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*  Ccoplous emergence of jet structures in heavy-ion collisions
I with reduced energy & substructure modifications

- models of et evolution in medium typically adopt a muilti-
stage framework (factorization):

ME/shower (in)!  medium modibcations! shower (out

+ hence, modeling of jets does not only depend on the
details of stage 2, but also how we separate the stages

- theoretical guidance at high-pr

- what drives guenching & substructure modifications?
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Medium cascade

at high-pr, radiative processes dominate (medium-
induced emissions)

energy Is transported from hard particles via multiple
branchings to soft particles (thermalization)

time-ordering
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TWO SHOWERS

Medium cascade

at high-pr, radiative processes dominate (medium-
induced emissions)

energy Is transported from hard particles via multiple
branchings to soft particles (thermalization)

time-ordering
Vacuum-like jet shower
color coherence angular-ordered cascade (collimation)

s there a way to combine the two"?
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OUTLINE

radiative processes in the medium
phase space analysis
first application: single-inclusive jet spectrum

generating functional approach
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MEDIUM INTERACTIONS @ HIGH-ENERGY

< >
!mfp ! (ng)! .

<—>
myt! (gT)'?

high-temperature: separation of scales
- elastic interactions with transverse momentum exchange
- dressed propagators: 2D non-relativistic QM

light-cone perturbation theory in backgrounad

two-point

COrre|ator IAﬁwed (t1 X)APned (tI ) y) — I abn(t)l (t ) tl)" (X ) y)
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BDMPS-/Z SPECTRUM

momentum broadening

modified kinematics
lack of collinear singularity!
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BDMPS-/Z SPECTRUM

momentum broadening

modified kinematics
lack of collinear singularity!

Energy spectrum s
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dz T 2
Landau-Pomeranchuk-Migdal (LPM) interference effect
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TWO REGIMES

Characteristic angle of radiation ~ Obr(w) ~ kb /w ~ (§/w?)'/*

©o —_
Multiplicity of gluons N()= "3—::255 %
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TWO REGIMES

Characteristic angle of radiation ~ Obr(w) ~ kb /w ~ (§/w?)'/*

Multiplicity of gluons ~~ N()= a9 =25 &
4 - . | .
e smissions. We = 4L e emicsons Wy = @°GL2
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TWO REGIMES

Characteristic angle of radiation ~ 8br(w) ~ ki /w ~ (§/w®)*/*

Multiplicity of g ST R P
ultiplicity of gluons (!)= T T
r 2 - 2

rare, small- A~ copious, large- _9 A

angle emissions We — qL2 angle emissions  Wg = OéZC]LQ

1 ' 1
!br("C)! W" !C !br( S)! W!C
- y, \_ _J
Average energy of one gluon: AE = dw W= 2aqL
0

significant for a large medium (dominated by " )
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MUI_T”DI_E SOF_l_ EM'SS'ONS Blaizot, lancu, Mehtar-Tani 1301.6102

Blaizot, Dominguez, lancu, Mehtar-Tani 1311.5823

tb
WBH K w K @ch tsplit — Er L

short splitting time !  many splittings inside the medium!

dl %]
P, I —" —L
— 2 | I /z | I = xE
P(lndep) N (EL> 7
: tbr
any overlap (interference) reduces this
probability by a small factor ¢, /L | n . a .
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TURBULENT CASCADE

Blaizot, lancu, Mehtar-Tani 1301.6102
Blaizot, Dominguez, lancu, Mehtar-Tani 1311.5823

0D(x,7)
5 = dz K(z2)
K(2)= d;”d!

energy flow to the IR (thermal
scale)

quasi-democratic branching

generalization to transverse
momentum dependence

overlapping formation times:
radiative corrections to g

Mehtar-Tani, Schlichting 1807.0618
Kutak, Ptaczek, Straka 1811.06390
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- BH regularization
- Analytic (inPnite length)

XgH = 0.005 \jentar-Tan, KT 14018293 1

- XD (x,!)
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QUENCHING WEIGHTS

Baier, Dokshitzer, Mueller, Schiff JHEP 0109 (2001) 033
Salgado, Wiedemann PRD 68 (2003) 014008

ﬁ Ajﬁ ;ﬁ compute energy radiated off

leading particle (z«1)

P L)—a()+/Ldt/d A
S T O < | dwdt
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QUENCH'NG WE'GHTS Baier, Dokshitzer, Mueller, Schiff JHEP 0109 (2001) 033

Salgado, Wiedemann PRD 68 (2003) 014008
:vﬁ jﬁ ﬁﬁ compute energy radiated off
. leading particle (z«1)

P( L)—5()—|—/Ldt/dw-dl 5(w)/dw’ dI-CP(—wt)
AN A | dwdt dordt |\

P(€)
o0 — one-gluon Using the soft BDMPS spectrum:
- ~— multi-gluon
2l Ve i T "
S | __s

0.105 // P( ! ) — |_3 e #
0.05} / 2 gal 2

- // g1 ‘gL
ool i e-loss dominated by max of distribution!
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TWO-PRONG QUENCHING WEIGHTS

Y. Mehtar-Tani, KT arXiv:1706.06047 [hep-ph]

So far, we have only dealt with a single hard parton propagating
through the plasma (shower initiator). What about two"?

