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Outline

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 3

theory of jet modification in
medium




PARTON SPLITTING IN THE VACUUM

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) 4
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PARTON SPLITTING IN THE VACUUM

/

Generic 122 (on-shell) splitting in QCD:

(X g dé QCVSCR dé dz
7Da‘ﬂ)c: - 0 - 0 -

(c) N
P 7 (z)dz ~
Diverges for soft & collinear radiation!

Large phase space for radiation compensates «,/!

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

prR is the jet scale ("virtuality”)

4



SPACE-TIME PICTURE OF QCD 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”

* well-defined objects in experiment &
theory.

* multi-scale & long-distance dynamics

log 1/6
K. Tywoniuk (UiB) 5
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SPACE-TIME PICTURE OF QCD JET

tf1

>
L
9
S U
o0 1
2 4
tr.2

2',0" tf,S

'O' \3'

&' "'
‘LIIIIII’/‘IIIIIIIIIIIII II‘
Ja ‘ Y v

Ll o
log 1/6

5

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

*  hadronization
tf73 - from te ~ (QR)™! ~ 2fm
— © tof~ E/QZ ~300fm
Lt,2 ;

* Lund diagram (primary emission plane)

- secondary branchings located on
independent “leaves”

* well-defined objects in experiment &
theory.

* multi-scale & long-distance dynamics
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Computing energy loss of many color charges

« in lecture 2, we looked at the fate of
a single parton

> assumes that the parton is ~on-shell

» in previous slides we described jets /

as highly virtual objects that , f -

fragment with a particular space- _

time pattern

How do we combine both descriptions?




S U RIVAL B IAS I N J ET O BS E RVAB L ES Baier, Dokshitzer; Mueller; Schiff (2001)

Salgado, Wiedemann (2003)

guenching weight (prob. distribution)
/ e |

d me > d vacC
Zmed :/ de P(¢) U,
dpr 0 de prr=pT+e€

d vac > €~
~ = / deP(e)e P
0

dpr
N——— —

Fore/pr < 1 and large n Q(pr) uenching tactor : : g
T 9 g 9 5pT DT

1 1

~ —en/pr
~ —C
(pT + E) o ph

e steeply falling spectrum induces a strong survival bias » to jets that lost little energy

e different quenching weights for hadrons, jets... R dependence!

K. Tywoniuk (UiB) 7



QUENCHING WEIGHTS

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

Strategy: expand jet in # of emissions/legs and compute energy loss P(e)!
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QUENCHING WEIGHTS

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

Strategy: expand jet in # of emissions/legs and compute energy loss P(e)!

One leg risa C &xn > i C e >W<&n>

(amplitude & complex conjugate amplitude)
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QUENCHING WEIGHTS

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

Strategy: expand jet in # of emissions/legs and compute energy loss P(e)!

omaing L RESREIDEEY

(amplitude & complex conjugate amplitude)

0 t 1y t #
8 ®.@)

Soft limit: assume emission is quasi-instantaneous fi—tPI(e, t) = /o dwy(w,t)P,(e — w,t)
P(€)
0.1 I n a7 i n multiple

_ 73(6) — e_fdw u Z — H/dwz- T ) (6 — sz> (independent)
010} neo v |iZ1 wi i=1 emissions
S AT EE T Ubiqguitous tool to study jet modifications at RHIC and LHC!

0.1 0.5 1 5 10
w, = a*qL’
K. Tywoniuk (UiB) 8



ADDING A CONE AROUND THE JET

(0)

>

(pr, R) = exp

0.0l -

R - EE

54
/’,’

~ e—QQL\/anA/pT

0.85— Q(pT)

-

-
-

K. Tywoniuk (Bergen U.)

~ 1000

-

1o

O

dw

R... - free parameter.

dl-

(1 - e—l/w(l—@(ws—w)RQ/RfeC))

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

* counting out-of-cone emissions

* dominated by emissions with @, ~ a’gL”.

