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Outline

Main questions to be answered AR

- what is “jet quenching”? _
» or a theorist’s view of experimental data S¥eos TR T S e

s Tt - _.t-..‘;- : - . l\.' 3 v ' 4
+ what are “jets”? e R SN e,
" e s i . ".“‘«..\ > 3 SN o o .".' : M
. N A - . A T "3 " AT 3
> or how does a parton shed its Y i S = M BN B R
virtuality? F Rt
e Ve o ¢ : ;'I.(_ )
what is parton energy loss? PPl Ak R IR e e -
~ or how does the medium interact with P G VI RGN S
e '\ o .'.‘ "'o~'g.'.'-‘ ' e "g »ll
AR »

fast particles? o O

. . . s l 'lll’
what is jet quenching? @ AN g

> or how does the medium modity jets?
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Structure of the lectures

modified jet

« Lecture

> learning to interpret “jet quenching”
in experimental data

>~ QCD jets in vacuum

A-A

 Lecture 2
> theory of radiative parton energy loss

 Lecture 3

> theory of tull jet quenching



Lecture 1

Part I: “jet quenching”
phenomena in heavy-ion
collisions




HEAVY-ION COLLISIONS

< 0.01fm

v

Total kinetic energy: ~1000 TeV
(up to ~75% is converted)

T

PbPb @ Large Hadron Collider at CERN.
30.000 particles are produced within

ifetime 10 %s.

Run: 244918
Time: 2015-11-25 10:36:18

Colliding system: Pb-Pb

and dlverse phyS|CS prOgram HLICE | Collision energy: 5.02 TeV

(oulk/heavy/hard probes, system size...).

K. Tywoniuk (Bergen U.) 5



AZIMUTHAL ASYMMETRY OF PARTICLE PRODUCTION

Courtesy: G. Roland

K. Tywoniuk (Bergen U.)



AZIMUTHAL ASYMMETRY OF PARTICLE PRODUCTION

Courtesy: G. Roland

9
*
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o
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® 15% modulation seen “by eye”
® manifestation of collective effects

® described by relativistic hydrodynamics ( )

Manitestation of the quark-gluon plasma.



SUPPRESSION OF HIGH-ENERGY PROBES

C CMS Experiment at LHC, CERN

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

CMS Experiment at LHC, CERN

Data recorded: Thu Aug 26 06:11:00 2010 EDT
Run/Event: 143960 / 15130265

Lumi section: 14
Orbit/Crossing: 3614980 / 281

v
-’
‘l
"L

Jet 0, pt: 205.1 GeV

Jet 1, pt: 70.0 GeV

Two-jet event in proton-proton Jet quenching in heavy-ion

Imbalanced jets because of interaction with the quark-gluon plasmal!

K. Tywoniuk (Bergen U.)




HOW DO WE QUANTIFY “JET QUENCHING?

number of events

10 Alver & Roland:1003.0194 O bS e rve d | n h e avy_ I O n
e T e collision
= it e QI i |

AN 44 /dpr
<Ncoll> d(fpp/de .
N et o o process

*(N.5||) (nuclear thickness function) extracted

Raa =

from Glauber model

* here for p; but also constructed tor other
measures

K. Tywoniuk (Bergen U.)



HOW DO WE QUANTIFY “JET QUENCHING?

Alver & Roland:1003.0194

Raa =
(

< L _
ey _10° =
Tre- 0-10% | iies ot al PLR773 (2017) =
1.45 -
125 -
E ) :
e MRt
0.8l s
0.6= ALICE preliminary E
0.4=  pp & Pb-Pb, \s,, = 5.02 TeV =
0.2F In| < 0.67, pi:°’ °h . 1.5 GeV/c B
10 20 30 40 50 60 70

pT(GeV/C)
R, 4 for photons shows no
modification!

K. Tywoniuk (Bergen U.)

number of events
observed in heavy-ion
collision

dNAA/de
Ncoll> dgpp/de
\/ cross-section for process
IN proton-proton
*(N.5||) (nuclear thickness function) extracted
from Glauber model

* here for p; but also constructed tor other
measures



JET SUPPRESSION IN DATA

é 2 : : 27.4 pb™ (5.02 TeV pp) + 530 ub™ (5.02 TeV PbPb)
oc. 1.8 ALICE |5 =5.02TeV : . cMS ST
16l Charged particles Jets, anti-k;, R=0.4 F . ;“Tf?edzhadms
O ] ol ¢ “lyl < 2.4
i 0-5% 0-10% i 1.4 n nonprompt J/y (2.76 TeV)
1.4 m AuCE ALICE E N + 16<|y|<24
N . p i = T,, and lumi. <
1.2 - COMS ATLAS g  uncertainty MR
1F I -
0.8 + - ..++
0.6F SR ’
O [ ..0‘ .JL_ e 1 }_
0.4 <
0.2 Gy i : Cent. 0-100%
: l-»l l lI : l l l l l l ll l l l l l_‘ O_Lll 1 1 1 llllll 1 1 1 1111112
0 ; . 1 10 10
10 10 p_(GeVic) 10 P, (GeV/c)
T

* kinematic range at LHC allows to probe jet quenching at varying scales & tor
ditfferent species (inclusive hadrons, heavy flavor, jets)

* (lack of) universal behavior at high-p

K. Tywoniuk (Bergen U.)



COINCIDENCE MEASUREMENTS

.di-jet measurements

= QXJgf"l""|' LI B LAY RS RLALEN UL
1% FATLAS 20500682 anti-k, R = 0.4 -
© . 8§ == 0-10% &T,)=0.9% == 10-20% T, )=1% _E sub-lead
SO oF 8 20:40% (T, )=2% F8% 40-60% KT, )=5% E P
[~ -~ 60-80% XT,,)=8% ~#— pp dLumi=1.6% o = LJ = lead
—< 65200 <p_ <224 GeV L - Pr
T RS = _5.02 TeV : o . J
- Pb+Pb 2.2 nb'" - > y-triggere
4Epp 260 pb’” —-'- . e I . e AN ittt S . ol SN
3 - e 0-10% 1E 0-10% 1f 0-10%
- -rl « o = : ] = -
2 A = : = - - 3 -
e yl<21 lo,-0,|> 78 ER: :
o ] L1 P I T T I L1 3 _ % " ==
%3 04 05 06 07 08 09 e, -
02040608 112141618 02040608 1 12141618 02040608 112141618

X gy Xy Xy
e offer a strong handle on jet quenching tluctuations:

- path-length ditterences, energy-loss fluctuations, medium
response. ..

K. Tywoniuk (Bergen U.) 10



) dNyaci/ d&

je

N

(1/

PbPb/pp

K. Tywoniuk (Bergen U.)

10§
t PbPb vV SNN = 2.76 TeV

107"

18F
1.6F
1.4}
1.2}

0.8F
0.6F
0.4

JET FRAGMENTATION

----------------------------------------------------------------------------------

[ 150 pb™"

70-100%

......................

-------------------------------------

-----------------------

PbPb 1.7 nb™" (5.02 TeV) pp 320 pb™ (5.02 TeV)

CMS Supplementary JHEP 05 (2021) 116

Cent: 0-10%

- — — Leading jets +
i |
. ~® 00< X; < 0.6 +

+ A
— " 08< X; < 1.0 v

" Anti-k, jets, R=0.4 <16
pi*ad > 120 GeV, pS® > 50 GeV  Ag > %"
| | | I | | | I | | | I | | | I | | |
0 0.2 0.4 0.6 0.8
Ar

* intra-jet structure via longitudinal and transverse energy distributions

* jets are narrower with a large excess of soft particles at large angles!

