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Many-body QCD with jet-medium interactions

 Very challenging to study!
e Dynamics never (yet) derived from first-principles QCD
* Competing phenomenological effects
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Many-body QCD with jet-medium interactions

 Very challenging to study!
* Dynamics never (yet) derived from first-principles QCD
* Competing phenomenological effects

* Broadening (multiple scattering) vs.
narrowing (absorption & quenching)?

* Coherent vs. incoherent scattering?
* Resolution scale of boosted probes?
* Wide-angle Rutherford scattering?

* Medium’s degrees of freedom?
¢ ..7
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In-medium jet modification

* How does the QCD medium affect jet formation?
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In-medium jet modification

* How does the QCD medium affect jet formation?
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jet yield in AA

- jet yield in pp

jets are “quenched”
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In-medium jet modification
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* How does the QCD medium affect jet formation?

| ALICE s, = 5.02 TeV, 0-10% Pb-Pb
- Ch-particle jets, anti-ky, R = 0.2, |njet| <0.7

¢ | Area-Based, ptTral":ad > 5 GeV/c
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jet yield in AA

Raa

- jet yield in pp

*Rpp <1 — jetsare “quenched”

* How does jet quenching affect jet
fragmentation inside the plasma?
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In-medium jet modification

ALICE
* How does the QCD medium affect jet formation?

' E1

e Jet substructure gives insight into
the microscopic modification

ET2 & ET 1 - Yale University
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In-medium jet modification

ALICE
* How does the QCD medium affect jet formation?

BTy

e Jet substructure gives insight into
the microscopic modification

* Choose observables
based on desired probe

See Raymond Ehlers’ talk,
today 09:40, link

Salvatore Aiola
Yale University

Eto<Bry
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Generalized jet angularities (A5) " s

ALICE

* Class of substructure observables dependent on pt and angular
distributions of jet constituents

jo z (pT,i )K (ARi,jet>a
=
o pT,jet R

[€Ejet
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Generalized jet angularities (A5) " s

* Class of substructure observables dependent on pt and angular
distributions of jet constituents
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Generalized jet angularities (Ag) <"

* Class of substructure observables dependent on pt and angular
distributions of jet constituents

A - }
ST TNKE Y ATD T TN g Tunable, continuous
. - . L. ;
L= : PT,i : | ARL»]et I parameters for relative
a — | ' weighting
: : .
— PT jet \ R
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Generalized jet angularities (A5) " s @

* Class of substructure observables dependent on pt and angular
distributions of jet constituents

o e l
“ T TNK AT T TS o Tunable, continuous
. - . L. ;
L= : PT,i : | ARL»]et I parameters for relative
a — | ' weighting
: : .
o pT,]et \ R

 |RC-safe* observable fork = 1, «a > 0 = vacuum is calculable from pQCD

* Each (k, @), R defines a different observable capable of probing jet
structure and providing systematic constraints on theory

* Generalizes other observables: jet girth g = A7; jet thrust = 1%; ...

* track-based observables IRC-unsafe (see backup) See Preeti Dhankher’s talk, today 11:40, link
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Pb-Pb angularities compared with models = ), =
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arXiv:2204.01163 [hep-ph]

* Higher-Twist partonic energy loss
S.-Y. Chen, B.-W. Zhang, et al., CPC 45 (2021) 2, 024102

* Hybrid model with / without elastic

Moliere scattering D. Pablos, et al., JHEP 10 (2014) 019
F. D’Eramo, K. Rajagopal JHEP 01 (2019) 172
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Pb-Pb angularities compared with models *=
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iEjet ALICE
e JEWEL with recoils off / on

* “Recoils on” uses negative energy recombiner scheme
K. Zapp, JHEP 1804 (2018) 110

* JETSCAPE (MATTER + LBT)

arXiv:2204.01163 [hep-ph]

* Higher-Twist partonic energy loss
S.-Y. Chen, B.-W. Zhang, et al., CPC 45 (2021) 2, 024102

* Hybrid model with / without elastic

0/S1¢/2pou/ydo uiad qam aingly-ad1e//:sd1y

Moliere scattering D. Pablos, et al., JHEP 10 (2014) 019
F. D’Eramo, K. Rajagopal JHEP 01 (2019) 172

1 | * Models are within uncertainties on Pb-Pb data...
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Pb-Pb angularities compared with models 2=
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LEjet ALICE