Interferences are important at t<tq!
Generalizes to all higher-order splittings at large-Nc.
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Y. Mehtar-Tani, KT arXiv:1706.06047 [hep-ph]

So far, we have only dealt with a single hard parton propagating
through the plasma (shower initiator). What about two"?

11/ 3

ta ! (@' 12)

g =
!C! (qL3)' 1/ 2

Interferences are important at t<tq!
Generalizes to all higher-order splittings at large-Nc.
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QUENCHING WEIGHTS EVOLUTION EQUATIONS

Regularized rates in Laplace space: ! (", t) = d# e ! 1 v
; dt

Rate equation for one charge

TP( D) = fhar (L OPC)

Rate equation for two charges

!!—tPsing (", t) = Hair (", 1)Psing (", 1) + #Hine (7, 1) Sp(1)
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QUENCHING WEIGHTS EVOLUTION EQUATIONS

Regularized rates in Laplace space: ! (", t) = d# e ' | 1 ——
; d#dt

Rate equation for one charge

(1) = g (1 OP(Y

Rate equation for two charges

!!—tPsing (", t) = Hair (", 1)Psing (", 1) + #Hine (7, 1) Sp(1)

1 [t y ,
82 (t) =exp |—— / ds Q(w12, t)ZL‘%Q(S) deCOherenCQ param?ter
4 Jo color randomization of a gg pair
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JET SPACETIME EVOLUTION

Bassetto, Ciafaloni, Marchesini (1983);

Dokshitzer, Troyan, Khoze, Mueller (1991)

Wy 0T
uolneziuoipey

* jets are multi-particle objects

with interesting space-time

strong energy ordering
strong angular ordering

In 1/z
A /
dP1 2 S,,CR
zE0 > Qg
pattern
* double-logarithmic regime
nuR In 1/"  formation time
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JET SPACETIME EVOLUTION assetto, Giafaloni, Marchesini (1963

Dokshitzer, Troyan, Khoze, Mueller (1991)

In1/z
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Wy 0T
uolreziuoipey

* jets are multi-particle objects
with interesting space-time
pattern

* double-logarithmic regime
e strong energy ordering

In /R
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e strong angular ordering
Inl/ » formation time
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JET SPACETIME EVOLUTION assetto, Giafaloni, Marchesini (1963

Dokshitzer, Troyan, Khoze, Mueller (1991)

tr,1 ~
LT
In 1/z ths 23
32
' O
\ tf,z S
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3o with interesting space-time
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* double-logarithmic regime
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REDRAWING PHASE SPACE

In 1/z g
‘ (PS)insige =  In* prRZL
PR b L | 3.2
g | / (PS)outside = g'nz pr R ' (PS)inside
Inp,R/Qs | \ Qo
" 2.3
ts <L . .
o f Large ~Q1) probability of multiple
- splitting inside the medium.
In /R In1/" . In1/", In 1/"
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REDRAWING PHASE SPACE

In 1/z l
\ _ 9 2 2
(PS)inside = Zln prR°L
I prRAL te> L | 3.2
prR*S / %] - R
n " (PS)outside = Elnz Pr= ' (PS)inside
Inp,R/Qs | \ Qo
' 2.3
tr <L . .
Large ~Q1) probability of multiple
Inp:/! ¢ . L .
| splitting inside the medium.
L Blue region corresponds
" to unresolved splittings.
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REDRAWING PHASE SPACE

see also Caucal, lancu, Mueller, Soyez 1801.09703

In1/z
A

In p; RL

Inp. /! ¢

In /R

vacuum (in)

Slicing
* et splittings in the "hard” regime
inside the medium

e act as (independent) sources
of medium-induced radiation

(shaded region)

e |oss of AO when crossing
shaded region

® \vacuum cascade at late times

>
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n1/" . Inl/",

In 1/"
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CONSEQUENCES

energy-loss/quenching depends on the amount (phase
space) of radiation inside the medium

mismatch of real and virtual contributions!