1

Y 3§

11



JET SUBSTRUCTURE OBSERVABLES

1 1 LI ll ] 1 I LI L I] 1 !
R < 12 . N
o N [ AICE Vo 502 Toy | o 420 01 015 T o Y ATLAS Preliminary 0-10%
©IT 1ok epp VS = 9.V TV 7 S8 - . ALICE |5, =5.02 TeV : - pp5.02TeV, 260 pb anti-k, R =04 jets, [y| <2.1 _
g " m Pb-Pb0-10% Charged-particle jets o 39F 4 IgFt))—Pb 0-10% Charged-particle jets - - Pb+Pb5.02 TeV, 1.72 nb™ 2,4 =02,=0 -
1_ § 8 __ SyS uncertainty R = 02' | njetl <0.7 — - — 3 2 Sys uncertainty R = 02, | n I <0.7 _: St T S L S S A S B S —
© - 60 < < B0 GeV/c - © : ' jet : i i
- P1,chijet - © o5l - 60<p_ s 80 GeV/c 1
6 Soft Drop z,,=0.2, =0 - '2 - 0 Soft Drop z,,=0.2, f=0 - - -
) i . o =087, -088 . 3 e 3 ™ <088, =089 0.8 ' ' -
i . [ = = - 1 _: & _ ! ' l |
o[ - : S ] 0.6 —
i ] 0.5F & 2 E - l . -
o a : I-EJ;ETS.CI:APE T jEwEIE r‘ecoiis off 2 | miETSCAPE IE.JE\‘NEIL, recolls off T ! "'P’:' > 158 GeV ' ' i l 1
&l 14F = PBablos, L,.=0 _  Chien " omom L& of S Pablos, L =0 Yuan G =8 Gev? E 0.4— | u
o : Pablos, L. = 2/xT =-Qin : o - Pablos, L,.. = 2/xT - Yuan, med g/g : - = 158 < p*' <200 GeV .
12F W Pablos, Lygg = = . . E . Pablos, L, = o Yuan, quark ] _ T o
LS “ : 02' 4 200 < P < 315 GeV N
- R e - “L ! |
C M " " M " " " 1 " " " : 0.5 -E.- 5 M 1 " " " L ‘. ) .‘ - L i o S | e N i _? : * 315<lp:. < 501 Gev l :
0.2 0.3 0.4 05 0 02 04 06 08 1 R Y Ry Y T R T T
PRL 128, 102001 (2022) 9 9 r
ATLAS-CONF-2022-026 9
* R safe jet substructure observables
7 * groomed observables: use information about the hardest splitting in the jet
d
8
Z, * can also be used to select specific jet populatio (e.g. wide vs. narrow)

K. Tywoniuk (Bergen U.) 12



FACTORIZATION OF PQCD CROSS SECTIO

~

® assume single parton propagates
through the medium — hadronizes P " >
far outside the medium!

9.0.0.0.0.0
0Q

* good approximation since high-p; D -‘
hadrons are leading fragments
z~0.51in jets

* jets are more complicated! .
:

- hadrons = narrow jets (R~0)

et — /dcfdz 472 D*" (2, up) Pr(€)d(pr — 2(gr — €)) p -.
T dq2dy 'y Y F T T

QT:pT/Z‘|_€

K. Tywoniuk (Bergen U.)



IR SAFETY

* |mportant difference:

— hadronic observables are infrared unsafe =
sensitive to a IR scale ( ~ Aqgp)

- jet observables can be defined as infrared safe
w/ very little sensitivity to hadronization, NP,...

e clear indication when an observable is very
different on “partonic” and “hadronic” level

K. Tywoniuk (Bergen U.)

14



Q U E N C H I N G HARD S PECT RU M Baier, Dokshitzer, Mueller; Schiff (2001)

Salgado, Wiedemann (2003)

guenching weight (prob. distribution)

/ g
d me > d vVacC
7 med :/ de P(e) U,
de 0 de p=pT+€

~ dO-VaC / dGP(E)e GPT;
0

dpr
W
| | Q(pTz\ 5pT PT
Fore/py < 1and large n, g —ga™ e ™" quenching factor

e applies tor small energy losses & steeply talling spectra

* the exponential “weight” factor induces a strong survival bias

e only jets which lost little energy (i.e. whose € is small) contribute!
K. Tywoniuk (UiB) 15



UNDERSTANDING “JET QUENCHING” AS SURVIVAL BIAS

* The flatter the spectrum, the less significant if n =0, no quenching

Jde P(e) =1

is the energy loss

* Naively, one would expect the first moment
of P(¢) to dominate

where mean energy loss (€) = Jde eP(€)

llllllllllllllllll

—— gaussian -

— BDMS -

nd domed N doy(pr + AE) =

oy iy : —

0.2}

e Steeply talling spectrum n > 1: sensitive to

~
LU
N
A

the typical energy loss e* (peak of o

distribution), not the mean (¢)!

00~

|
|

| 1 1 l 1 1 |
( 6 8 10

- applies to fat-tailed distributions

K. Tywoniuk (Bergen U.) 16



SIMPLE MODEL OF ENERGY-LOSS

inclusive jets y-taggea
: / 512 NE
p ‘[GGV] IIIIIIIII ny IIIIIIIII
* qualitative teatures are described by a
simple model of energy loss 1oAA
dz - -
* no path length dependence, but N
energy-loss fluctuations! @

K. Tywoniuk (Bergen U.)

111111111

/ de1des / d?pl

(m _ min(py, p7 )) do

max(pk, p2.)

17



STATE-OF-THE-ART

T T
x 12— ATLAS

| anti-k; R=0.4 jets

2018 Pb+Pb 1.7 nb™", 2017 pp 260 pb™, s, = 5.02 TeV

L 1M <28 n -

Tl S e - - |- —

0.8 — + —

0] + n

06— M= —

) W T T .

04 — —

0.2 — p.>50 GeV, In'l <2.37 _o Inclusive jet o Vit —

| Ag(y,jet) > 7n/8 0-10% 0-10% i

O B | | | | | | | | | | | | | | I | | | | | | | | | I l—
50 100 150 200 250 300

* state-of-the-art calculations have to use realistic quar
for medium evolution, include detailed description o

loss

Jet P, [GeV]

Quark Jet Fraction

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

| I | I I I | I | | I | | I | | | I | I | | | I | | |
ATLAS Simulation Preliminary Vs =5.02 TeV
' 8

- anti-k; R=0.4 jets | < 2.
e .
7o 3

S SRS = :
= e E

o v
T O 9 —

g#+@565@::@:

v

Inc. jets vy-jets
-©- —@— Pythia

llllllllllllllllllllll Il llllllllll llllllllll

f—For v-tagged jets
- p! > 50 GeV, | <2.37 ¥ —*# Sherpa
E AQ(Y,jet) > /2 = -# Herwig
_ l 1 | 1 l 1 1 1 I | I | l 1 | — l | — 1 l 1 1 l 1 1
60 80 100 120 140 160 180 200

Jet ptTrUth [GeV]

Y-tagged jets

Inclusive jets

</gluon spectra, account
radiative & elastic energy

*rise of MC tools (JETSCAPE, JEWEL, hybrid model, Saclay model, LIDO etc..)

* key feature: combining vacuum jet fragmentation & medium effects

K. Tywoniuk (Bergen U.)
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Lecture 1
Part Il: QCD jet

fragmentation in vacuum




JETS IN QCD

* asymptotic freedom: high energy quarks ana
gluons manitested as collimated sprays of
particles and energy.

* jets: well-defined objects in experiment & theory.
* multi-scale & long-distance dynamics.

* powerful probe of the quark-gluon plasma in
heavy-ion collisions.

K. Tywoniuk (Bergen U.)

L
Ty,
NI
-y
-y

2 and 3 jet events

20



PARTON SPLITTING

Z Generic 12 (on-shell) splitting in QCD:
0 as df (o) 200,Cr df dz

’ — P dz ~
_<]_Z P b — 7 Dha (2)dz 5

Diverges for soft & collinear radiation!

K. Tywoniuk (UiB) 21



PARTON SPLITTING

Generic 122 (on-shell) splitting in QCD:

(X g dé QCVSCR dé dz
73a,4>bc: - 0 o 0 -

Pb(s) (z)dz ~

Diverges for soft & collinear radiation!

R
/ Large phase space for radiation compensates «,/!
_— OéSCR 2 pTR

/

Need for resummation of collinear logarithms tor
final-state radiation.

K. Tywoniuk (UiB) 21



ms\ CMS Experiment at LHC, CERN

Data recorded: Sat Aug 28 23:03:34 2010 EDT
:| CMS Experiment at LHC, CERN Run/Event: 144089 / 671718071
:| Data recorded: Thu Aug 26 06:11:00 2010 EDT ) Y Lumi section: 574

Run/Event: 143960 / 15130265 o\

Lumi section: 14 L \

Orbit/Crossing: 3614980 / 281 « O W T

proton-proton proton-proton
two-jet event (?) three-jet event (?)

