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Understanding the fundamental interactions is 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 GeV4-

far from equilibrium initial state hydrodynamics ~ hadron gas

~1GeV —+

v

time

Jasmine Brewer (Oxford)



Studying the dense QCD medium

~ 100 GeV_ MOdiﬁcation of
high-energy probes
(hadrons, jets,
heavy flavor, ..)

Collective behavior
of low-p; particles

~1GeV —+
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Modification of jets as a probe of quark-gluon plasma

proton—proton heavy-ion Large effect:

e Half as many jets per pr
o A 2o | ST in heavy-1on collisions

| Lumi section 249

* Enhanced asymmetry of
back-to-back jets

[Jet 0, pt: 205.1 GeV|

“baseline” jet properties
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Parton splittings 1in vacuum

hadrons
Z
% .
1 —z
do
dP’L—>]k: = ?dz Pz—)gk(z) 61 92 93 91 N 92 > (93

Splitting _ o .

functions Iteratively apply splitting functions,

descending in angle, virtuality

Parton showers connect perturbative QCD to hadronic world

I i t-to-1 I
Going to higher accuracy ~ Parton showers «~—> Next-to ead1ng
a; — 0 log calculations
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A single high-energy parton in finite-temperature QCD

a

a)_
dw

Parton undergoes transverse momentum diffusion

— TN $k¢ qzd<ki>

\ 4

Kicks occasionally induce gluon radiation

1),
Radiation can’t be resolved instantaneously A, A
<>
— S~ [ F X \/5
Baier, Dokshitzer, Mueller, Peigne, Schiff (1996), Zakharov (1996)
[ F Arnold, Moore, Yaffe (2003)
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A high-energy parton fragments even 1n vacuum

Detailed interplay of vacuum physics and medium modification

&9999) &’999) &’999) @9999 Improved theory
— —

6, 0, 0; 06, * Improved parton radiation spectrum

vacuum shower

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

vacuum shower Caucal, Iancu, Mueller, Soyez, Wiedemann, Zapp, ...

1In medium

Q&cigg‘ﬁy Q99999) &9999} * Parton showers in medium
L | |
— | |

tqy to  ts ts No current theories capture full complexity

£ Improved phenomenology
f;ﬁ”{ £ S

* 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 _< o t'"-. —
1—-=z i
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Jet substructure: use (approximate) angular ordering of QCD to access kinematics of
splittings in the shower
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Jet substructure: use (approximate) angular ordering of QCD to access kinematics of
splittings in the shower

Energy correlators: re-organize event information in terms of correlation functions of
energy flow, sorted by angle

T— 00

E(n) :/ dt lim r*n'Ty;(t,rh)
0

do _ Z/daEéfj 5(8 — 0i5) ~ (T [€ () € (52)| V)

* Organize different physics effects into small/ large angle information



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

* Hadrons to splittings

* Flavor-dependence of splittings
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Accessing heavy flavor splitting functions

C,b
Heavy flavor splittings: —«g &-O-O-Q<
c,b c,b
Advantages:
* Heavy flavor is preserved in the shower g A
and not produced at hadronization e »/’4,“
Used in ALICE [2106.05713] e '._;g’*cg 2 \ g facron
| R S
* Access later (more modified) splittings in the shower " i

* At high energies, access light flavor splittings

Focus of this talk: phenomenology of g
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— CcC

16



Phenomenologically accessing the g — ¢ splitting in jets

Leading processes for heavy quark production (approximately) collinear
S0200000 T——— 4 P(KDO
e 2
 / C Dy
0000999 A—P—
Flavor creation GPD: plead > 200 [36V, 2z > 0.1, 7 € [—2,2]
3.5 . . : . ;
ey < a0l c-hadron tag
' | PYTHIA
fg 2.5} R=0.5
T 20! - - gluon splitting
_g """ non-splitting
f 1.5} — total
=
Flavor excitation Gluon splitting -

Jasmine Brewer (Oxford) Iiten, Rodd, Thaler, Williams [1702.02947] Gluon splitting Non-gluon-splitfing