_ spectrum shifts by op; ~ \/COSPT

* lost energy smeared over the solid angle

e Casimir scaling 0, = [Qq]NC/CF ~ qu



TWO-BODY ENERGY LOSS

Mehtar-Tani, Salgado, KT PRL (2010), PLB (2012), JHEP (201 3); Casalderrey, lancu JHEP (201 )

Two legs
(related to the 2-jet NLO rate in pQCD)

K. Tywoniuk (UiB) 10



TWO-BODY ENERGY LOSS

Mehtar-Tani, Salgado, KT PRL (2010), PLB (2012), JHEP (201 3); Casalderrey, lancu JHEP (201 )

Two legs
(related to the 2-jet NLO rate in pQCD)

"direct” term I';3 ﬂ ' interference [,
I p || S
5 M 3 — Py(e, 1) XN, 5 M9t g - Sa(€,t N?
SO C | SO g D
8 oo
E smg(ea t) — / d(.d Z I‘Z-Z-(w, t) Psing(e — W, t)
0 i coupled set of equations
0 (truncated in the large-N. limit)
n / 4w [1— Amea(t)] 3T (w, £)5(e — w)
’ i)

K. Tywoniuk (UiB) 10



FROM COHERENCE TO DECOHERENCE

ri(t) ~ Bt S Aes ~ (Gt) 2
f = J

| 1

0 tf td ~ (@‘9122)_1/3

* at early times coherence: only e-loss of total color charge

* at |ate times decoherence: e-loss of individual color charges

t,plays a crucial role = Extend this to multiple emissions!

K. Tywoniuk (Bergen U.)



log k,

HOwW MANY EMISSIONS IN MEDIUM!?

Y. Mehtar-Tani, KT [706.0604/, | /07.07361

Vacuum-like emissions (VLEs) w/ kt2 > 4/gw and

0 > 0. are emitted inside plasma and resolvead

by the medium.

K. Tywoniuk (Bergen U.) 12
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log k,
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Y. Mehtar-Tani, KT [706.0604/, | /07.07361

Vacuum-like emissions (VLEs) w/ kt2 > 4/gw and

0 > 0. are emitted inside plasma and resolvead

by the medium.

# ot VLE = area on the Lund plane
sC 2 R
(PS)in ~ PR log —>
7 0.

.//
\.‘3\ _ y -
N =

Potentially large and needs to be resummed.

Monte Carlo implementations: Caucal, lancu, Mueller, Soyez 1801.09/03
Takacs, Pablos, KT

12
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HIGHER-ORDER CONTRIBUTIONS

IN vacuum:

do dogorm

dydp?  dydp?

; N\

1 + o (/ dll,cq) — /dﬂvirt) T O(ag)

13

Y. Mehtar-Tani, KT [/07.0/361



HIGHER-ORDER CONTRIBUTIONS

I R

Y. Mehtar-Tani, KT [/07.0/361

+
sensitive to quark+gluon quenching sensitive to quark quenching
do doporn | (/ ~
IN vacuum: — 1 4+ o dHreal — /dHVirt T O(Oé )
dydp?  dydp: | o

expanding the quenching factor R, = QO (pr) + Q(l)(p )+ O(a?)
jet — T T S

accounts for the quenching of higher-order vacuum emissions

1 R
Q(l)(pT) - /() az PQCI(Z)/O (?96) OéS(:l) Qgq(pr) — Q(pr)] = —CLqr)N(t < L)

K. Tywoniuk (UiB) 13



NON-LINEAR EVOLUTION OF JET QUENCHING

\

[ ——

0log 6

1.2 I T T T T T T T ] T T T T T T T
Z 0 :
1.0} . .
- solid: resummed QW L LeennEIT
i ,/’/’,” /”
dashed: bare QW et 7
0.8 27 ///
L~ //:/,// //
o 77 4
a4 /
\Q‘, 06 ////,// //
S0 YA //
/77 /
Q‘) 77 7 //
74
/74 4
04 VA, /,
177 /
177 /
t1r g
177 4 /
////// /
0.2 AV
77 ¢
/,//// ’,
7 s
/fl, = Z
0.0 e
1 10 100 1000
p [GeV]

K. Tywoniuk (Bergen U.)

/

Linearized solution: ();(pp, R) = Q(())

X g
dZ %pij (Z)@in

:Qj (Zpa H)Qk((l o Z)pv 9)) - Qz(pa 6)):

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

e counts all in-medium & resolved splittings
to compute full jet quenching.