K. Tywoniuk (UiB) 59



CMS Experiment at LHC, CERN

Data recorded: Sat Aug 28 23:03:34 2010 EDT
Run/Event: 144089 / 671718071

Lumi section: 574

CMS Experiment at LHC, CERN

Data recorded: Thu Aug 26 06:11:00 2010 EDT
Run/Event: 143960 / 15130265

Lumi section: 14

Orbit/Crossing: 3614980 / 281

Compact M.on Solenod

proton-proton
three-jet event (?)

K. Tywoniuk (UiB) 22



CMS Experiment at LHC, CERN

Data recorded: Sat Aug 28 23:03:34 2010 EDT
Run/Event: 144089 / 671718071

Lumi section: 574

CMS Experiment at LHC, CERN

Data recorded: Thu Aug 26 06:11:00 2010 EDT
Run/Event: 143960 / 15130265

Lumi section: 14

Orbit/Crossing: 3614980 / 281

Compact M.on Solenod

K. Tywoniuk (UiB) 22



INTERFERENCES & ORDERING

At 2nd order:

In the soft limit (z, <« 1), it is easy to show that the emission has to lie within the
dipole: 8 < 6,

K. Tywoniuk (UiB) 23



INTERFERENCES & ORDERING

At 2nd order:

In the soft limit (z, <« 1), it is easy to show that the emission has to lie within the
dipole: 8 < 6,

Heuristic argument: the emission of the gluon has to be able to resolve the
individual charges of the dipole.

Compare the transverse size of antenna r|(f) ~ Gyt at the formation time of the
gluon, t; ~ 1/(w6?), to the size of the gluon fluctuation 1, ~ 1/k, ~ 1/(w6).

L, <Lr = 0 < 0,

K. Tywoniuk (UiB) 23



RADIATION PHASE SPACE

Andersson, Gustafson, Lonnblad, Pettersson Z.Phys.C (1989)
Andersson, Gustafson, Samuelsson NPB (1996)

log z6 P be B 204303 ~uniformly filled!
dlog(1/6)d log k; s up to running of a,
ki = zprb
MC parton shower fills available phase
with the proper weights as given by the
//Q’ "Q Sudakov factor:
\y 7
A0, 8y) = exp / d@/ dk; 204503
0, log1/6 0o

K. Tywoniuk (UiB)
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RADIATION PHASE SPACE

Andersson, Gustafson, Lonnblad, Pettersson Z.Phys.C (1989)
Andersson, Gustafson, Samuelsson NPB (1996)

log z6 P be B 204303 ~uniformly filled!
dlog(1/6)d log k; s up to running of a,
ki = zprb

§° MC parton shower fills available phase

& with the proper weights as given by the

"

//Q’ “ "Q Sudakov factor:
N 7’
A0, 89) = exp / d@/ dk; QCXSCR
0, log1/6 0o

K. Tywoniuk (UiB)
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SPACE-TIME PICTURE OF A JET

Andersson, Gustafson, Lonnblad, Pettersson Z.Phys.C (1989)
Andersson, Gustafson, Samuelsson NPB (1996)

log k, [GeV]

* Lund diagram (primary emission plane)

- secondary branchings located on
independent “leaves”

* powertful tool to visualize impact of
resummation of multiple emissions

e powerful tool to analyze MC
implementations of parton shower

log 1/6

K. Tywoniuk (UiB) 25
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SPACE-TIME PICTURE OF A JET

Andersson, Gustafson, Lonnblad, Pettersson Z.Phys.C (1989)
Andersson, Gustafson, Samuelsson NPB (1996)

tf1

tf.2

* Lund diagram (primary emission plane)

log k, [GeV]

- secondary branchings located on
independent “leaves”

* powertful tool to visualize impact of
resummation of multiple emissions
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implementations of parton shower

log 1/6
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SPACE-TIME PICTURE OF A JET
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independent “leaves”
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SPACE-TIME PICTURE OF A JET

tf1

>
L
O
S U
o0 1
L .
tr.2
2',0" tf,S
'O' \3'
O' "'
‘Lllllll’,illlllllllllll l.‘
AN N ; v
d o
log 1/6
25

Andersson, Gustafson, Lonnblad, Pettersson Z.Phys.C (1989)
Andersson, Gustafson, Samuelsson NPB (1996)

*  hadronization
tf73 - from te ~ (QR)™! ~ 2fm
— © tof~ E/QZ ~300fm
tf72 :.

* Lund diagram (primary emission plane)

- secondary branchings located on
independent “leaves”

* powertful tool to visualize impact of
resummation of multiple emissions

e powerful tool to analyze MC
implementations of parton shower



MEASURING THE LUND PLANE

Dreyer, Salam, Soyez 1807/.04/58
ATLAS-CONF-2019-035

, QCD jets, averaged primary Lund plane ATLAS Preliminary Vs = 13 TeV, 139 fb™ Data - embedded PYTHIA
— —0.08 — 5
iy T T | T T | T T | T T | T T | T T | T T | T T | T T | T T
) Vs =14 TeV, p;>2 TeV : - ';\' 6 T " ALICE Preliminary (Data - Embedded) ] 01
Pythia8.230(Monash13) - - 0.07 § . PbPb - PYTHIA Embedded \s, = 2.76 TeV =
5 c ) z O 80 < g™ <120 GeVic, anti-k; R=0.4 -
E N 5 0.06 © - -

4 5 > F ~ - 7 —0.05
e0) =2 107+ = o _
To B
S =~ 0.05 = - .
S o 3 5 4 = = L .
-~ Q9 - © T | 1
% g 2 i\” B 0'04:’ N —4— ]
s £ - i s = T 7
X I S < - .
@© 1 N : 3 0.03 g B
N u =
o n _ —6—
% 0 107" F- 0005 ] -0.05
o 2 - - SoftDrop z,,=0.1,5=0
e -1 - D -8 o - —
C% 0012 B Cambrldge. A"achen Reclustering |
(_'j _> . . . . . . : . | : 3 | T : 1|S’[ SD|Sp|I’[’[I|ng l l l l l l : 0.1
e 00 05 10 15 20 25 30 35 40 45 50 | vl oo bor ol 0 _10|||| T T T T T A Y A I O A A O
o In(R/A) 0 05 1 15 2 25 3 35 4 45 5 0 05 1 15 2 25 3 35 4 45 5
A In(R/AR) |n(i)
. Il | | AR

.0 01 02 03 04 05 06 0.7 08 0.9 1071 1072
P(A, k) AR = AR(emission, core)

Lund Plane for PYTHIA jets Lund Plane for jets @ LHC
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JET RECONSTRUCTION PIPELINE .. simplifiec

event/data generation

/ Wy By -—'C
parton particle oy
level jet

deposition

K. Tywoniuk (UiB) 27



JET RECONSTRUCTION PIPELINE .. simplifiec

event/data generation
jet finding* reconstructea
(typically anti-k; w/ R~0.4) jet

- >

parton par‘ucle energy [*after background subtraction]
level deposition

K. Tywoniuk (UiB) 27



JET RECONSTRUCTION PIPELINE .. simplifiec

event/data generation

- — |

parton par’ucle energy [*after background subtraction]
level deposition

jet finding* reconstru cted
(typically anti-ki w/ R~0.4)

%,

AR;;
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JET RECONSTRUCTION PIPELINE .. simplifiec

event/data generation

jet finding* reconstructea
oy = (typically anti-k; w/ R~0.4) jet

particle energy [*after background subtraction] \/
jet deposition

jet reclustering
(typically Cambridge/Aachen) [ —

%,

AR;;
K. Tywoniuk (UiB) 27



SOFTDROP/MMDT GROOMING

(modified mass drop tagger) Dasgupta, Fregoso, Marzani, Salam 130/7.0007/
Larkoski, Marzani, Soyez, Thaler 1402.2657

Follow jet tree until finding first
branch that satisfies:

Z > Zcut‘gﬁ

log k, [GeV]

log 1/6
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SOFTDROP/MMDT GROOMING

(modified mass drop tagger) Dasgupta, Fregoso, Marzani, Salam 130/7.0007/
Larkoski, Marzani, Soyez, Thaler 1402.2657

Follow jet tree until finding first

‘}Eo ‘)§ branch that satisfies:

Z > Zcut‘gﬁ

log k, [GeV]

\

cut

log 1/6
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SOFTDROP/MMDT GROOMING

(modified mass drop tagger) Dasgupta, Fregoso, Marzani, Salam 1307.0007
Larkoski, Marzani, Soyez, Thaler 1402.2657

Follow jet tree until finding first
branch that satisfies:

5 /

A p
(ﬁ Z > Zcut‘g
QN
ol
Is : . .