Remainder: A warm-up exercise to show the
appearance of medium-induced logs.
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JET SPECTRUM IN HEAVY-ION COLLISIONS

The spectrum of outgoing particles is affected by energy loss.

o d!'o(pr + )
— = d" P(" -
dp 0 *) dp

|, .
90" " guprye
L R S

Q(pT)

B e g M2
(pr + D" 2p7

For!/p: ! 1 and larga

R, — dr T dl 0 nuclear modification
jet —

d_p d—p factor
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RADIATIVE CORRECTIONS

Y. Mehtar-Tani, KT arXiv:1707.07361 [hep-ph]

d! d! Born !

d—p - dp 1+ "s((PS)rea ! (PS)virt ) + O(" g)

® higher-order corrections not enhanced by phase space
when balance between real & virtual emissions

- for sufficiently inclusive observables
— is this the case in the medium?

K. Tywoniuk (UiB) 20



RADIATIVE CORRECTIONS

Y. Mehtar-Tani, KT arXiv:1707.07361 [hep-ph]

d! d! Born !

d—.p - dp 1+ "s((PS)rea ! (PS)virt ) + O(" g)

® higher-order corrections not enhanced by phase space
when balance between real & virtual emissions

- for sufficiently inclusive observables
— is this the case in the medium?

Riet = Q9 (pr)+ QF (pr)+ O 3)

® cxpanding quenching factor corresponds to accounting
for the quenching of higher-order emissions
(substructure fluctuations)
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FIRST CORRECTION TO QUENCHING

Y. Mehtar-Tani, KT arXiv:1707.07361 [hep-ph]

L

+

—

sensitive to quark+gluon quenching sensitive to quark quenching

- - Rdl gk
PPz dzPu@) G Qe Qo)

0 0

Qyq(Pr) = Qqu(pr)Qsing (Pr)

e real & virtual are differently affected by energy loss effects!

e the mismatch is largest at short formation times ts ! Ty

¢ cnhances a subset of higher-order corrections
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“SUDAKOV” SUPPRESSION FACTOR

Y. Mehtar-Tani, KT arXiv:1707.07361 [hep-ph]

Jet B QQ(pT)| C(pT,R) e

® resummation of
medium logs via b
non-linear equation & o6r .~

0.8f

e strong-quenching 0al
limit: dominance of s
. : I Quark energy loss -
virtual fluctuations 2 S— Jet energy loss (incoherent approx. ) ]
(SUdaKOV) j — Jet energy loss - R—O 4
" 00 1000
P, [GeV]

. 1 . R I 11 |
cLp Ry =1+ dz o sk
0 0. ! #

| C(z,pr,)CA" Z,pr,1)Q5(:) " L, Py )

K. Tywoniuk (UiB) 22

Pyq(2)! (tr < tq)
7



(GENERATING FUNCTIONAL APPROACH: A SKETCH

In the small quenching limit, we can generalize:

d' _ d' d! (excl) d! (()excl)
= QAPr) gy ﬁ> dk, ke - @ PTGk,
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(GENERATING FUNCTIONAL APPROACH: A SKETCH

In the small quenching limit, we can generalize:

In 1/z ) ) -
A ! 'o g1 (excl) dr &x¢
Apr) 5o ﬁ> = Q" (pr) g
o, R2L dp dkj . .. dky dkj . .. dky
|inR4/3 R
E Z(p,Ri{u})=u(+  dl " (f<tp <L)
In p; R/Qs " # $ C
Z(zp,")Z (1! z)p,! QX(pr)! Z(p,!)
+
Inp. /! ¢
vacuum (in)
In /R In /" . In 1/"
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(GENERATING FUNCTIONAL APPROACH: A SKETCH

In the small quenching limit, we can generalize:

In 1/z ) .
A 'o di (excl) dr (exe
APr) g ﬁ> = Q' (pr) g
In pTRZL dp dk]_ - de dk]_ A de
In pr R4/ 3 L R
¥ Z(pR{u})— u(p) + ' (tf<tbr<|—)
In p; R/Qs C
Z(zp,!)Z (1' zZ)p, ! QZ(pT)' Z(p,!)
+ ...
npelte , Non-trivial normalization due to e-loss:
vacuum (in)
Zoacp, Ryu=1) =1
In UR N ¢ In1/" Z(p, RB;u=1) =C(p, R)
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CONCLUSIONS

medium cascade: efficient transport of energy to large
angles

hard, vacuum splittings in the medium act as sources

mismatch of real & virtual: logarithmic sensitivity to jet
scales (Sudakov-like resummation)

merging the cascades: generating functional with phase
space considerations
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Thank you!

K. Tywoniuk (UiB)



MEDIUM TRANSPORT COEFFICIENT

d“q g ax
(2")? 9?(g? + m3)

()= ¢

Sensitive to the transverse extension of the “dipole”.

L el 2
1 (0) (x)

"Harmonic oscillator” approximation

() =22 (0) ! ()] o
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