® initial condition

0(p.0) = 0° (pp) X

0 (pr) X ...

el

O (pr, R)e(Q;(”—l)Qin

14



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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JET SUPPRESSION FACTOR

K. Tywoniuk (Bergen U.)

N Rg~1
7/ \\ 0
\

Mehtar-Tani, Pablos, KT Phys. Rev. Lett. 127 (2021); Takacs, KT 2103.14676

Shen, Qiu, Song, Bernhard, Bass, Heinz 1409.8164

collinear factorization w/nPDF (EPSQ9)

1

log — resummation (DGLAP)

R

full resummation of radiative and elastic

orocesses in the medium

sampling of geometry and medium

evolution (VIS

INU)

only two free parameters: g,.4 and R..

16



Mehtar-Tani, Pablos, KT PRL [27 (2021)
ONE-SIZE DEPENDENCE stk LA a5 on
S.Acharya et al. (ALICE) 1909.09718

CMS-PAS-HIN-18-014
M. Aaboud et al. (ATLAS),1805.05635

1
U I = ® main uncertainties for R < 0.6
0.6 } e . . .
E > | - perturbative sector (vacuum-like
04 F 4 L i
0100 e oA emissions + medium-induced w 2 w,)
0.2 40 — 50% 1t 50 — 60% .
| R=04 60 — 70% | /5 =502 ATeV  ATLAS Data - e« dOminateS.
0 — ' — 4 — : T
100 1000 10? ¢ or (GeVI 1000 . . .
Jet pr [GeV] oG - details of thermalization/recovery (R,..)
ALICE 2303.00592 .
o e T l—— T Importaﬂt at R Z 06

0.8 |- R=0.2

R R PP B s

S Y i s RS B / * excellent agreement with existing
sjjw % : W W 9=22-23 experimental data!

0-10%

ATLAS 211 1.06606
| - iéO | - iOOO
Jet pp

K. Tywoniuk (Bergen U.) 17



0.1 ————

AZIMUTHAL ASYMMETRY

0-5% s 5-10% 40-60%
0.08 | 10-20% 20-40% ATLAS
Vs = 5.02 ATeV R=0.2 In| < 2.8
0.06 -
S 0.04 et i .
= s t
0.02 : T i P
{
0 RN T |
it ool I I
-0.02
50 150 250 350 50 150 250 350 50 150 250 350
Jet pr [GeV] Jet pr [GeV] Jet pr [GeV]
[ N — e — ——————
R=01 —
008 | 0.~0.11 r=02—| 6.~0.15 | 6.~0.18 20-30% |
5-10% k=03 10-20%
’ R=0.4 0
0.06 + R—06 -+ .
R=0.8 ——
S 0.04 Rl + 1 |
. \ \
0
—0.02 : ] T T
100
oos . 0-~023 ., o | 6.~0.28 6.~ 0.36
0.06 - . -+
S 0.04 1
0.02 - |
0
2002 L

L
100
Jet prT [GGV]

K. Tywoniuk (Bergen U.)

co |
100

Jet pr [GGV]

Mehtar-Tani, Pablos, KT (to appear)

1 Raa(L) — Raa(L -

AL

" 2Raa(L)+ Raa(L -

. arton
et >
2~ e
g parton
e 2 |

from resolution effects.

* prediction: cone-size depende

AL

for R < 0.

| %@log Z—Z(l —Q,) for R >0,

* jet v, receives additional contribution

Nnce Vs

centrality reveal sensitivity to coherence

angle (grouping).