* part of a large class of algorithms aimed at
Zcut suppressing effects ot soft & large-angle

radiation (contamination)

log 1/6
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SOFTDROP/MMDT GROOMING

(modified mass drop tagger) Dasgupta, Fregoso, Marzani, Salam 1307.0007
Larkoski, Marzani, Soyez, Thaler 1402.2657

Follow jet tree until finding first
branch that satisfies:

5 /

A p
(ﬁ Z > Zcut‘g
QN
ol
Is : . .

* part of a large class of algorithms aimed at
Zcut suppressing effects ot soft & large-angle

radiation (contamination)

* other examples: trimming, pruning,...,
dynamical grooming

log 1/6

K. Tywoniuk (UiB) 28



log k, [GeV]

\

cut

SOFTDROP/MMDT GROOMING

K. Tywoniuk (UiB)

log 1/6

(modified mass drop tagger) Dasgupta, Fregoso, Marzani, Salam 1307.0007
Larkoski, Marzani, Soyez, Thaler 1402.2657

Follow jet tree until finding first
branch that satisfies:

Z > Zcut‘gﬁ

* part of a large class of algorithms aimed at
suppressing effects ot soft & large-angle
radiation (contamination)

* other examples: trimming, pruning,...,
dynamical grooming

measure of (@ = max z(1 — Zi)((g/R)a
“hardness” ieC/A

Mehtar-Tani, Soto-Ontoso, KT 1911.0037/5, 2005.0/584
28



Summary

Lecture 1

» “Jet quenching” is a set of striking
phenomena affecting high-energy
observables in heavy-ion collisions

 closely related to energy-loss

> our job in the next lectures is to
relate this to induced radiative
processes in the quark-gluon
plasma




Summary

Lecture 1

« QCD jets are formed when an
initially virtual parton
fragments

- have an interesting structure
related to logarithmic
resummation (e.g. angular
ordering)

» can be used as calibrated
probes of the medium




Lecture 2

theory of radiative parton
energy loss in matter




PARTON PROPAGATION IN MEDIUM

Baier, Dokshitzer, Mueller, Peigné, Schiff (1996); Zakharov (1996); Arnold, Moore, Yaffe (2003)
Barata, Milhano, Mehtar-Tani, Salgado, KT (in preparation)

. . . . —_ +
Setup: light-front perturbation theory in A~ background X ¢ X
field (AT = 0 gauge). ’ N
\\\\\\\
. . : . : : \\\\\\\
Interaction vertex: treated in the eikonal approximation St e R
AJ(x™, X7, X) Y et
\\\‘:\\
~=gT" 2p™ A% (x) N <
\\\\\\\\\\
N
We assume the medium potential does not have a extent \\\\\:3\*
in the x~ direction, i.e. A(x™,x7,x) ~ A(x™,0,x). In Fourier
| N o x
space, this leads to 6(g™) - no longitudinal momentum ~—
4

transfer & no elastic energy loss.

K. Tywoniuk (UiB) 32



PARTON PROPAGATION IN THE MEDIUM

Baier, Dokshitzer, Mueller, Peigné, Schiff (1996); Zakharov (1996); Arnold, Moore, Yaffe (2003)
Barata, Milhano, Mehtar-Tani, Salgado, KT (in preparation)

= - - —— T(p1,po) p>—

Dressed (scalar) propagator:

(#]|Gscar| 20) = (fE\Golivo)+2p+/(x|Go\Z) 19.A0(2) (2| Gscal| o)

<
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PARTON PROPAGATION IN THE MEDIUM

Baier, Dokshitzer, Mueller, Peigné, Schiff (1996); Zakharov (1996); Arnold, Moore, Yaffe (2003)
Barata, Milhano, Mehtar-Tani, Salgado, KT (in preparation)

= - - —— T(p1,po) p>—

Dressed (scalar) propagator:

(#]|Gscar| 20) = (fE\Golxo)+2p+/(x\Go\Z) 19.A0(2) (2| Gscal| o)

<

Translational invariance in x~ components: | _
P (2/G(¢, to)|wo) = 2p* / da— e E=%0)" (2] Gcal| o)

Conservation of large momentum component pT.

0 63‘ t t. t — 10(t — ta)o
[Za+ﬁ+g~40( ,a:>] (21G(t, to) o) = i6(t — to)d(a — o)

2+ 1D Schrodinger equation with m = E.

K. Tywoniuk (UiB) 33
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FEYNMAN RULES
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K. Tywoniuk (UiB)

PARTON SPLITTING IN MEDIUM

S@,0) SO, 1))

> [

Blaizot, Dominguez, lancu, Mehtar-Tani (201 3)
Apolinario, Armesto, Milhano, Salgado (2015)

e Spectrum of 1 — 2 splitting involves

n-body correlators of dressea

propagators.

e Cor
bac

relators eva

uated in the

<ground of -

luctuating medium.

e Time-evolution governed by

corresponding Schrodinger

equation(s).

35

also, see talk by Arnold (this workshop, Mon, Jul 26)



PA RTO N S PLITTI N G I N M E D I U M Blaizot, Dominguez, lancu, Mehtar-Tani (2013)

h 1 Apolinario, Armesto, Milhano, Salgado (2015)
I I I > [

e Spectrum of 1 — 2 splitting involves

n-body correlators of dressea
propagators.

e Correlators evaluated in the

background of fluctuating medium.

* Time-evolution governed by
corresponding Schrodinger

eq U at| on (S) . also, see talk by Arnold (this workshop, Mon, Jul 26)
S@,0) SO, 1))
For example: B }
3-body correlator in ié’t | 22 | iv(t, il?) ]C(il?, Ly, t()) — 15(2)(213 — y)é(t — t())

gluon-gluon splitting 2 _
e.g. Casalderrey, Salgado 0/12.3443

K. Tywoniuk (UiB) 35



2+ 1D QUANTUM MECHANICS ON THE LIGHT-CONE

¢ / Baier; Dokshrtzer; Mueller; Peigne, Schiff (1996);
! 2 . s Zakharov (1996) (Arnold, Moore, Yaffe (2003))

Blaizot, Dominguez, lancu, Mehtar-Tani (201 3)
Apolinario, Armesto, Milhano, Salgado (2015)
Isaksen, KT 2107.02542

1 1

| CE__

S@,00 SO, 1) SH(oo,1,)

* decomposed into gauge-invariant objects (Wilson line correlators).

* medium potential: non-perturbative input about medium transport properties!

K. Tywoniuk (Bergen U.) 36



SCALES OF THE MEDIUM

e typically weak-coupling g <« 1

e thermal distribution of medium
scattering centers n ~ T~

* separation of scales!

<—>
m]; b~ (g T)_l g4
< > 061 ~ _2
_ m
;tmfp ~ (ng) 1 11)
<€ > /lmfp ~
L (10N

K. Tywoniuk (UiB) 37



SCALES OF THE MEDIUM

e typically weak-coupling g <« 1

e thermal distribution of medium
scattering centers n ~ T~

* separation of scales!

