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Vacuum-Like Physics

* Initial Coherent Scatterings

» Factorization: Coherent Radiation Not
Resolved By QGP [Caucal, Iancu, Mueller, Soyez PRL(2018)]

» Delayed Energy Loss (7=0.6 fm/c)E,’Q{‘gﬁﬁé'pﬁE?§8§85]”ie'"i' Paatelainen,

» Modified Vacuum Shower [wmar, majunder, shen(2020)]

» Coherent Energy Loss = Jet v, and R

» [Mehtar-Tani, Pablos, Tywoniuk PRD(2024)]

See also: A. Takacs Mon 15:00
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https://doi.org/10.1016/j.physletb.2020.135318
https://doi.org/10.1016/j.physletb.2020.135318
https://doi.org/10.1103/PhysRevD.110.014009
https://doi.org/10.1103/PhysRevC.101.034908
https://doi.org/10.1103/PhysRevLett.120.232001
https://indico.cern.ch/event/1339555/contributions/6040779/

Decoherence

* Individual Antennas Resolved By QGP
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Decoherence

* Individual Antennas Resolved By QGP
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Jet-Medium Scattering

e Multiple Scattering:

» Momentum Broadening }
X

_)_m\ » Drag

» Conversion
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Medium-Induced Radiation

* Multiple Scattering = Induce Radiation
° Interplay form-time & \,.;

2(1—2)P

N 2(1—2)P
tform ~ k2 3 <k%> ~ qtform = tform ~ \/
T

q

[Baier, Dokshitzer, Mueller, Peigné, Schiff, Zakharov, Gyulassy, Levai, Vitev, Wiedemann, Arnold, Moore, Yaffe, Caron-Huot,

Gale..] 6/23
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Medium-Induced Radiation

* Multiple Scattering = Induce Radiation
° Interplay form-time & \,.;
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q
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Medium-Induced Radiation

* Multiple Scattering = Induce Radiation
° Interplay form-time & \,.;

2(1—2)P

tform ~ k’2 3 <k%> ~ atform = t_form ~ \/
T

2(1—2)P
q
.§§

' — Mt rorm > Amypp ¢ Interference b/w Multiple Scatterings

»trorm K Ampp ¢ Finite Number Of Scatterings

e Interference Effects = LPM Suppression for zP > T

[Baier, Dokshitzer, Mueller, Peigné, Schiff, Zakharov, Gyulassy, Levai, Vitev, Wiedemann, Arnold, Moore, Yaffe, Caron-Huot,

Gale.. ] 6/23



Medium-Induced Radiation

»BDMPS-Z Formalism: Resum Multiple-Scattering diagram

dI's d dIg g*P2 (2
— ﬁ@ be(P z,t) = — —2(P,z,t) = be (2 5 Re / dtq /
——— — ————

) o G(t,q;t1,p) -
Medlum

dt dz ArP222(1 — 2)

Rate Spectrum

2( +m2) »HTL Potential
1
(¢% +m3,)?

I'(t) o gb? »Harmonic Oscillator (HO)

[(t) o »Static Screening

S. Shi Mon. 15:40
L(t) o CNP-QCD (q) ))Non—perturbat ive [Moore, Schlusser, Schlichting IS JHEP(2020)]

[(t) o< Cnon-mq(a)  »Non-Eq Extracted F. Lindenbauer Mon 17:30

[Baier, Dokshitzer, Mueller, Peigné, Schiff, Zakharov, Gyulassy, Levai, Vitev, Wiedemann, Arnold, Moore, Yaffe, Caron-Huot,

Gale.. ] 7 / 23


https://indico.cern.ch/event/1339555/contributions/6040774/
https://indico.cern.ch/event/1339555/contributions/6040912/

Effective Kinetic Theory

» Elastic Scattering » Effective 1¢>2 Rate
B ra
T -
C2<—>2[f] i Cl<—>2[f]
Static/Evolving Includes Medium Recoil/Response

fp) =T (p)+of7p)  f7°0p) = f(p) — f9“F(p) SO

Energy Distribution

D(x) = §(zEo — p)p®3 f7°*(p)
8/23



AMY Kinetic Theory

»Integrate Out Time-Dependence tromm ~ /225 <L
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AMY Kinetic Theory

»Integrate Out Time-Dependence trorm ~ /222 < L

Iy
dd,z (P, z,[80) = Fie(2) Re/ dt4 qp t) o G(o0,q;t1,p) -
P.q

47‘(’P2Z2 1—2)
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AMY Kinetic Theory

»Integrate Out Time—Dependence tformfv\/M«L

drbc 92 I;Lc(
7, (P, z,[80) = P2(1- 2)? 5Re dt 3(t) o G(00,q;t1,P) .