Run 2 pp baseline

for AA quenching

Some models exhibit

more tension in pp
baseline than in AA
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Pb-Pb angularities compared with models *=
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Pb-Pb angularities compared with models *=
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Pb-Pb thrust (& = 2)
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Pb-Pb thrust (&« = 2) vs. jet mass
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Pb- Pb thrust (¢ = 2) vs. jet mass
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Quenched jet mass
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Quenched jet mass
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6
m;., (GeV/c?)

e Possible
Interpretations:
* Quark vs. gluon jets

* SD removes soft
background from jet
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Angular dependenc ofjet quenching lo= ) wff

i€jet ALICE

-8 £ g E_ ¢ ALICE 0-10% Pb-Pb data ALICE Pre“mmary _E -8 L‘E 25 :_ | I¢‘ IAL:CEQ 10% Pb-Pb data ALlCE Prellmlnary _: . .
1-|b§ ° C Pb-Pb syst. uncert C‘T rft)olz Te:k - ) ‘_| -g i Pb-Pb syst. uncert. Vsan = 5.-02 Te\_’ ] * H Ig h era 9 h Ig h er
[ @& ALICEppdata ~particle anti-&7 jets 7 ~ Jo° -~ ALICE ppdata Ch.-particle anti-k jets | e e . .
b e ol | C e G0 | sensitivity to recoll
r In,l<07, R=02 ] C o In_|< 07 R=02 ] ]
4L . s ] effe cts Larkoski, Salam, Thaler
- e - I a = 1 (girth) I 155 0 = 3 ] JHEP 06 (2013) 108
3 PY . e ]
B ] o - 1
: 4 - f o @g&. Llarge angl_esh k .
2 " e ; - "s argerweight | 4« Jet core Is more
£ o : 1 sF e ; significantly modified
I:. ,., - Q ] : ,,,,,, e ,,,,,, : [
o - O e S A s I A e than WIde-angIe
Qg 25 B JEWEL (recoils off) 1 Qe 25F B JEWEL (recoils off) 7] 1 H
E e JEWEL (recoils on) . & e r JEWEL (recoils on) 1 ra d l at I o n s
L ; JETSCAPE (MATTER+LBT) | i JETSCAPE (MATTER+LBT) |
2 B - .............. Higher-Twist parton E-loss ] 2 B Higher-Twist parton E-loss 7
i _ Hybrid model (no elastic) | - Hybrid model (no elastic) -
s :_+ + Hybrid model (with elastic) £ I Hybrid model (with elastic) 5 ° IVI O d e I S m O S t | y
L P | overestimate large-
1 — ] L)
— . : angle quenching
051 -] ] effects
L. . \ | : . J I 1
0 0.2 0.4

E.D. Lesser i 3 Aug 2023 29


https://doi.org/10.1007/JHEP06%282013%29108

Jet-axis differences

ALICE

e Standard: anti-kt jetwith -~/ _— __- =

E-scheme recombination o TS

—

» Standard

® collinear radiation
soft radiation
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ALICE

Jet-axis differences

—-—
—-—
- =

-—

 Standard: anti-k jet with :

E-scheme recombination @ _—~———-==7""--- — Groomed
» Standard

* Groomed: apply Soft Drop

s
: ) |
with different values of z.,: and [ N\/
® collinear radiation

soft radiation
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Jet-axis differences

 Standard: anti-k jet with
E-scheme recombination

-
—-—
e

—
==
—
—

* Groomed: apply Soft Drop
with different values of z., and 3

X
 Winner-Take-All (WTA):
jet axis is given by its leading constituent

E.D. Lesser 3 Aug 2023

ALICE
WTA

—> Groomed
» Standard

collinear radiation
soft radiation
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Jet-axis differences

ALICE

L . WTA
* Standard: anti-kt jet with —__==F
E-scheme recombination e T ki — Groomed
— » Standard

* Groomed: apply Soft Drop

s
: ) |
with different values of z.,: and [ N\/
® collinear radiation

* Winner-Take-All (WTA): soft radiation
jet axis is given by its leading constituent

* Calculate the angular separation: AR ;s = \/Ayz + Agp?

e |RC-safe observable sensitive to soft radiation, TMDs, and PDFs

Cal, Neill, Ringer, Waalewijn JHEP 04 (2020) 211
E.D. Lesser 3 Aug 2023 33



https://dx.doi.org/10.1007/JHEP04(2020)211

Jet axis differences in Pb-Pb vs. pp
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Jet axis differences in Pb-Pb vs. pp

ALICE
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do
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Jet axis differences in Pb-Pb vs. pp

ALICE ® pp

Sy = 5.02 TeV ® Pb-Pb 0-10%

Ch-particle jets, anti-k Syst. uncertainty -
L e WTA-Standard
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IIJII_I_I_IIIIIIllIIlIII