Energy correlators in jets with two heavy quarks

Normal EEC (without flavor tagging)

EEC
ﬂ A
O 9 ,’I,“u \\\915
0o 12/} 914\@
o5 Ol &
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Energy correlators in jets with two heavy quarks

Normal EEC (without flavor tagging)

Jasmine Brewer (Oxford)

... etc for all particles and all events

A
B b ELEy
EyEx
FEyEy I I
923 924 921 925
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Energy correlators in jets with two heavy quarks

Normal EEC (without flavor tagging)

EEC
p A
O 921 ,’I E5FEq E\E,
O ;0 o
ol &5 I EEI
O 922@ EsEy I I
0
... etc for all particles and all events B2 024 021 02
EEC of heavy flavor jets
EEC
9 A
o
@ E 1 Ey
Py—43(0,2) 9I12 " 0
EEC(0) = /dz T 2(1 - 2)
Jasmine Brewer (Oxford) Q

* throughout, normalize by total number of jets 0



In vacuum: quark mass effects in energy correlators

bb/cc vacuum EEC

0.00035, 4.
0.00030 ... qg/i10 P 100 GeV | 1.0 pr*>100 GeV
DDDUEE seses O - ‘j 0.8 PT:.‘-'-ZBD Galy
0.00020 — N, 0.6 —pr =300 GaV
0.00015 0.4
0.00010 .
- : 0.2
0.00000 L—mmmmse? Pythia oo Pythias
| -0 15 10 05 | -20 -15 -10 -05
logo(8) logy,(6)

Heavier quarks tend to fragment Characteristic suppression of
earlier, at larger angles heavy/light EEC at small angles

See also Craft, Lee, Mecaj, Moult [2210.09311] 6 dead ~ Mg / E
ead-cone

Next step: understanding the medium modification of the g — q@g correlator
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Medium effects: medium modification of the g — q@q splitting function

2 __ pvac 2 med 2
FE Pg—mé(Eg?kc’Z) — g—)cé(kcvz) +Pg—>cé(Eg7kc7Z)
g kc
> Inspired by charm but the quark mass is just a parameter

Attems, JB, Innocenti, Mazeliauskas, Park, van der Schee, Wiedemann JHEP 01 (2023) 080 [2203.11241]

Results of the calculation:

Depletion at small k2 broadening
*  Less modification with increasing E, formation-time dependence
*  Medium-enhanced rate of ¢¢ production gluons promoted above threshold

Attems, JB, Innocenti, Mazeliauskas, Park, van der Schee, Wiedemann Phys.Rev.Lett. 132 (2024) 21 [2209.13600]
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Medium modification of the g — q@q splitting function 1n energy correlators

EEC,,.4(light)/EEC, .. (light)-1
0.6 E=50 GaVy

0.4 E=100 GaV
— E=200 GeV
0.2 —E=300 GaV
— E=500 GaV
0.0
-0.2
-2.5 -2.0 -1.5 -1.0 -0.5

Log(&]

Enhancement at large angles

Depletion at intermediate angles

Momentum broadening effect

No modification at very small angles

At small enough angles, massless splittings are
always formed outside the medium
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Medium modification of the g — q@q splitting function 1n energy correlators

EEC,.4(light)/EEC., ..(light)-1

EEC, .q(CE)EEC, ,.(cc)-1

06 E_spgev 08 eospcev

0.4 — E=100Gev 0.4 —E=100GeV
— E=200 GeV E=200 GeV )

0.2 — E=300 GeV 7 0.2 — E=300 GeV A
— E=500 GaV — E=500 GeV '

0.0 0.0

=0.2 -0.2
-2.5 -2.0 -1.5 -1.0 -0.5 -2.5 -2.0 -1.5 -1.0 -0.5

Log[6]

Enhancement at large angles

Depletion at intermediate angles

Momentum broadening effect
No modification at very small angles

At small enough angles, massless splittings are
always formed outside the medium
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Log[8]

For massive quarks, splittings can be
formed in the medium for all angles!