Gluon jet ¢t =4.11Im/c
T=3
Y
=
3
. T/E
<107 5
) =
5 2
S
2 100
Z
o 107!}
5
= 0.01 0.1 1 0.01 0.1 1
Momentum fraction: x = p/E Momentum fraction: x = p/E

[Mehtar-Tani Schlichting IS JHEP(2023)] 9/23


https://doi.org/10.1007/JHEP05(2023)091

. . 0.2
AMY I( = D (e Blowt) (r) Elost)
1netic eor =
015 | 3.9, 8% — 13.1, 46% —

QGP  JET

27T Quark jet E = 1000T

15.8, 53% —

D 6.2, 1%
© 8.4, 26%

»Integrate Out Time—Dependence tformN\/M<<L
2
9Py
(s 88 = e e [ n [ B rm e Gloc.ainp)

drg,
dz

Energy flux: = 1% dz 0,0 (2

Cutoff scale: A/T %
»K-Z Turbulent Cascade = Statlonary SOLUtion p(y) o —ISehlichting 15 JHEPQ@Z”]%g@gﬁf

Energy Distribution v/zD(z, R)

T/E

102

10t |

100 |

107k

v v,
X

Gluon jet

-] =~
Tl
whﬁ

Energy Distribution : D{x,6)

0.01 0.1 1 0.01 0.1 1

Momentum fraction: x = p/E Momentum fraction: x = p/E

[Mehtar-Tani Schlichting IS JHEP(2023)] 9/23


https://doi.org/10.1007/JHEP05(2023)091
https://doi.org/10.1007/JHEP07(2021)077

QGP  JET

27T Quark jet = 1000T

® ® 0.2
‘l\lvr\( I<: s e
1netic Theor | BT
S 015 3.9, 8% — 13.1, 45% —
D 6.2, 1T% — 15.8, 53% —
o 8.4, 26% —

»Integrate Out Time—Dependence tmmn~\/ﬂLﬁ£<<L

dr' 23& .
P (Pz-) P2 (1 Re dt 3(t) o G(o0, q;t1,p) - 1 10 30 100 300 1000

. C.Tutoff scale: A/T % g%
»K-Z Turbulent Cascade =$ Statlonary Solutionzny)a5§J$m“mmgBJ“”mn”%§2§
) LY

Energy flux: = 1% dz 0,0 (2

»Due to the Rate Momentum Dependence

Gluon jet ¢t =4.11Im/c g
T=3
9,D(x) = / 1= k() [VaD (%) ~ 2D(@)] . |
5
\/_ <
T/E omT/E /E 2T /E g
10 : E
- E=500T R=016 —e— 2
5 - R=1032 —e— =
QN t=1.1fm/c 506 z
S w0 Full —e— 5
E f
2 100
2
o107t
g
- 0.01 0.1 1 0.01 0.1 _ ,
Momentum fraction: x = p/E Momentum fraction: x = p/E c.f. [Blaizot, Iancu, Mehtar-Tani PRL(2013)]

[Mehtar-Tani Schlichting IS JHEP(2023)] [Blaizot, Mehtar-Tani AOP(2016)] ¢ /o3


https://doi.org/10.1007/JHEP05(2023)091
https://doi.org/10.1007/JHEP07(2021)077
https://doi.org/10.1103/PhysRevLett.111.052001
https://doi.org/10.1016/j.aop.2016.01.002

L. F. Zhou Poster
S. B. Cabodevila Mon 18:10

Evolving Background S

* Evolving Medium
(0 + 20y, ) 1997 (0, 1) = €107

(0 + 0. ) 67 (p.1) = CLFO°7, 67

® CGC Initial Condition:

4"'b:;/P7\

fQGP(p, +— O) _ 2A Qo eXp[_g(p% + §2p§)/Q3]

A V5 + £2p?

bz
p? px[ -
[ <as'?? __"a"?’
| |
Evolving

f(p, t)= % (p, t)+5f7p, t)
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https://doi.org/10.1007/JHEP06(2024)214
https://doi.org/10.1007/JHEP06(2024)214
https://indico.cern.ch/event/1339555/contributions/6041012/
https://indico.cern.ch/event/1339555/contributions/6040914/

AMY Kinetic

Theory

»K-Z Spectrum Recovered

107t
1072 -
1073 4
10—4 4
5](' 1075 4
O -
—— Qt = 0.00e+00
—10-5 —— Qt = 8.61e-06
—— Qt = 8.73e-05
—10—4 4 a = Qt = 7.52e-04
Medium Response ™= | —— Qt = 1.90e02
—103 A — Qt = 4.22¢-01
—— Qt = 3.79e+00
_1072 4 - Qt = 1.25e+01
LRI | T AL | T LI |
1071 100 10!

p/Q

S. B. Cabodevila Mon 18:10

»“Hydrodynamisation” Of Jets:
Indistinguishable From Soft
Background Perturbations Wmjn = 2.7

= cosf =0
0.16

= 0.59

= 0.89

* az. sym.
' 1st hydro

15F
10

0.5F

0.0 Lot

cos =0.0 0.2

Minijet
Momentum space

Expansion

i
I

[zhou, Brewer, Mazeliauskas JHEP(2024)]

L. F. Zhou Poster
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https://doi.org/10.1007/JHEP06(2024)214
https://indico.cern.ch/event/1339555/contributions/6041012/
https://indico.cern.ch/event/1339555/contributions/6040914/

Medium Response

Gluon jet . Eq{li‘i‘ibl'iuln

e Thermalized Jet Distribution : S E
»Static Medium: : %
5f{¢D(p) =V [6TOr + 6u®dy= + 30, na(p) S .
»Evolving Medium: 0.04F 140

0.03 — 200
/ = — 2.67
/s 2 ol = .02} 3.57
6 fuise = (1 = 3cos® O)F (p/T(7)) % o
T1(7) o ~o- sy
000 s

p/T
[Zhou, Brewer, Mazeliauskas JHEP(2024)]
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https://doi.org/10.1007/JHEP05(2023)091
https://doi.org/10.1007/JHEP06(2024)214

Small Systems:v, vs Ry

* High-pr v» 1n pp and pPb

* Centrality Dependence R,»
» Initial State Correlations?
» Initial State Energy loss?

* Exciting Lab For Hard/Soft
Correlations

[ ATLAS

pp, 25 pb* ]
(s=502TeV |5,,=502TeV -

p+Pb, 28 nb*

o ATLAS, 25<y <
s CMS, -1.0<n*
s ALICE, -0.3 < n*

|
0 1

. Ll N
10 pT [Gev] 10°

[ATLAS JHEP. 07, 074 (2023)]
[CMS JHEP. 04, 039 (2017)]
[ALICE JHEP. 11, 013 (2018)]

15 ATLAS p Pb V =8. 16 TeV 165 nb

- _- 0-5% central
: ‘ - —
0.15 o* * s
L & : ++|+ .

t *lt-f #} ++ *

20 30 1o2
[GeV]

2 3456 10

2013 p+Pb data, 27.8 nb™
2013 pp data, 4.0 pb™'

1.6

ATLAS @

qﬁils-
é‘%

1:||1 AR NERE NENE AT

0-10% 60-90% % i
B E-EE‘ 3 +21<y <v28  fr08<y <2 E
0.4 3 3
\IS?_N; SRO?) Iev + E * +1.2<y* <+2.1 + +0.3<y*<+0.8 3
anti-k,, R=0. E 3
PR |'| s " L M| " s " PR |
40 100 40 100 1000

P, X% cosh(<y*>) [GeV]

[ATLAS Phys. Lett. B. 748, 392-413 (2015)]
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https://doi.org/10.1007/JHEP07(2023)074
https://doi.org/10.1007/JHEP04(2017)039
https://doi.org/10.1007/JHEP11(2018)013
https://doi.org/10.1016/j.physletb.2015.07.023

Jet No Longer A Perturbation

Heavy-Ion
* Jets No Longer A Perturbation On Top _ £QGP 5 fiet
Of Bulk f(p) =17 (p)+ 7% (p)
» Jet Carry Substantial Amount Of
Energy

» Jet Modifies The Bulk

» Bulk Extent 1s Small = Finite
Size Effects Important

» Energy Loss Negligible? f(p) = (p) + 67" (p)

» Vacuum-1like Physics Important:
Higher-Twist, GLV...