2 e Hybrid (Lyeg =0)
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0 0.02 0.04 0.06 0.08 0.1

AR

axis

ALICE
* Quenched jet axes are more
similar than vacuum jets

* Consistent with “narrowing”

* Agreement with JETSCAPE
(MATTER+LBT) and medium g/g
modification calculations

arXiv:2303.13347 [nucl-ex]
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Jet axis differences in Pb-Pb vs. pp

. o . ALICE
e (S = 5.02 TeV ® Pb-Pb 0-10% * Quenched jet axes are more
i T . Syst. inty - °c e .
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Probing the QGP with low-momentum jets

ALICE

* Low-pr jets (< 40 GeV/c) challenging in QGP

/ * Immense uncorrelated background

* Rutherford scattering? N a¥ )
 Information content?
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Probing the QGP with low-momentum jets

ALICE

* Low-pr jets (< 40 GeV/c) challenging in QGP
* Immense uncorrelated background

~ * Two creative solutions:
1. Tagging jets using a transverse probe

(e.g. EW boson) /
] \\y Z,W

B P . b* ° . . . . .
+  Rutherford scattering? =0 ¢ 2. Requiring semi-hard probe inside jet

* Information content?

* qadds some bias to jet substructure

E.D. Lesser 3 Aug 2023 39



Photon-tagged jet correlations

ALICE

- hitps://alice-figure.web.cern.ch/node/21910

7 ALICE Preliminary ® Measured data 20 < p¥ <40 GeV/c, |ny| < 0.67
Riet @ Pb-Pb y/Syy =5.02 TeV T Y
© o3k SNN = - € Systematic uncertainty 1 Charged-particle jets ]
ofe PYTHIA embedded, [ anti-kt R=0.2 |Nchjet| < 0.7 ]
2 g I “ treated like data 110 GeVic<ps"® < 1.2 xpY ]
SN , PYTHIA non-embedded, T ]
o= treated like data I
0.1F — ]
[ $_$\ -t ¢
O ----@-rrs=- SEoEs S R S e e =
> A ¢ 0.0 2 g \$\¥ : ]
)4 -01F T T -
_ 0-30% 1 30-50% 1| 50-90% |
00 05 10 15 20 25 30 00 05 10 15 20 25 30 00 05 10 15 20 25 30
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* Measurement of R = 0.2 jets in Pb-Pb collisions down to pt = 10 GeV/c

40
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Photon-tagged jet correlations

tps://alice-figure.web.cern.ch/no

I 20 <p¥ <40 GeVrc, |ny| <057
T Charged-particle jets

® Measured data
Systematic uncertainty

- T - ALICE Preliminary
jet ® .I Pb-Pbysyy =5.02 TeV

0.3 B .
e | PYTHIA embedded, [ anti-ky R=0.2 | Nchjer| < 0.7
ElS “ treated like data 110 GeVic < pSM®t < 1.2 x pY
s[5 o2r , PYTHIA non-embedded, a
al= treated like data
01k
| L—*\ : = M
0.0 ==-@=rmmn- y S N ST ) du T s e S
> A [ Bg H * ¢ I
y :
[ 50—90%
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* Measurement of R = 0.2 jets in Pb-Pb collisions down to pt = 10 GeV/c
* Jets back-to-back with photon = no observed Rutherford effect?

 Tension with PYTHIA vacuum jets = quenching effect?

see also: CMS Collab. PLB 785 (2018) 14-39

41

E.D. Lesser 3 Aug 2023


https://alice-figure.web.cern.ch/node/21910
https://doi.org/10.1016/j.physletb.2018.07.061

Hadron-jet acoplanarity
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A@ (rad)

ALICE

* No broadening
for small R...
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Hadron-jet acoplanarity

><10 | e ALICE
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v VSyy = 5:02 TeV 10<p? <20GeVic -
é 35:— (’E?h p(;ﬁl;tlc:llejelztsoagtlk ! —; ° NO broadening
= - n < ]
Agﬂ 1 _hadron trig o 301 TT(20,50) - “I1(5.7) E for small R...
p T S'?;_ 25/~ —e— Pb-Pb 0-10 % =
8 . —# PP e
< 20; [ ] Sys. uncertainty e
15 e S R Rutherford
0] = — = effects observed
- == . .
S5 —— = with larger R?
O [ —
oglhl Ly I | | _f
& 64 1 * Further study
S F -
4 -
e 4 . N E needed
e P
06 18 2 22 24 26 28 3
A (rad)

E.D. Lesser 3 Aug 2023 43



There’s much to learn from Pb-Pb substructure...

