lL/f < tcoh

@ Wide-angle VLEs (6 > 0,;) are still suppressed = angular ordering
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Vacuum-like cascades inside the medium

@ Previous arguments extend to a sequence of angular-ordered VLEs

e angular ordering = formation times are strongly increasing

e formation time for the whole cascade ~ that of the last gluon

w

@

1 LAl

%z 3

s T

Whoroﬂ”boﬁ
Ty

outside

@ After formation, partons propagate in the medium along a distance ~ L

e additional sources for medium-induced radiation

e ... and for vacuum-like emissions outside the medium
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First emission outside the medium

@ The respective formation time is necessarily large: ¢ = L
In-medium sources with 6 >> 0. lose coherence in a time t.., < L

@ First outside emission can violate angular ordering

e re-opening of the angular phase-space
e enhanced radiation at low energies and large angles

0

/‘ﬁzqm Wx@’ﬁdx\
<5 TA’
M

3 r"
OPGLTTTLETTTVTTTTT T

T

oulside

@ Subsequent “outside” emissions obey angular-ordering, as usual
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DLA as a warm up

@ The double-differential distribution & the fragmentation function:

d2N 1N d92
T(w,ﬁ) = w92m — D(W) =w ( / (,c) 92)

2 F - T
W §=1 Gev%/fm,L=3 fm ——
1.8 N v a 2 Gev?/fm,L=3 fm =— -
W 9=2 Gev%/fm,L=4 fm ——
1.6 F\\ Y 4
3 W .
< 1.4 F \ solid: A=100 MeV
s W dashed: A=200 MeV
= .
3 L2 r ‘\‘ ]
a L)
1F---- Q- - - - - - - — =
 0.02 ==
0.8 |- - - .
E=200G 204, 0,=0.3, 4=2 GevZ/fm, L= 0.01 E=200 GeV, 85=0.4, 4s=0.3
= eV, 0qq=0.4, 4s=0.3, =2 Gev*/fm, L=3 fm 0.6 Lot ) qa s
1 10 100

5 2 10.85 w [GeV]
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DLA as a warm up

@ Slight suppression at intermediate energies (from 3 GeV up to w,.)

o the phase-space is reduced by the vetoed region

@ Significant enhancement at low energy (below 2 GeV)

o lack of angular ordering for the first emission outside the medium

w [GeV]
1 10 100 2
1 1"} N T
o4 "\ §=1 Gev/fm,L=3 fm ——
T/Tyac 1.8 { v §=2 Gev/fm,L=3 fm —— -
r 0.2 W §=2 Gev%fm,L=4 fm ——
1.6 F\\ 1V 4
- \
. A}
01 SR\ R solid: A=100 MeV
o 5 R dashed: A=200 MeV
L = A Y
0.05 5 12 O\ |
a N
1F---- - - - - - - - -
L 0.02 =
0.8 | =T .
5 P 3 0.01 E=200 GeV, 833=0.4, &=0.3
E=200 GeV, 8q=0.4, 6s=0.3, §=2 Gev?/fm, L=3 fm 0.6 Lot L il
1 10 100
5 2 10.85 w [GeV]
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First Monte Carlo results: R44

(P. Caucal, E.I., A. H. Mueller and G. Soyez, in preparation)

@ Probabilistic (Markovian) picture = straightforward MC implementation
@ Not a fit: just a choice of “reasonable” values for the physical parameters
@ Left: varying kinematical cuts: &y min = A, Omax = 04
@ Right: R4 depends upon the medium only via w,. = §L?
nuclear modification factor Raa nuclear modification factor Raa
1 T T 1 T T
varying uncontrolled params ATLAS —e— fixing we ATLAS —e—
0.9 - . ours b 0.9 - . ours b
0.8 |- S0V Bmax=1, kemin=0.25Gev 4 0.8 |- solid: §=1.5, L=4, 6,=0.25 ; i
dashed: vary k,min (0.15, 0.5) dashed: §=2.67, L=3, 3,=0.25
0.7 |- dotted: vary 8max (0.75, 1.5) B dotted: §=0.96, L=5, G5=0.25
< <
g o6 l E:
0.5
04 [ g
0.3 G=15, L=4, 4s=0.25 - 0.3 Omax=1, Ke,min=0.25 GeV
anti-k¢(R=0.4), |y|<2.8 anti-ky(R=0.4), |y|<2.8
0.2 a + 0.2 L +
100 200 500 1000 100 200 500 1000
pt [GeV] pt [GeV]
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Monte Carlo: Fragmentation function

@ The same “canonical” values for the medium parameters as in the “best”
description of Raa (ATLAS data from arXiv:1805.05424)

@ Stronger variability with respect to the “uncontrolled parameters”

fragmentation function fragmentation function

2 2 T T T T T T 2 2 T T T T T T
““ " 200 < py < 251 Gev ATLAS —@— : 2&0 < p < 251 GeV ATLAS —@—
2 b Ghat=1.5, L=4, 2g=0.25 —— | 2| Kt,min=0.20 GeV «==see: ]
is Ghat=2.67, L=3, 05=0.25 — — s i Kemin=0.25 GeV
: *‘ Ghat=0.96, L=5, 0c=0.25 =reeeee ) : .'\‘ : Kemin=0.35 GeV — — - |
§ 16\ ¢ . 2 16 3 Kemin=0.50 GeV =—s:m—
3 variations at fixed W g S )
[ 6 =1 ki =0.25 GeV T 94 varying kt,min (Bmax=1)
= max= = Btmin = 5 Ghat=1.5, L=4, 45=0.25
3 g 12
1 ,,,,,,,,,,,,,
0.8
0.6 | anti-k(R=0.4), Jy|<2.1 | 0.6 L anti-k(R=0.4), |y|<2.1 |
12 5 10 20 50 100 200 102 5 10 20 50 100 200
pt [GeV] pt [GeV]

@ See the talk by Paul Caucal next Wednesday for more details !
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THANK YOU FOR YOUR ATTENTION !

Have a good end of stay at ICTS and a safe trip back home!
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