Small Systems




Transverse Correlation

Initial State
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Transverse Correlation

Initial State
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Transverse Correlation

Initial State Final State

» Balanced Transverse Momentum q_)T — ﬁaT + ﬁbT b/w
Hard/Soft Particles

15/ 23



Transverse Correlation
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Transverse Correlation

e Conservation Of Momentum =
Hard/Soft Correlation

» Corroborated By Simple PYTHIA
simulation

16/ 23



Transverse Correlation

e Conservation Of Momentum = :
Hard/Soft Correlation @

» Corroborated By Simple PYTHIA T YL,
. . ATLAS [EPJ C 80 (2020) 1, 73]
simulation

m~>]OOG&’—*——

T IIIIIII|o T T TTTTT

0000 P> 75 GoV — i
2 01 - YT o, MBT —o— qT “ gi
* TMD-PDFs and FFs: £ RARM + :
. . g pr816T‘el\/l Illlll ﬁi f {I 1 | g?
» Azimuthal Correlations Due R pyvep——— |
Inltla-l. kT ;:j y I(—_,_000”1:3_0.1—0.4,<1c§>_1Gev— WZ

» Boer-Mulders’/Collins Effects \
001 PP .

6 8 10 20 40
Momentum: py |GeV /c|
[IS, Majumder ArXiv:2404.05287]
[IS, Majumder ArXiv:2308.14702]

o |||
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https://arxiv.org/abs/2404.05287
https://arxiv.org/abs/2308.14702

Energy Conservation

°* Multi-stage Framework For Small Systems

» Correlations b/w Soft/Hard Particle
Production

» Competition b/w Jet pr and Partonic
remnants

» Hard Scattering Increasing Er until
Momentum Conservation Limits

S. Jeon Tue. 16:15

| MEFSCAFE

' X-SCAPE ' 1
M p-Pb @ 5.02 TeV 1
— Full

— Cooper-Fryg
R <y N N — PYTHIA

Strings

AETSCAPE

10 102 10°
Leading jet P, [GeV/c], (R=0.4, |yje‘| < 0.3)
[JETSCAPE ArXiv:2407.17443]
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https://arxiv.org/abs/2407.17443
https://indico.cern.ch/event/1339555/contributions/6040784/

Bj 0 r I(e n - X D. Perepelitsa Mon 14:40

’-T’; 1_2_\ T T I T T T I L LB I T T T I T T T I L | T T T I T T T I T T \_
N - _ M d+Au, 200 GeV 7
= 1 e B B
“typical” proton rare high-x,, proton © o F o + e 1 I N E
‘ ;;\: E f\‘- + B N E
v ‘ - ’ ‘-—’: O-QT -\_____-_--i t
OIS, & ) O 9 iom® 3 - | — ]
O o g 2?’. 0 i O T osf = -
c 70, Yy, - Ml <0.35, p. =7.5-18 GeV ]
0-7—_ ir T =
— - ¢ PHENIX Data ]
PRD g"g"é‘é”,";j’géfgozm) 0.6 Color Fluctuation Model (all HdAU’MB =1) -
C — Color Fluctuation Model (x0.90 normalization) J
_\ 1 1 I 1 L 1 I 1 1 1 | L 1 1 I L 1 1 I 1 L 1 I 1 1 1 | L 1 1 I L Il L I 1 L \_
&50 2 4 6 8 10 12 14 16 18 20
(N_,)

coll

* Presence of Hard Partons = Significant Difference Bjorken-x
Distribution Than Average Protons

[Perepelitsa PRC(2024)]
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https://indico.cern.ch/event/1339555/contributions/6040835/
https://doi.org/10.1103/PhysRevC.110.L011901

Energy LosS?