<>
m1;1 ~ (gT)_l g4
< > Ol ™~ —5
- m

/Imfp ~ (ng) : 11)
< > /Imfp -
I (10N

Markov approximation: (A%t ) APt x")) = 8%%°5(t — t)o(x — ' )v(t, x)

K. Tywoniuk (UiB) 37



MEDIUM-AVERAGED CORRELATORS

A 3 J
/ - \ / o o \
. - E’: —*"’- . .
Broadening | | '). = - '(' Radiation
9 — = _
(2-body correlator) \ ’ | o = | (3-body correlator)
\ a / \ " = /
\ - / . -« ) rd
o [ o g
. . . . . d20-el qu
Resumming interactions via potential: v(t,x) =(t,0) —(t,x) = (1 —e'r®)
¢ dg°
(Including real and virtual exchanges.)
- 1, 2 1 | 4 2
~ - Qo In o O(x™ )

First term is universal, e.g. for HTL potential §, = a,Cym3T and pi = maze >[4,

harmonic oscillator
approximation
BDMPS-Z; Wiedemann, Salgado (2001), Armesto Wiedemann, Salgado (2003)

S(tg, t1) = Suo(ta,t1)  with v(r) = %c}xz

opacity expansion

Wiedemann (2000); Gyulassy, Levai, Vitev (2001)
Sievert, Vitey,Yoon 1903.0617/0;Wang, Gu (2001), Majumder 0912.2987

S(ta, t1) = So(ta — t1) + /tQ dt So(ta — t)v(t)So(t —t1) + ...

t1

K. Tywoniuk (UiB) 38



MEDIUM-AVERAGED CORRELATORS

Resumming interactions via potential:

(Including real and virtual exchanges.)

First term is universal: L

K. Tywoniuk (UiB)

39

oft) =(t,0) ~1(t.@) = [

q

1 1
~ —gox? In - O(x* 1?)

4 T2 3

—2tE for HTL potential
—1+27m for GW potential

NN
S 3
oo
@ @



MEDIUM-AVERAGED CORRELATORS

L . . . Aol »
Resumming interactions via potential: v(t, ) = v(t,0) —v(t, ) = =~ (1 —e'T®)
dg?
(Including real and virtual exchanges.) | | 9
~ ZqomQ In RCR - O(x* 1?)
E st tarm i U ! 2 %m%e_}‘%E for HTL potential
Irst term IS universal. . = ZmQDe_l__Q,yE fOI‘ GW potential

Numerical solutions to Schrodinger equation with tull v(z, x) can be found!

K. Tywoniuk (UiB) 39



MEDIUM-AVERAGED CORRELATORS

L . . . Aol »
Resumming interactions via potential: v(t, ) = v(t,0) —v(t, ) = =~ (1 —e'T®)
dg?
(Including real and virtual exchanges.) | | 9
~ ZqomQ In RCR - O(x* 1?)
E st tarm i U ! 2 %m%e_}‘%E for HTL potential
Irst term IS universal. . = ZmQDe_l__Q,yE fOI‘ GW potential

Numerical solutions to Schrodinger equation with tull v(z, x) can be found!

Two main approximations/schemes:

1 harmonic oscillator
S(ta,t1) = Spol(ta,t with v(f) = —gx? : :
(t2,11) = Stoltz, 1) =71 approximation
BDMPS-Z; Wiedemann, Salgado (200 1), Armesto Wiedemann, Salgado (2003)

to : :
_ B B B Oopacity expansion
S(tQ’ tl) o SO (tQ tl) T /t ai SO (tz t)U(t)S() (t tl) T Wiedemann (2000); Gyulassy, Leval, Vitev (2001)
! Sievert,Vitev,Yoon 1903.0617/0;Wang, Gu (2001), Majumder 0912.2987

K. Tywoniuk (UiB) 39



B RO/ \D E N I N G G. Moliere, Zertschrift Naturforschung Teil A 3, 78 (1948)

Barata, Mehtar-Tani, Soto-Ontoso, KT 2009.13667/

Transverse momentum broadening 9

of a single particle (k*) ~ gt ﬁp(k’L) - CR/q (q) [P(k—q,L) =Pk, L)

K. Tywoniuk (UiB) 40



B RO/ \D E N I N G G. Moliere, Zeitschrift Naturforschung Teil A 3, 78 (1948)

Barata, Mehtar-Tani, Soto-Ontoso, KT 2009.13667/

Transverse momentum broadening 9
. - 2 A =7 P(k, L) = CR/ v(q) [P(k—q,L) —P(k,L)]
ot a single particle (k°) ~ gt OL q
2
Moliere distribution (1948) x =k*/Q2, where Q2 = éoLlogﬂ—;
*
A7
L NL —T T :
PLO+NLO (L T) — = {1 —A(e® =2+ (1 —=z) (Ei(z) — log(4z a)) )}
10,15
—Xpansion parameter ]
éO 1 I%0.01 -
A= — = <1 O
q log(Q?/u2) 5
o
< 4| — NLOsLO
Describes the distribution from diffusion dominated o
regime to higher-twist (HT) dominated regime. W model
o

kt [GeV]
K. Tywoniuk (UiB) 40



MEDIUM-INDUCED RADIATION

Baier, Dokshitzer; Mueller, Peigne, Schiff (1996); Zakharov (1996) (Arnold, Moore, Yaffe (2003))

dIba g ZPba L2
= 5 2R dt dt
Tz (z(1 — 2) e/ 2/ :

8 - 0 {ICZ)CL('CB t27y7t1 ICO('/L‘ t27y7t1)}

x=19y=0

K. Tywoniuk (UiB) 41



MEDIUM-INDUCED RADIATION

Baier, Dokshitzer; Mueller, Peigne, Schiff (1996); Zakharov (1996) (Arnold, Moore, Yaffe (2003))

dIba X g ZPba b2
— 5 2R dt dt
Tz (z(1 — 2) e/ 2/ :

8 - 0 {Kba(m t27y7t1 ICO('/I" t27y7t1)}

r=1y=0

3-body interactions of the medium via o(@.1) = / doe
Schrodinger equation with potential: R

Solved numerically in Caron-Huot, Gale 1006.2379, Feal,Vazquez |81 1.01591, Ke, Xu and Bass 1810.08177,
Feal, Salgado,Vazquez 191 1.01309

K. Tywoniuk (UiB) 41



MEDIUM-INDUCED RADIATION

Baier, Dokshitzer; Mueller, Peigne, Schiff (1996); Zakharov (1996) (Arnold, Moore, Yaffe (2003))

drl,, o sza / /tQ
— - 2R dt dt
Tz (z(1 — 2) - ’ :

8 - 0 {Kba(m t27y7t1 ICO('/I" t27y7t1)}

x=1y=0

3-body interactions of the medium via o(@.1) = / doe
Schrodinger equation with potential: R

Solved numerically in Caron-Huot, Gale 1006.2379, Feal,Vazquez |81 1.01591, Ke, Xu and Bass 1810.08177,
Feal, Salgado,Vazquez 191 1.01309

K(ta, t1) = Ko(to — t1) /dt Ko(ta —t) v(t) K(t, t1) opacity expansion

Wiedemann (2000); Gyulassy, Levai,Vitev (2001); Sievert, Vitev,Yoon 1903.0617/0
Wang, Gu (2001), Majumder 0912.2987
Mehtar-Tani 1903.00506, Mehtar-Tani KT 1910.02032
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MEDIUM-INDUCED RADIATION

Baier, Dokshitzer, Mueller, Peigné, Schiff (1996); Zakharov (1996) (Arnold, Moore, Yaffe (2003))

d1lp, L sza / /t2
— 2R dt dt
Tz (z(1 — 2) - ’ :

8 - 0 {Kba(m t27y7t1 KO(m t27y7t1)}

r=1y=0

3-body interactions of the medium via o(@.1) = / doel
Schrodinger equation with potential: R

Solved numerically in Caron-Huot, Gale 1006.2379, Feal,Vazquez 181 1.01591, Ke, Xu and Bass [810.0817/7,
Feal, Salgado,Vazquez 191 1.01309

K(ta, t1) = Ko(to — t1) /dt Ko(ta —t) v(t) K(t, t1) opacity expansion

Wiedemann (2000); Gyulassy, Levai,Vitev (2001); Sievert, Vitev,Yoon 1903.0617/0
Wang, Gu (2001), Majumder 0912.2987
Igbal (VWed 15:40) Mehtar-Tani 1903.00506, Mehtar-Tani KT 1910.02032

Djordjevic (VVed 10:20)

Hauksson (Tue 15:20) Unified understanding ot in-medium radiative proc

K. Tywoniuk (UiB) 41



MEDIUM-INDUCED RADIATION

Baier, Dokshitzer; Mueller;, Peigne, Schiff (1996); Zakharov (1996); ...

dIba g ZPba L2
= 5 2R dt dt
“Tdz (z(1 — 2) e/ 2/ !