. E,=50 GeV
E — Ez=100 GeV
~ g

- - E,=200 GeV
)

‘g — E ;=300 GeV
R — E,=500 GeV
L YR
(= L=4fm
©

TfN

2E,2(1 — 2)

m? + E22%(1 — z)20?
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Medium modification of the g — q@q splitting function 1n energy correlators

EEC,.,(light)/EEC.,.(light)-1 EEC,.4(cc)EEC, . (cc)-1 EEC,,.4(bb)/EEC, .. (bb)-1
06 espgev 06 e_sogev 0.6 e_s0Gev
0.4 — E=100GeV 0.4 — E=100Gev 0.4 — E=100Gev
—_E=200 GeV E=200 GeV E=200 GaV
0.2 —E=300 GaV ~7 ] 0.2 — E=300 GaV A 0.2 — E=300 GaV

— E=500 GaV — E=500 GaV — E=500 G5aV

0.0 0.0 0.0-
-0.2 0.2 } 02
-2.5 -2.0 -1.5 -1.0 -0.5 -2.5 -2.0 -1.5 -1.0 -0.5 -2.5 -2.0 -1.5 -1.0 -0.5
Log[6] Log[#] Log[#]
i itti 2E,2(1 — 2
Enhancement at large angles For massive quark§, splittings can be _— 21— 2)
| m? + E222(1 — 2)262
. . . formed in the medium for all angles! g
Depletion at intermediate angles
Momentum broadening effect = Eg50 GaV 14 £,=50 GeV/
E — E,=100 GeV £ 12 — E,~100 GeV
No modification at very small angles = - E;=200 GeV = 10 IR E,=200 GeV
) o LW
‘g — E;=300 GeV m B8 ' — E,=300 GeV
At small enough angles, massless splittings are % — E,=500 GeV % 6 WAL —Ee500GeV
always formed outside the medium % """""""" T % :
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Medium modification of the g — q@q splitting function 1n energy correlators

Dead cone effects and medium effects populate different angular regions in energy correlators

1.5
----- med(cc)/vac(cc) ¥ S
1.0 revavwewsun bl L LI T :'"-"F"'F:-.__ _ =--1=-=- :=-‘
0.5 NPt
- ~:: -7 - " e vac(cc)/vac(qq)

p.o===== '

_92 5§ -2.0 -1.5 -1.0 -0.5

Log[#]
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105
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..Ir
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0.5

-2.0

A G LR CF T
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Medium modification of the g — q@q splitting function 1n energy correlators

Dead cone effects and medium effects populate different angular regions in energy correlators

— med(cc)/vac(qq)
1.5
..... med(cc)/vac(cc) ) _:_;;:_'__L .
‘Lu1.'.“'“"““_"'_'1"_"?'7'::';'-"{:‘ ..... .._..F*:I_-_.'I'* il :-__ " ;

- .
-
-

25 20 -15 -10 -05
Log[f]

1.5/

1‘uIIIIIIIII'IiII"|-'"

0.5

— med(bb)/vac(cc) |

med(bb)/vac(cc)

yewa ML IR RTAAA R A

-

] -

== vac(bb)/vac(cc)

-1.5
Log[é]

-1.0

-0.5

E=50 GeV

E=100 GeV
—E=200 GeV
—E=300 GeV
— E=500 GeV

Next step: understanding the impact of medium modification in phenomenology
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Medium modification of the g — gq splitting function in a parton shower

¢ (DY)

\

c (DY) 0.9475

0.7900

I'7] I\ |\

10.6325
* Find jets containing c¢ (or DD) pairs in

vacuum Monte Carlo simulations (Pythia) 0.4750

K% [GeV?]