LI L L L B

e Short Bulk Extent |~ ATLAS data E
1 5; —— X-SCAPE w energy loss 1
» Energy Loss Negligible o i [
o ﬁ b ! a
o~ 1k MM—Jﬁ—A——gQ—}__T
3 Dt ]
0'5: p-Pb at ﬁ: 5.02 TeV JETSCAFE 4
[ Partonic jet. Anti-kT, R=0.4, |y|< 0.3 ]
energy profile [GeV/fm?3] energy profile [GeV/fm?3] energy profile [GeV/fm3] 5.1 (] P S P S o
pPb5.02Tev  mrummwneweey | o-Pb 5.02 Tev TR | p-Pb 5.02 Tev ® tid parton 1 ' 100 200 300 408 5\(/)/0 600 700 800
T=0-5fm/C T=1.0fm/c ® Hard parton 2 T=2.0fm/C ® Hard parton 2 pT,jet [ € C]
R B I I
p ‘ 3.8 F o ALICE dat | 1
150~ X—SCAPE]%+ 0, (S =5.02TeV -
25 o ApEEMR et
o B e S A N 1
o [ ]
r rXiv: . ]
0 5%[JETSCAPE ArXiv:2407 17443]%
13 gt ]
: AN ]
i JETSCRAPE |
0.0 0546816 12 14 16 16 20
-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2 pT [GeV/c]
fm fm fm
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https://arxiv.org/abs/2407.17443
https://indico.cern.ch/event/1339555/contributions/6040784/

Format ion Time Shuzhe Mon. 15:40

S CMS gl <10 || PYPb. 3 =276 ATeV | | —10

. . . Lol ALICEp <08 |l <20 e
»Formation Time = Simultaneous Desc. L] o el
h 08 £ 7| < 2.0

Charged Hadron And Jet Rua Ran 4

»Limitation: Jet Substructure o t o
Observables 02 50 00 50 0 50 CMS:MB(Z;‘U
pr (GeV) pr (GeV) pr (GeV)
»LO/NLO/NP Potential = Similar Ratios, oy | g
= Substructure L3 et <o PR .
12 R — 0.3, Anticky =0 . OMS
Rp :pAA (T) 1.1 E e
AA ppp(r) ‘1.0—_5__ —— = —_l_
0.75-10-20% (CMS:10-30%) | - g 0 g R | |
jEt 0.50f s | | —————— = = 0.8 —— g :
R AA L F B o 07 010% | | 1020%, OV 10-30% |
025} E 5_ Lo O - 0.0 0.1 . 0.2 0.3 0.0 0.1 . 0.2 0.3
1000200 300 100 200 300 100 200 300
pr (GGV) pr (GGV) Pr (GE‘V)

[ Modarresi-Yazdi, Shi, Gale, Jeon ArXiv:24

07.19966]
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https://arxiv.org/abs/2407.19966
https://arxiv.org/abs/2407.19966
https://indico.cern.ch/event/1339555/contributions/6040774/

Ear-l_y Stages F. Lindenbauer Mon. 17:30
Clar

Ppg =0, A =2

N——"

7/TBMss = 0.001
7/Tamss = 0.01

N>

* Broadening In Non-Eq EKT

. 14 A=10.5£=10 === )\ — ( extrapol.
»Momentum Broadening | =1 — A 0fit
Affected By g 12
Anisotropy=Scaling <0
Behavior i
0.8
»Broadening Kernel 06
Egtractlon = Markedly T I e v T
Different Throughout The T/ TBMSS
Equllbratlon 0.0 /Qmo =
q1/&s

[K. Boguslavski, A. Kurkela, T. Lappi, F.
Lindenbauer, J. Peuron PLB (2024) PhysRevD

(2026)] 21/23


https://indico.cern.ch/event/1339555/contributions/6040912/
https://doi.org/10.1016/j.physletb.2024.138623
https://doi.org/10.1103/PhysRevD.110.034019
https://doi.org/10.1103/PhysRevD.110.034019