8 - 0 {ICZ)CL('CB t27y7t1 ICO('/L‘ t27y7t1)}

x=y—=0
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MEDIUM-INDUCED RADIATION

Baier, Dokshitzer; Mueller;, Peigne, Schiff (1996); Zakharov (1996); ...

dly, P sza / /b
— 2R dt dt
A (z(1 — 2) - ’ :

8 - 0 {ICZ)CL('CB t27y7t1 ICO('/B t27y7t1)}

xr=y=0

3-body interactions of the medium via / doe
v(x,t) =
q

Schrodinger equation with potential:
Solved numerically in Caron-Huot, Gale 1006.2379, Feal,Vazquez 181 1.0159 |

K. Tywoniuk (UiB) 42



MEDIUM-INDUCED RADIATION 3

Baier, Dokshitzer; Mueller;, Peigne, Schiff (1996); Zakharov (1996); ...

dIba g ZPba L2
— 5 2R dt dt
“Tdz (z(1 — 2) e/ 2/ !

8 - 0 {ICZ)CL('CB t27y7t1 ICO('/B t27y7t1)}

D
N

x=y—=0
F3
3—bo.coiy.interaction§ of the medium via o(@.1) = / dgel (1 - eit2) ~ lquz log 24 :
Schrodinger equation with potential: q d°q 4 2
v
Solved numerically in Caron-Huot, Gale 1006.2379, Feal,Vazquez 181 1.0159 | HO
K(ta,t1) = Ko(te — t1) + /dt Ko(ta —t)v(t) K(t, t1) opacity expansion

Wiedemann (2000); Gyulassy, Levai,Vitev (2001); Sievert, Vitev,Yoon 1903.0617/0

K. Tywoniuk (UiB) 42



MEDIUM-INDUCED RADIATION 3

Baier, Dokshitzer; Mueller;, Peigne, Schiff (1996); Zakharov (1996); ...

dIba g ZPba L2
— 5 2R dt dt
“Tdz (z(1 — 2) e/ 2/ !

8 - 0 {ICZ)CL('CB t27y7t1 ICO('/B t27y7t1)}

D
N

x=y—=0
F3
3—bo.coiy.interaction§ of the medium via o(@.1) = / dgel (1 - eit2) ~ lquz log 24 :
Schrodinger equation with potential: q d°q 4 2
v
Solved numerically in Caron-Huot, Gale 1006.2379, Feal,Vazquez 181 1.0159 | HO
K(ta,t1) = Ko(te — t1) + /dt Ko(ta —t)v(t) K(t, t1) opacity expansion

Wiedemann (2000); Gyulassy, Levai,Vitev (2001); Sievert, Vitev,Yoon 1903.0617/0

"improved”
unifying HO & N=1

Mehtar-Tani, Tywoniuk 1910.02032

K(t2,t1) = Kuo(t2,t1) + /dt Kuo(t2,t)0vnara(t)C(E, t1)

K. Tywoniuk (UiB) 42



SPLITTING IN MEDIUM

® interactions with the medium lead to

Gaussian broadening with (k*) ~ gt

* soft gluons are rapidly and copiously

oroduced

(1 —2)E

* medium potential: non-perturbative
input about medium transport

properties. [T

K. Tywoniuk (Bergen U.) 43



FULL DESCRIPTION OF MEDIUM-INDUCED RADIATION

* picture breaks down in two limits:

- when formation time becomes larger than
the medium te ~ L(at w > Qt2/2)

- when formation time is of the order of

L £
% N Multiple soft scattering mean free path £, ~ A (at w < w>Al2)
go d% i (LPM) * three expansion schemes cover the whole
& e ohase space
5

- opacity expansion (in real+virtual

momentum exchanges)
Single hard scattering

(GLV) - improved opacity expansion (around
harmonic oscillator)
L - resummed opacity expansion (in real
log w momentum exchanges)

K. Tywoniuk (Bergen U.)

44



FULL DESCRIPTION OF MEDIUM-INDUCED RADIATION

dImed
w
dw
60
LC [ E
o
§ Multiple soft scattering
) — N
B0 qg M ( — P M) WBH We o
@) o
e o0
1=
7
dImed
At W AL B L<\
@ Single hard scattering
O° (GLV)
(WBRH E
log w
(IJIC )ln w

K. Tywoniuk (UiB) 45



WHEN IS |JET QUENCHING EFFECTIVE?
L>> )\

* anticipating: the appearance of the LPM regime is extremely
important for phenomenology

* |eads to large multiplicity of emitted gluons &

e 1/4/x spectrum gives rise to efticient transport of energy from
leading particle to many soft particles

e all other regions lead to few ~O(a,) emissions

e currently: exploring the consequences of rapid medium
expansion

K. Tywoniuk (Bergen U.)
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SPLITTING IN FULL KINEMATICS e

Dominguez; Isaksen, Takacs, KT (in preparation)

d 2 P(2 o
= _Re / dt, / dt, / o i (u—u)k

% Oy - 0x (u; |s<4>(L 1) z)(m\s<3>(t2,t1 \y)

Y =49

* depends on 3-point and 4-point correlators of
Wilson lines.

* numerical solutions of | or 2 body Schrodinger
equations in 2+1D for n-level system in color space.

0000000

* toward full-kinematics precision calculation of splitting
dynamics for all fundamental processes.

0 2
&,

Two-body in-medium wave function.

K. Tywoniuk (Bergen U.) 47



TWO REGIMES

~ywlg > ki~yog > 0~ (Glo))"

o | o0 d7 Y242
Multiplicity of emitted gluons N(w) = / dw’ A 2\/a z
—nergy loss AE = / W 20qL7

0 dw’

BUT: average energy loss % typical energy loss!

K. Tywoniuk (UiB) 48



TWO REGIMES

~ywlg > ki~yog > 0~ (Glo))"

T . > df 2 L2
Multiplicity of emitted gluons N (w) :/ dw’ = 2\/a 1
" W W
—nergy loss AE = / ’ ’;I, = 2aGL°
W
BUT: average energy loss % typical energy loss! X
4 )
rare, small- AT D
angle emission We = qL

1
Hbr(wc) ~ \/Q\LS — (96

\- J
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TWO REGIMES

th

w/qg =

Multiplicity of emitted gluons

—nergy loss

BUT: average energy loss % typical energy loss!

\-

rare, small-
angle emission

Oy (wWe) ~ \/

W, = C]Lz
1
= 0.
qL?

~

K. Tywoniuk (UiB)

wjg = 6~ (Glw)"
> d/ a’qL?
O N
) /w < Ao W
AFE = / ’(if, = 2aqL”
0
-
copious, large- _2 AT 2
angle emissions Wi QL
1
ebr (w8> i 6{3/2 HC
\_

48




MEDIUM-INDUCED CASCARF

When multiplicity becomes large N(w) > 1, we need

to take into account multiple splittings.

Can treat splittings as independent as long as the :
time between splittings is long compared to the
individual formation times!

A

tr ~ v/ w/q

K. Tywoniuk (UiB) 49



EVOLUTION EQUATIONS

—volution equation for energy distribution

a ., . D(xz/z,t) D(xt) [
aD(x,t) —/I dz K(z2) n@/s) L@ /0 dz 2K (2)

evolution o characteristic time-scale
splitting kernel

variable "stopping” time
In vacuum (DGLAP): In medium:
t =1In 9()/6) = L
1 [xk
>l< — S by — ~
t(w) = 1/a @)=y /2

K. Tywoniuk (UiB) 50



TURBULENCE IN JET QUENCHING

100 F

Blaizot, Mehtar-Tani [501.03443

Medium evolution equation permits analytical solution:
10 F

T r2
D(x, 1) = IR T =t/1,

V(L — )32

Dix,T)

0.1F

0.01 — —
0.001 (.01 (.1 l

K. Tywoniuk (UiB)



TURBULENCE IN JET QUENCHING

Blaizot, Mehtar-Tani [501.03443

1(]()E
Medium evolution equation permits analytical solution:
10 F
T r2
— 7T
Pla,7) = vl x)3/2e e o r=t/te w
—_ =
S
1 U.IE'
E(xg, T) = dx D(x, ) energy stored in particles with x > X
Lo
(.01 — —_— -
ag ( ) 0.001 (.01 (.1 l
Lo, T X
Flx,7) = (907 flux of energy to modes at x < x;
T

K. Tywoniuk (UiB)



TURBULENCE IN JET QUENCHING

100§

Medium evolution equation permits analytical solution:

T r2

V(L — )32

D(JJ,T) — T =1/t,

energy stored in particles with x > X

E(zo.7) = /: dz D(x,7)

0

85(£B0, 7')
ot

Flz,T) =

flux of energy to modes at x < X

Cnergy flow all the way to zero energy:

e "source” atx=1 & "“sink" atx=0
e similar to “weak” wave turbulence

K. Tywoniuk (UiB)

Blaizot, Mehtar-Tani [501.03443

0.018%

0.001 (.01 (.1 1

F(0,7) =27t e~ T

— T2

lim g(.’L‘Q,’/) — €
xro—0

S



ENERGY DISTRIBUTION

Energy Distribution : D(z,0)

* evolution of leading particle: energy loss

* energy is located in soft peak & broadens to large angles

K. Tywoniuk (Bergen U.)

10°
10*
10?
10?

lgl
—1o?
—10?

