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Understanding the fundamental interactions 1s just the beginning!
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Heavy-1on collisions and quark-gluon plasma
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energy Heavy-1on collisions

far from equilibrium initial state hydrodynamics hadron gas

~1GeV -
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energy Heavy-1on collisions

high energy scatterings energy loss

~ 100 GeV-

far from equilibrium initial state hydrodynamics hadron gas

~1GeV —+
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time
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Studying the dense QCD medium

~ 100 GeV_L Modiﬁcation of
high-energy probes
(hadrons, jets,
heavy flavor, ..)

1 CeV Collective behavior

of low-p particles
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Modification of jets as a probe of quark-gluon plasma

proton—proton heavy-1on Large effect:
e Half as many jets per pr
i k300 28 O e S s in heavy-1on collisions

* Enhanced asymmetry of
back-to-back jets

Jet 0, pt: 205.1 GeV

“baseline” jet properties
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Parton splittings 1n vacuum

_— hadrons
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1l — 2z
4P = Ve P ju(2) "
1—jk — 0 <G5k~ 6, 6, 6, 0, > 0> 0
Splitting . - .
functions Iteratively apply splitting functions,

descending in angle, virtuality

Parton showers connect perturbative QCD to hadronic world

Next-to-leading

Going to higher accuracy ~ Parton showers «—— .
a, — 0 log calculations
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A single high-energy parton 1n finite-temperature QCD

Parton undergoes transverse momentum diffusion

— 7 TN\ $k¢ (jzd<ki>

Kicks occasionally induce gluon radiation

Radiation can’t be resolved instantaneously

5

— S~ ZFOC\/E

Baier, Dokshitzer, Mueller, Peigne, Schiff (1996), Zakharov (1996)
[ Arnold, Moore, Yaffe (2003)
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A high-energy parton fragments even in vacuum

Detailed interplay of vacuum physics and medium modification

&999@ &999? &9999 &9999 Improved theory
— —1

6; 6, 0; 0, e Improved parton radiation spectrum

vacuum shower

Mehtar-Tani, Tywoniuk, Andres, Dominguez, Salgado, ...

vacuum sh()wer Caucal, Iancu, Mueller, Soyez, Wiedemann, Zapp, ...

1n medium

699;;9’;9999} Q99999) (99999} e Parton showers in medium
| | | |
1 | |

ty t, ts ty No current theories capture full complexity

Improved phenomenology
AL LS

* Deconstructing a jet to access individual
splittings

medium shower
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Building up a picture of a medium-modified jet from phenomenology

hadrons

* Hadrons to splittings % ) L~
1—=z ! -
~

* Flavor-dependence of splittings
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Accessing splitting functions from jet substructure

Access kinematics of gluon that
initiated the shower (pr, 0%,...)
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Accessing splitting functions from jet substructure

Access kinematics of gluon that
initiated the shower (pr, 0%,...)
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Accessing splitting functions from jet substructure

QCD splitting function from jets
hadrons

(0]
JprTTTTTTTT [T T [T [T [T T .
p - O N -+ CMS 2010 Open Data ]
= * Theory (MLL; all) ]
«— E
0 — 0 7 —— Pythia 8.219 :
1—2 < oA - : E
= Lao ¢ evos -
O'dzg 5 erpa 4.4. 3
— 4 prC > 1.0 GeV
AKS5; |n| < 2.4 1
3 > 150 GeV
2 | ‘mMDT/SDﬁzo $ Zewt = 0.1 _f
. .o . 1F E
* Adapted for heavy 1ons: splittings with shortest ]
formation time, highest k¢, ...
Mehtar-Tani, Soto-Ontoso, Tywoniuk [1911.00375];
Caucal, Soto-Ontoso, Takacs [2111.14768]

(see also Apolinario, Cordeiro, Zapp [2012.02199])

Track z,

Larkoski, Marzani, Thaler [1502.01719]
Larkoski, Marzani, Thaler, Tripathee, Xue [1704.05066]
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e In vacuum

* |n medium

Accessing light flavor splitting functions

“gluon jet”

“quark jet”

Flavor-dependent modification
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Challenging to define beyond leading order

Banfi, Salam, Zanderighi [0601139]; Czakon, Mitov, Poncelet [2205.11879];
Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler [2306.07314]

Observable-based, machine learning approaches

Thaler, Metodiev, Komiske, Schwartz, Dreyer, Soyez, Takacs, Larkoski, ...

Modified q,g splitting functions

1.154

Data-driven
quark, gluon

1.10
1.05 1 ——

Pg_>gg Q Pq_>qg Q 1,00 Jr
:Q % vss| Monte Carlo T

quark, gluon

010 015 020 025 030 035 040 045 0.50

Zg
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Accessing heavy flavor splitting functions

| C,b
Heavy flavor splittings: —% &O—QO/<
c,b c,b
Advantages:
* Heavy flavor is preserved in the shower 7 o
and not produced at hadronization e *Mdm
Used in ALICE [2106.05713] e '.‘.;g’acg 2 \'\i —~cg hd
| T T T
* Access later (more modified) splittings in the shower " i
“"."":'k-'

* At high energies, access light flavor splittings

Focus of this talk: phenomenology of g

Jasmine Brewer (Oxford)
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Phenomenologically accessing the g — ccC splitting 1n jets

Leading processes for heavy quark production (approximately) collinear
909990999 —¢—— B C D0
Azﬁj& Pg—)cé
TTETETTTOTT c’rgggg ;m”o )
\ 4 L%E\%a%%% C Do
990009999 A—p——
Flavor creation GPD: p&d > 200 [GeV, 2o > 0.1, 7 € [—2,2]
3.5 . : : .
< 20k c-hadron tag
' i PyTHIA
s R =05
= 20| -- gluon splitting
—8 """ non-splitting
f Lop — total
~
= 1.0}
Flavor excitation Gluon splitting
0.5
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Phenomenologically accessing the g — ccC splitting 1n jets
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Sample of showers including g — c¢
splitting with high purity