Gradient effects

Medium Gradients

Jet Drift

Flow enhanced

. . . and flow direction
Broadening Radiation /e
. 1
(o) =1 | Bl P T o T
[Kuzmin, LOB Reiten, ,/’g(\ —_— = 0.0,
Sadofyev PRD (2024 ! 7 Energ'}suppressed Temperature/Density Enhanced
A Dag-
0.08 \ a
\ -eo- 2w/ CEL
-&= 3 wf CEL
0.06 - N 4 wf CEL
i \\\\ (30-50% Partons|
<1 0.04 4 \
‘ L ¢ omg; il - 10 0.02 1
Taken from Lopez k%/4 z
[Barata, Lo ez Sadofyev ] o —
Salgadc': PR ﬁ023)] ' 000, D AR e
»Suppressed Brodening/Radiation Along Gradient (vt

»Enhanced Broadening/Radiation Opposite To Gradient - Bahder Tue 11:50

»Jet-v, correlations due to drifts
22 /23


https://doi.org/10.1103/PhysRevD.108.034018
https://doi.org/10.1103/PhysRevD.108.034018
https://doi.org/10.1103/PhysRevD.109.014036
https://doi.org/10.1103/PhysRevD.109.014036
https://indico.cern.ch/event/1339555/contributions/6040789/
https://indico.cern.ch/event/1339555/contributions/6040787/

Conclusion

* Heavy-Ion = Jet Perturbation On Top Of The QGP
°* Small Systems = Bulk Dynamics Altered By Jets

»0Observables = Jet v, vs Rau , Jet-Substructure See Daniel Talk Before

»Small Systems = A Laboratory to Understand Int. St.
Correlations? Int. St. Energy Loss? See Isobel Talk Next
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https://indico.cern.ch/event/1339555/contributions/6122400/
https://indico.cern.ch/event/1339555/contributions/6122398/

Backup
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Beyond AMY

»Time Dependent Splitting Rates
1

(’9,5D(x):/ dz [—
0

»Static Medium

B ary.
dz

[Isaksen, Takacs, Tywoniuk JHEP(2023)]

(2,2, t )zD(a:)]

ay, = 0.28, Gyl= 0.3 GeV?, = 0.3 GeV
E=10"GeV, z = 1077 E =10*GeVy =103

g 1073 —
j_
*N

=l
S T
5 s Limits soft

=== Full analytic soft

Full analytic finite-z

1070 =3 . =7 —T 0 —
10 10 t.10 10 10 10
t [fm)]
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https://doi.org/10.1007/JHEP02(2023)156

Beyond AMY

»Time Dependent Splitting Rates
1 al'y. (x x dl’y.
oD(z) = /0 dz | —>= (—,z, t ) 2D (—) — W(w,z, t)zD(x)

[Isaksen, Takacs, Tywoniuk JHEP(2023)]

dz \z z

»Static Medium

Few Soft
o Scatterings o
oy =0.28, 4y = 0.3 GeV?, 1 = 0.3 GeV g =028, goi= 0.3 GeV?, p1 = 0.3 GeV
\E = 100 GeV, ¢ = 0.04 fm B =100 GeV, ¢ = 0.4 fm E =100 GeV, t = 4 fm ' E=10"GeV, z= 1077 E =10* GeV} z =103
107! 1072
Rare Hard } :
= gobs=——i Scattering T o % 10 e
g e O,
[ ; [z
&~10-8 Multiple § 107
,,,,, - p
101 """"" HO SO ft ] R Limits soft
----- HO+NHO S catter i n g s TP e Full analytic soft
— Full Full analytic finite-z ;
1075 . 102 10 Tpn | @102 10 Tom 102 100 T 3 T T T T A T/ A T/ T/ ST/ AT
x t [fm] t [fm]

T

Distribution Rate
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https://doi.org/10.1007/JHEP02(2023)156

Harmonic Oscillator

»Rates in Expanding Medium w/ HO Approx.
»Analytical expressions iews, amo

»Temperature decreases T<P = Multiple
Soft Scattering

100
----- Static soft - ----- Static soft
1=0.1 =05
Static soft, analytical Static soft, analytical
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[AdhHya, Salgado,Spoustaa,
Tywoniuk JHEP (2020)]
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