10.3175
 Use shower to reconstruct kinematics of the

g — cc splitting 10.1600

1 med 9
med _ 1 (?PQ‘””_) (Eqg, ke, 2) 0.0025

e Reweight events with w; <, vac
: T (& Pr) " Bk

Attems, JB, Innocenti, Mazeliauskas, Park, van der Schee, Wiedemann Phys.Rev.Lett. 132 (2024) 21 [2209.13600]

Reproduces medium-modified splitting function, with realistic kinematics
Jasmine Brewer (Oxford) from vacuum Shower 28



Medium modification of heavy flavor correlators

cc medivac EEC bb med/vac EEC
1.3 1.3
o100 GaV o"=100 GaV
1.2 peuz00 Gev P 1.2 peuz00 Gev
— pr®=300 GaV ' " — pr™=300 Gav

1.1

=20 -1.5 -1.0 -0.5 =20 -1.5 -1.0 -0.5
log4,(8) log40(6)

Qualitative signature of formation time effects at small angles
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Estimating the effects of energy loss of the jet on heavy quark energy correlators

med e Ws d med o0 d med
Qz = exp [ fdw/dQ dpd2k(1 _ e_ﬁ):| = exp |:—L dw/dQ dpdzk(l —e 'pt _/ d(.d/d2 dpdzk(l —e .’Pt )
]

|
I I
rapid turbulent semi-hard perturbative

Quenching weights o R
thermalization; w < w, gluon emission
Barata, Caucal, Soto-Ontoso, Szafron [2312.12527]

Energy loss of parton-level jets in Pythia assuming coherence within 6, inclusive jet R
AR

1.0
* combine jet constituents  assign cluster flavor
into “clusters” of radius 6, from parton content 0.8

0.4 __,; — ATLAS R=0.4

— @ 0.2 — this work

0.0
100 150 200 250 300
* jet energy loss is the sum jet pr
of cluster energy loss ATLAS [1411.2357]
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Effects of energy loss on energy correlators of jets with two heavy quarks

Energy loss shifts the EEC toward smaller angles. ..

0.0z0
unmodified (dashed), modified (solid)

0.015 o100 GeV
_pj;‘}E[II} GaV s ‘ i
— p'>300 GeV '

0.010

0.005
(normalized)

0.000="7,0 15 10 -05

l0g+,(8)

...and enhances the charm yield*

1.6 cc with energy loss / vac(cc)
14
1 S
1.0 pr™>100 GeV
0.8
----- pr¥=200 GaV
06 ---.- p*=300 GeV

-2.0 -1.5 -1.0 -0.5

log (&)

Jasmine Brewer (Oxford) s« (pefative to the total number of jets)

Putting it together: interplay of medium-
modified g — cc splitting with energy loss

med(cc) / vac(cc)

1.6

14

1.0 p"=100 GaV
0.8 — p*=200 GaV
0.6 —pA"=300 GaV

=-2.0 -1.5 -1.0 -0.5
log4(E)

To dig out formation time effects, would like new

ways to reduce energy loss effects
31



Conclusions

EEC o g(CEVEEC, 40(cC)~1
0.6 E=50 GeV/

14 E,=50 GeV
. . . . . . E 12 = E,~100GeV 0.4 — E=100GeV
* Unique imprint of formation time in = 10 E2006eV £=200 GeV A~
. . . . o) _ [N
the medium modification of massive g 8—— —E200 eV 0.2] —Ex300 Ge¥ W/
— R Si=mm — E;=500 GeV — E=500 GV
g — qq energy correlators s\ NI T 0.0
° ﬁ S 0.2 B
-25 =20 —|1.5 9—1.0 -0.5 25 20 15 10 05
0g10(6) Log[6]
* Interplay of mass effects and medium effects *  Medium effects persist in more realistic
simulations with energy loss
1.5 total: med(cc)/vac(qq) =
TR 1.6
med(cc)/vac(ce) L LT e A e -
1_[].b'l-'I'i'll'l-'l'l'l-'Jh't':l'E.'.:".L'_'_'.‘_"-'""_ = " = = & 1.4 - . .?._.__, ]
12-_.. st _-:____ ) P L
o @ @ < - 41 L. e e DIIIz
1.0 pr*=100 GaV
0.8 A9=200 GaV
0.0 o e
' 0.6 —p/=300 GaV
-2.5 -2.0 -1.5 -1.0 -0.5 -2.0 -1.5 -1.0 -0.5
Jasmine Brewer (Oxford) Lng[Ef] I'DQ‘IEIEE} 32



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32