Energy Distribution : D(z, 6)

10°

10°

Energy Distribution : D(z, 6)

10°
10*
10°
10?

lgl
—101
-102

10°
10*
10?
102

19"
3%01

—-102
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THREE-POINT CORRELATOR

’T‘(tz):m t2 o -
Klx,to;y,t1) = / Dr exp {z/ ds 57*2 + iv(r, s) }
tl B B

r(t1)=y

: . . . , d?o, o
Resumming 3-body interactions via potential: v(t,z) = v(¢,0) — (¢, x) = / dq2l (1 —e'T®)
(Including real and virtual exchanges.) . | q
~ —Gox* In - O(z* 1?)

K. Tywoniuk (Bergen U.)



THREE-POINT CORRELATOR

K(x,t;y,11) :/

Resumming 3-

(Including rea

K. Tywoniuk (Bergen U.)

r(ts)=a

ty _
Dr exp {z/ ds %7*2 + iv(r, s) }
t

1

r(t1)=y

oody interactions via potential: v(t,x) = v(¢,0) —(t,x) = /

q
Oz 13)

and virtual exchanges.) 1 1

A 2
~ —gox” In

B8

First term is universal/perturbative.
Harmonic oscillator (up to a log).
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THREE-POINT CORRELATOR

r(ts)=a

ty _
Dr exp {z/ ds %7*2 + iv(r, s) }
t

1

K(x,t;y,11) :/

r(t1)=y

Resumming 3-body interactions via potential: v(t,z) = v(¢,0) — (¢, x) = /
q

(Including real and virtual exchanges.) 1 1

A 2
~ —gox” In

B8

Oz 13)

First term is universal/perturbative.
Harmonic oscillator (up to a log).

Jet transport coefficient

2

GJo = 47704?]\@710 — %

K. Tywoniuk (Bergen U.)
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THREE-POINT CORRELATOR

’T‘(tg):w t2 _
K(x,ts;y, tq1) :/ Dr exp z/ ds 5
t

r(t1)=y 1

Resumming 3-body interactions via potential: v(t,z) = v(¢,0) — v(¢, x)

(Including real and virtual exchanges.)

i Non-perturbative contributions from EQCD
| 1.8 . . . .

= 16t —— CNP(b) at T = 500MeV o | N S
S ONP(b) ot T = 2500V 2 "f; First term is universal/perturbative.
-2 - - - - Long-distance o ' Harmonic oscillator (up to a log). &
g L T =250 MeV 3
= 08| — LO %
£ 06| — NLO - oo
g ol . Jet transport coetfticient
- ) —
< 02} — MQ
8 0 — ‘ A 2
M w) ) R -

—0.2 . . . . » ; qo — 47TOéSNC’/L() —

0 1 2 3 4 5 — A

Ny Impact parameter: g7'b |



QUENCHING WEIGHTS

Baier, Dokshitzer, Mueller, Schiff (2001); Arleo (2002); Salgado, Wiedemann (2003)

For many applications, it is sufficient to consider small energy loss off a (set of) hard particles!

Probability of loosing energy off a single parton:

dI | dI one

P(e) = o(e) 1_/dw @_ | de emission

K. Tywoniuk (UiB) 54



QUENCHING WEIGHTS

Baier, Dokshitzer, Mueller, Schiff (2001); Arleo (2002); Salgado, Wiedemann (2003)

For many applications, it is sufficient to consider small energy loss off a (set of) hard particles!

Probability of loosing energy off a single parton:
] e
=0 1 — | dw—
Pl =40 | [ o
~_
_ — [ dw d—i l - /d . d/
Pe) =e d Z — £[1 W o

n=0

d] one

emission
de

n multiple
O e— Z W; (independent)
1=1

emissions

Ubiqguitous tool to study jet modifications at RHIC and LHC!
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QUENCHING WEIGHTS

Baier, Dokshitzer, Mueller, Schiff (2001); Arleo (2002); Salgado, Wiedemann (2003)

For many applications, it is sufficient to consider small energy loss off a (set of) hard particles!

Probability of loosing energy off a single parton:

dIf | df one€
Pe) = 5(6) /dw @ | de emission
~— one-gluon Q
~ multi-gluon [ > n multiple
P(e) 73(6) — e dw Z oy 1_[/(1wZ dwz € — wa,; (indepehdent)
020 n=>0 1=1 emissions

0.15¢

Ubiqguitous tool to study jet modifications at RHIC and LHC!

010

005

Ocob e PO BT A N |
0.1 0.5 1"

W, = QLZ
K. Tywoniuk (UiB) 54




QUENCHING OF SINGLE PARTON

N vy 2
— LY nit
Q(pr) = e 4/ PT |
N./C : | (\)<0°“/,/” """"""
Qy (pr) = (2(pr)) ™/ sf
. . 06l
* quenching factor is form factor related ’
related to multiplicity of emitted 0.4
gl Uons 07 ----- Quark energy loss
—N(w>p4/n =l
Q(pr) ~ e~ N@>Prim) |
* strong quenching for 100 1000

e P, [GeV]
pr < na“qL

Our analysis have resulted in a "“model” w/

* possibility for large gluon multiplicrty
drives the quenching (not so much the : \/87@2@2 .
max energy, only at pr > nglL?...) pr =

n
at high-py, dp; = agL?, but quenching is small Q(p;) ~ O(1 — @)

K. Tywoniuk (UiB) 55



Lecture 3

theory of jet modification in
medium




JET FRAGMENTATION IN THE MEDIUM

Mehtar-Tani, Salgado, KT (201 1); Casalderrey-Solana, lancu (201 1); Y. Mehtar-Tani, KT [/706.06047, 1 7/07.07361
Caucal, lancu, Mueller, Soyez 1801.09/03

= color dynamics in the medium (color coherence...)
= every color source inside jet resolved by the QGP contribute to energy loss.

K. Tywoniuk (Bergen U.) 57



JET FRAGMENTATION IN THE MEDIUM

Mehtar-Tani, Salgado, KT (201 1); Casalderrey-Solana, lancu (201 1); Y. Mehtar-Tani, KT [/706.06047, 1 7/07.07361
Caucal, lancu, Mueller, Soyez 1801.09/03

= color dynamics in the medium (color coherence...)
= every color source inside jet resolved by the QGP contribute to energy loss.

log k1 ’ /

tf m~ (kte)_l

ta ~ (q0%)~1/3

log 1/0 Potentially large and calls for resummation.

K. Tywoniuk (Bergen U.) 57



CONE-SIZE DEPENDENCE

Narrow jets Wide jets
oE

A’

—
less energy loss BUT more energy loss BUT
easier to escape the cone emitted energy leaks back into cone

K. Tywoniuk (Bergen U.)
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CONE-SIZE DEPENDENCE

Narrow jets Wide jets

——
less energy loss BUT more energy loss BUT
easier to escape the cone emitted energy leaks back into cone

= new handle on medium eftects: g atfects resolution & energy loss

K. Tywoniuk (Bergen U.)
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ENERGY LOSS OF SINGLE PARTON

Baier, Dokshitzer, Mueller, Schiff (2001); Salgado, Wiedemann (2003)

0.0l -

54
/’,’

- -
¢”¢
-

K. Tywoniuk (Bergen U.)

~ 1000

do
dpr

—/ dw
- JT

dl-

dw

— Q(>O) (pT7 R)&AA—HZ

(1 - e—uw(l—@(ws—w)R2/R

e |l aplace variable v = n/p;.