Expected experimental sensitivity already in Run 3/4



Modification of the g — c¢c¢ splitting function

ke Pg—>Cé(Egakgaz) = P,% (kg,z) + Pm—e;ci(_:(Egﬁkg7Z)

g—cc g
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Modification of the g — c¢c¢ splitting function

ke Pyce(Ey k2, 2) = P (k2 2) + P2 (B, k2, 2)

g—cc g—rcc

Results of the calculation:

 Depletion at small k? broadening
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Modification of the g — c¢c¢ splitting function

ke Pyce(Ey k2, 2) = P (k2 2) + P2 (B, k2, 2)

g—cc g—rcc

Results of the calculation:
 Depletion at small k? broadening

* Less modification with increasing E; formation-time dependence
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Modification of the g — c¢c¢ splitting function

ke Pyce(Ey k2, 2) = P (k2 2) + P2 (B, k2, 2)

g—cc g—rcc

Results of the calculation:

 Depletion at small k? broadening

* Less modification with increasing E; formation-time dependence

* Medium-enhanced rate of c¢c¢ production! gluons promoted above
threshold
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Observing g — ¢¢ enhancement in jets
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0.0025

Attems, JB, Innocenti, Mazeliauskas, Park, van der Schee, Wiedemann [2209.13600]
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Observing g — ¢¢ enhancement in jets

: 0
j — Pythia 8.3, 4/s =5.5 TeV
—D° 0.0200 _ 4L = 4Gev2
1;: *q_mi O 0107 2< QL [GeVz] <8
/S~ 5 .
2 0.005 |
Get kinematics of g = cC = | 2T
0.002¢
L 1 | | | L
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S b S yd . 20 50 100 200
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g — cC enhancement 1n state-of-the-art Monte Carlo simulations

—

— e

_ 0.05° — JetMed vacuum, «/E:S.S TeV
—D° 0.04 *
< 5 003 *
= i PbPb/pp |
l = 0.02 /,_/-'"_/r/_//_/l': %
= | ! 41&”"%
\ C 0.01 7 — expanding 1.2 \
il 0.00 — static (4 fm, @=0.24) d
\'g{— ; 001 ;f static (3 fm, a‘zO‘.35‘) 500 100 150
- ’ 50 100 150 200
/~ (parton level) jet pr [GeV]
Jet quenching in JetMed: factorization of

vacuum-like and medium-induced emissions

w/ Gregory Soyez
Caucal, Iancu, Soyez
[1907.04866]
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Beyond enhancement: unique phenomenology of g — ¢ splittings

A uniquely clean phenomenological signature of medium modification

no
E, f * Isolate individual type of splitting (not quark
QM< ch v and gluon mixture) at any stage of the shower
p — DY * Splitting can be i1dentified at hadron level from

P D and D in reclustering history
I
'~ * Splitting kinematics from reclustering history
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Beyond enhancement: unique phenomenology of g — ¢ splittings

¥ |
J k : : _ .
’ * Broadening: momentum broadening of cC pair
Z
0.500f “““‘Pbp‘b‘/‘p‘p“‘j
I 1.3 ]
_0.100; 1h |
R i 0.7 . ]
= 0.050; 0 5 10 15

" __ Pythia 8.3
— gL =4 GeV?
0.010: = 2 < 4L [Gev?] <8
0005
0 2 4 6 8 10 12 14

K> [GeV?]

Can use jet substructure to access broadening at hadron-level
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Beyond enhancement: unique phenomenology of g — ¢ splittings

k. : : :
I * Formation time dependence of broadening

<

2K
Gluons have a “lifetime” 75 ~ Q—Qg depending on their energy

T

time
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Another time-delayed probe: Apolinario, Milhano, Salam, Salgado [1711.03105]
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Beyond enhancement: unique phenomenology of g — ¢ splittings
E, I k.

<

* Formation time dependence of broadening

2F

-9

QZ

Gluons have a “lifetime” 7f ~ depending on their energy

20 — 100 GeV gluons

mr< TITr—_ v L 6 fmdelay for

time time time
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Beyond enhancement: unique phenomenology of g — ¢ splittings
E, I k.

<

* Formation time dependence of broadening

Near mass threshold Q% ~ m2, formation time grows with energy  7f ~ —=

splitting virtuality < 5 GeV

2.0 — 20 < pr9 <40 GeV |
15l — 40 <pr9 <60 GeV |
Tl — 60 < pr9 <80 GeV |
1.0F ’
0.5
0.0/ —

0.0 051015 20 25 3.0 35

Tform Level 1 2
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A process with many exciting future avenues!

0020: ;P};thia8.é, «/?:5.‘5 T‘eV‘ o 7
So far.. Lootg [ eRIONISs e ;
ig 0005 = 14 ;
* Medium-enhanced rate of ¢¢ production = 12
|- prop/ll TS 00
000150 50 100 200
jet pr [GeV]
Outlook 0.500F T e
__0.100; /\ ;
. _ . % 0.050} o5 10 15
* Broadening of c¢ pair from hadron level — Pytias3 |
— gL =4 GeV?
0.010: q2<QL [GeV?] < 8 )
: . . . 0,005 :
* Formation time dependence of modification voE ol

Clean process with a lot of exciting physics opportunities!
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Outlook

Phenomenology of heavy-flavor tagged jets

| w< C_ —gpq%qg
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This work Future
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Constructing a picture of modified jets from phenomenology
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