18



JET SUBSTRUCTURE: MASS

Mehtar-Tani, Takacs, KT (in preparation)

see also Caucal, Soto-Ontoso, Takacs 21 1 |.14/768
2 2
m v
P ror = 2wl =) (&
(PT 0) — 0
1cjet
—Inz A 5
m d
~ o
>i(m?) = / dm/? -
0 dm 12—
- — vac PL: Px: - Pe

; 2 2 ' : : :
_ e—Rg?‘l%(m )—QQ'R;’S‘C(m ) ol T med (Q,=0.9) _

s med (Qg=07) X : :
st DLA -

| S | 2 [ '
line of constant m o "8" 6l ]

~| S |
al ]
2+ _
0 R — £ el el ¢ e v oyl ...
107° 1074 0.001 0.010 0.100 1
in-medium phase space P

K. Tywoniuk (Bergen U.) 19



EXTRACTION OF MEDIUM PARAMETERS

12 - ® N 2. .
00 ey 0107 comal aara from ex.tractele parameters (g,,.; ~ 2.2) in
M Prior 90% Credible Interval (Cl) hydro simulations we compute the
10 7 Preliminary Jet Raa: Posterior 90% ClI . ~ 3 .
Jet Raa + substructure: Posterior 90% Cl eﬂ:eCt'VG q/T ratio
8_
. O ourresult((T) =250 Mev) e agrees well with JETSCAPE analysis
~ ..
T e however: different calculations include
U , ]
‘- different set of effects
- - hard to compare “apples to apples
R Ehlers (QM2023) * other ideas: look for experimental
0 - T 1 1 1 1 T 1 . . .
0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 Slgnatu reS O'[: quaS|_pa r'th‘eS’ L.

T (GeV)
- keep in mind bias!

K. Tywoniuk (Bergen U.)



SUMMARY WITH DATA

é 27 ]
16k Charged particles Jets, anti-k;, R=0.4
“F 0-5% 0-10% :
145w AuCE ALICE -
12F L/ CMS o ATLAS ‘ -
L R T 10 W I -
0.8 F e T -
0.6 50 PeaOOY, O
04 . = =
- . ]
02 gmm = p_(GeVic) -
0 o0 ! | R R A ! ! P R R N N B
10 107 10°

* kinematic range at LHC allows to probe jet quenching at varying scales.

* interesting set of data connecting perturbative, length-enhanced and
non-perturbative phenomena

K. Tywoniuk (Bergen U.)



SUMMARY WITH DATA

é 27 ]
o 1.8F ALICE /S = 5.02 TeV | -
16k Charged particles Jets, anti-k;, R=0.4
b 0-5% 0-10% :
145 m ALCE ALICE B
12F L/ CMS o ATLAS ‘ —~
L S ] it e E
P imas ST
z /._..,][ 0.6 :_ -7 | ' O —~) v —:
04F g >
single-inclusive . A - - E
purice. — pomm® 8 POV

10 10° 10°

* kinematic range at LHC allows to probe jet quenching at varying scales.

* interesting set of data connecting perturbative, length-enhanced and
non-perturbative phenomena

K. Tywoniuk (Bergen U.)



SUMMARY WITH DATA

2¢

2
\e

5/ —_—en
h

single-inclusive
particle

1.8
1.6
1.4

1
0.8
0.6
0.4

0-5%

- W ALICE

1.2 F | CMS

,,,,,

ALICE \|'s,, = 5.02 TeV
Charged particles

Jets, anti-k, R =0.4
0-10%

ALICE
o ATLAS

. coherent jet

* kinematic range at LHC allows to probe jet quenching at varying scales.

* interesting set of data connecting perturbative, length-enhanced and

non-perturbative phenomena

K. Tywoniuk (Bergen U.)
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SUMMARY WITH DATA

é 2 )

x 18F ALICE \|s, = 5.02 TeV | -

16k Charged particles Jets, anti-k;, R=0.4

T r 0-5% 0-10% :

1.4 C W ALICE ALICE B
1.2;— - CMS S ATLAS — ~resolved jet

| e :

i, ot |

z o-» JT 0.6 :_ -7 | i ]}1 | -}{;.‘(»»-»‘v{‘ S ) O )
04F ~ L - ' ’

single-inclusive i Om- -

particle '0 oo .1 = v pTl (GeV/cl:) . coherent jet

10
* kinematic range at LHC allows to probe jet quenching at varying scales.

* interesting set of data connecting perturbative, length-enhanced and
non-perturbative phenomena

K. Tywoniuk (Bergen U.)
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Thank you!