ALICE

 Jet angularity & mass measurements:
1. Comparison to a vacuum baseline is essential for interpreting these results
2. Closely related observables can have very different physics sensitivities
3. Hard jet core is more strongly-quenched than wide-angle radiations
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There’s much to learn from Pb-Pb substructure...

ALICE

 Jet angularity & mass measurements:
1. Comparison to a vacuum baseline is essential for interpreting these results
2. Closely related observables can have very different physics sensitivities
3. Hard jet core is more strongly-quenched than wide-angle radiations

* Evidence for fully incoherent (L... = 0) energy loss in the QGP
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There’s much to learn from Pb-Pb substructure...

ALICE

 Jet angularity & mass measurements:
1. Comparison to a vacuum baseline is essential for interpreting these results
2. Closely related observables can have very different physics sensitivities
3. Hard jet core is more strongly-quenched than wide-angle radiations

* Evidence for fully incoherent (L... = 0) energy loss in the QGP
* Consistent observations of jet narrowing in AA

* ALICE presents several substructure observables to constrain models
* Improving models’ pp baselines will improve AA predictive power

E.D. Lesser 3 Aug 2023 46



See also:

ALICE

* Backup slides: photon-tagged jet correlations, hadron-jet acoplanarity, and
mixed-event technique for jet measurements in heavy-ion collisions

 Raymond Ehlers’ talk: Novel jet substructure observables and techniques
with ALICE, https://indico.physics.lbl.gov/event/975/contributions/8299/

* Preeti Dhankher’s talk: Elucidating QCD using charm-tagged jet substructure
with ALICE, https://indico.physics.lbl.sov/event/975/contributions/8294/

* Other recent preliminary measurements from ALICE:
https://alice-figure.web.cern.ch/grp prel fig pub
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Backup

3 Aug 2023

ALICE
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Mixed-event (ME) technique

* Randomly mix tracks from similar events together to create uncorrelated
fake (“miXEd”) eventS Mixed event

* Classified into one of
Into 9600 categories
based on multiplicity,
z-vertex, event plane ¢

* Require jets to have one
track with pr > 5 GeV/c

* Specific jet population

Real events

Ev.2

E.D. Lesser 3 Aug 2023
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Using ME technique to correct for fake jets

5

>

&
* Area-based correction 3_
(subtraction) for jet ptr s
-Lg-l—

NZ.‘Q

* Normalize ME to “same =
event” (SE) in the s
uncorrelated region <
=

e Subtract ME from SE 0

E.D. Lesser
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Fully unfolded result — jets down to 5 GeV/c

 Uncorrelated
background fully
removed!

* Need to explore
selection bias based
on leading track
selection

E.D. Lesser
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B | | I I | 1 | I I I I |
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What is IRC safety? =) (pp]><ARf]3> =), o

i€jet
 Stands for Infra-Red and Collinear (IRC) safety
* Class of reconstruction algorithms & observables which satisfy certain

conditions in order to avoid singularities from appearing in a well-
defined path towards theoretical calculation

Infra-Red safety: the observable should not Collinear safety: the observable
change if an infinitely-low-momentum should not change if one particle
particle is added to the event/jet splits into two collinear particles

%‘ ~ Abnew = 2 280 + (Az) 67 + [(1 = Dz] 6]
j (i#j)€jet

Need A*+(1—-AD¥=1 v{1€]|0,1 =1
Mnew= Y 2F6F +26f eed 1%+ (1= 4) eloll} - «

i€jet . . _ ” y
z;=0- Z}‘Hf‘ =0 (x>0) Consider 1-particle jet: A’é’ge‘g = (Azj) 919‘ + [(1 — A)zj] 49].“
/’l}é,new — Alé,o]d 9] =0- Zj 0] =0 (a > O)
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E.D. Lesser

Charged-particle jet observables

ALICE

* Charged-particle jets are useful for substructure observables since
tracking detectors give enhanced spatial precision

 However, track-based observables are IRC-unsafe
* Formalism to calculate these observables using track functions’

e Currently we use the IRC-safe observables to motivate our
measurements, and then apply nonperturbative corrections using
different methods

t H. Chang, M. Procura, J. Thaler, W. Waalewijn

Phys. Rev. Lett. 111 (2013) 102002
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Run 2 improved girth study
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Run 2 improved girth study
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Run 2 improved girth study
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Jet axis differences in Pb-Pb vs. pp
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Jet axis differences in Pb-Pb vs. pp
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