* out-of-cone emissions using differential

|OE spectrum.

?ec>)

Barata, Mehtar-Tani, Soto-Ontoso, KT 2106.0/402

 dominated by emissions with @, ~ a?gL*.

* lost energy smeared over the solid angle

R -

IecC

free parameter.

see talks by Takacs, Thu 09:00

& Isaksen, Wed 14:40
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ENERGY LOSS OF FULL JET

dolet

dpr

Mehtar-Tani, KT 1/707.07361; Mehtar-Tani, Pablos, KT PRL 12/ (2021)

— Q> (pT7 R)é-AA%jet

\

1
Q
O
=
=

— /01 dz %pij(z)@in [Qj(zp, 0)Qr((1 = 2)p,0)) — Qi(p, 9)}

0 log 0 27
| R =HEEN
i 0 1
1.0F , an |
. solid: resummed QW /’,,,,;a‘::—::— : . ‘ ‘ , , , ”
[ dashed: bare QW P _ non-linear evolution equation counting a
~ ; in-medium & resolved splittings to
£ ogf s compute full jet quenching.
A : . .
0.4 - * initial condition
| s : | RN (0) (0)
0.2} ////j// ;/, - Ql(p,()) Q>,1‘ad(pT) X Qel (pT) X T
00— ;o 100 1000 (0) (QO) — 1),
Qi(pr, R) = Q>,7;(pTa R)e'™s
p [GeV]

K. Tywoniuk (Bergen U.) 60



JET SUPPRESSION FACTOR

1

0.8 F

0.6 F

Raa

0.4 +

0.2

0.8 }

0.6

Raa

0.4

0.2

K. Tywoniuk (Bergen U.)

M. Aaboud et al. (ATLAS),1805.05635

0 — 10%
20 — 30%
40 — 50%
60 — 70%

Vs =5.02 ATeV

!“ *

10 — 20%

30 — 40%

50 — 60%
ATLAS Data —e—

100

1000

Jet pT [GGV]

Mehtar-Tani, Pablos, KT Phys. Rev. Lett. 127 (2021); Takacs, KT 2103.1467/6

1

T T T T
STAR Ch. Jet
Theory
0.8
R=0.2
0.6
<
<
S
04 + ~
[o".‘
0.2 fo

Vs =200 AGeV

R=0.3

0 | | | |
5 15 25 35 45
Jet pPrT [GGV]

| | | | | | | | | | |
55 5 15 25 35 45 55 S5 15 25 35 45 55 65
Jet pr [GeV] Jet pr [GeV]

collinear tfactorization w/nPDF (EPS09)

1

log — resummation (AO DGLAP)

R

full resummati

processes In t

on of radiative and elastic

ne medium

sampling of geometry and medium

evolution (VISHNU)

only two free

parameters: g .y and R .

Shen, Qiu, Song, Bernhard, Bass, Heinz 1409.8164
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S.Acharya et al. (ALICE) 1909.09718
CMS-PAS-HIN-18-014

CONE-SIZE DEPENDENCE et Palos KT PRL 127,000

14 +

Vs =5.02 ATeV

® main uncertainties for R < 0.6:

- perturbative sector (vacuum-like

J . | emissions + medium-induced @ > )
p: 0.8 F = 0.2 moam i |
< =0 e dominates!
0.6  0-10% R=08 . . . . —
N o - higher-twist contributions at IOE-NLO
100 1000 oo
Jet pr [GeV] negllglble.
i - details of thermalization/recovery (R...)
1 R=0.4 .
P | o8 R0 - important at R 2 0.6.
s l | ATLAS R=0.2
; ATLAS R =04 —o—
04W M’ WJM_

""""""""""" 04 |

W W W .. | *excellent agreement with existing
06| T T ] g=22-2.

02 | 0% l .

| ! ! | o experimental datal!

ATLAS 21 11.06606

100 1000
Jet pr

K. Tywoniuk (Bergen U.) 62



resolving path len
dependence



AZIMUTHAL ANGLE DEPENDENCE

Mehtar-Tani, Pablos, KT (to appear)

N 1 RAA(L) — RAA(L -+ AL)

UQ ~~ o g
2 Raa(L) + Raa(L+ AL) 2L
e tlow @ high-p;: sensitivity to path length.
* studied since a long time (puzzles...). ndres o al 19020323 | Barret et o 2208 0206 .

 for one single color charge: v,/e ~ 010gRAA/810ng.

- works for hadron, too small for jets... Arleo, Falmagne 221201324
e additional eftect for jets: v, ~ [ (L) — €, (L + AD)|(Q, — 1).

- sensitive to resolution effects!

K. Tywoniuk (Bergen U.) 64



AZIMUTHAL ASYMMETRY

Mehtar-Tani, Pablos, KT (to appear)

C500% o | 40-60% e
20-40% i ATLAS | ot v parton
R=0.2 | < 2.8 fUJQ 2 S for R 1 (9@
| . | — = parton
v 3 _
5 ; C 2 L o PT _
: 0.04 ‘1. __P - o | QOZIOg o (1 Qg) for R > (90
= - ) it
0.02 3 - Et— 1 ; { }
i v
b 3 : |
TR e ] -
10.02 }
50 150 250 350 50 150 250 350 50 150 250 350
Jet pr [GeV] Jet pr [GeV] Jet pr [GeV] . . o . . .
* jet v, receives additional contribution
0ol —— e — e — S
R=01 — - . -
sl 0.=011  r=02— | 6.~0.15 | 6.~0.18 20.30% ] Trom resolutlon e eCtS

R=0.3
5-10% 10-20%

0.06

s o Pl \ X e tull simulation yields excellent

agreement with experimental data.

/

_002 t t +——t—+—

100

ol OGN0 g | 0R028 | 6R036 * prediction: cone-size dependence vs
\ “ | centrality reveal sensitivity to coherence
| \ \ angle (grouping).

e e e
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APPROXIMATE CASIMIR SCALING OF Vs

1.5 -

of /3
—_

0.5

30-40%

1.5 _—__:=======EEE;;EEEEEEEEE_

40_50%%

o fug
—_

0.5

R=01 — |

R=02 ——
R=0.3
R=04
R=0.6
R=08 ——
R=1——

| | |
10 20 30

| | |
40 o0 60

Jet P [GGV]

\ \ \ \
10 20 30 40 50 60
Jet pPrT [GGV]

see talk by Pablos, Wed 11:10

K. Tywoniuk (Bergen U.)

e flow scales with color factors.

e correlation between R, , and v,

* tuning the quark fraction by
comparing flow in
- inclusive and y-triggered events

- as a function of jet rapidity
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Summary

jet guenching & flow

medium controls simultaneously: energy loss, me.di

i
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-
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resummation framework de

board: pr, centrality, and
More precision compuiai
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Summary

jet guenching & flow

L)

medium controls simultaneously: energy loss, me.c

coil and jet resolution connectec

resummation framework ds

B

v

......
T Lot

£
@
r, .

board: pr, centrality, and
More precision compuiai
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Y-TAGGED JET K44

(3] i
&3 12[ ATLAS

0.8

2Lk

2-—-*‘ ] 3 |
i

04f=mmm="

- Centrality 0-10%
- anti-k; R = 0.4 jets

0.2 ._pY > 50 GeV, IﬂYI <237
7™ <2.8,Ag(vjet) > 7n/8 ™ Data
I RN A N T N SN N TN T BTN R N R A
0
30 100 150 200 250

. T T 10 I LI I |
<[ ATLAS
_ Inclusive jets

Inclusive jet

v-tagged jet P [GeV]

K. Tywoniuk (Bergen U.)

N
o)

N

- ATLAS

- ~ e Data
Takacs et al. (gmed=2.2-2.3)
LIDO (u=1.3-1.8nT)
SCET (9=1.8-2.2)

e LBT

=== JEWEL

N
N
T

inclusive jet

AA

-jet
RI
oL

—®- Data

150

see talk by McGinn, Wed 09:00

Jet P, [GeV] Jet P, [GeV]

e work by Adam Takacs and
Dani Pablos

* y-tagging give quark-
enriched sample of jets

* but slope is much smaller -

complicated interplay!



