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Quark-gluon plasma

4+ Created in ultra-relativistic heavy-ion collisions Hot and dense ~perfect liquid (17/s ~ 1/4x) of deconfined
quarks and gluons!

(HICs), e.g., Pb-Pb or Au-Au, conducted at the LHC
and at RHIC

4+ Signaled by an abrupt increase in energy and particle
densities about ~ 1 fm/c (107%*s) after the collision,
with energy densities well above those inside typical

hadrons ( ~ 0.5 GeV/fm?)

YZO . y=1|y=6
50 (time (fm/c))

4+ Its collective properties are lost on a timescale of ~ 10
Busza et al, arXiv:1802.04801

fm/c due to hydrodynamical expansion.
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Probing the QGP with jets

jets - collimated energetic QCD cascades

4+ We need a probe: /\
o Hard scattered

% sensitive to multiple scales
parton
% concurrently produced with the medium ... | Hadrons
4+ Jets are extended in space-time and evolve U
simultaneously with the QGP!
» E
Hard (~ 0.1-1 TeV) Soft (~ 0.1-1 GeV)
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Probing the QGP with jets

Reviews: Mehtar-Tani et al, arXiv:1302.2579, Qin et al, arXiv:1511.00790, Cunqueiro et al, arXiv:2110.14490, Apolindrio et al, arXiv:2203.16352

Jets in heavy-ion collisions have to propagate through a medium and interact with it

— imprinted modifications tell a story (jet quenching)

Compare heavy-ion jets with the well
established vacuum baseline of pp jets

‘ .
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Biased jet comparison

Which AA jets should I compare to a given set of pp jets?

4+ Common procedure: Choose a window of reconstructed jet p;
4+ Common problem:
% AA jets migrate to lower reconstructed p; (jet energy loss)

——> We are comparing jets that “started out” differently.
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Bin migration in R 4
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Bin migration in R 4
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Biased jet comparison

Which AA jets should I compare to a given set of pp jets?

4+ Common procedure: Choose a window of reconstructed jet p;
4+ Common problem:
% AA jets migrate to lower reconstructed p; (jet energy loss)

——> We are comparing jets that “started out” differently.

4+ DPossible solution: boson + jet events? ——)> Statistics not as good as inclusive jet events!

Brewer et al. Journal of High Energy Physics 2022(2), 1-22, Apolindrio et al. arXiv:2401.14229
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https://link.springer.com/article/10.1007/JHEP02(2022)175
https://arxiv.org/pdf/2401.14229.pdf

Quantiles - a way to estimate p, migration

o Apa
o

fP

J. Brewer, J. Milhano, J. : :
Thaler; Phys. Rev. Lett. 7 ' v F
122 (2019) 22, 222301 P Ve T
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222301

Quantiles - a way to estimate p, migration

dp 1PA
o

fP

J. Brewer, J. Milhano, J.

Cumulative jet p; cross section

Zxx (Pf f df-r AO‘

Thaler; Phys. Rev. Lett. ! v
122 (2019) 22, 222301 & Ve

Zf?r; ) =
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Quantiles - a way to estimate p, migration

fp

P Y
o

J. Brewer, J. Milhano, J.

Cumulative jet p; cross section

Zxx (Pf f d?-r 0‘0‘

Thaler; Phys. Rev. Lett.
122 (2019) 22, 222301 & Ve

) = 5700 -
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222301
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Quantiles - a way to estimate p, migration

de N most energetic pp jets

pr=pr—€pp),  — <1 _
Pt / N most energetic AA jets

v q( ~V\ — %
— Dr— PT(PT) = €(pT) It is exact in the case of zero dispersion!

Unbiased quantification of jet energy loss Jodo M. Silva

12



Quantiles - a way to estimate p, migration

de N most energetic pp jets

pr=pr—€pp),  — <1 _
Pt / N most energetic AA jets

v q( ~V\ — %
— Dr— PT(PT) = €(pT) It is exact in the case of zero dispersion!

In the case of a non-zero dispersion it should hold for the average:
q( AV v
_ pPH(pr) (e)(pr)
pr— P{(pp) = e)(pr) = Qaua(py) = 7 ~ 1 - T
T T

J. Brewer, J. Milhano, J.

Thaler; Phys. Rev. Lett. =% “] — (), , is a proxy for the average fractional jet energy loss”
122 (2019) 22, 222301
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222301

Event generation and analysis details

> 10° medium and vacuum samples generated with JEWEL w/ and w/o recoils (y + jet and

dijet events at 4 /syy = 5.02 TeV and [0 — 10] % centrality)
L Constituent event-wise background subtraction (J. Milhano, K. Zapp, Eur.Phys.].C 82 (2022) 11, 1010)

=> Vacuum samples are generated as pp collisions weighted by isospin averaged nuclear PDFs

"L, Differences between vacuum and medium samples are in
principle dominated by quenching effects

Medium jet spectrum

d GPbe

Vacuum jet spectrum

do’ d 6pp+nPDF s d Gmed 1

dpr - dpr dpy N (Neow)  dpr
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https://link.springer.com/article/10.1140/epjc/s10052-022-10954-1

Quantile procedure validation

Two different energy loss proxies: 1.00 | | | | |
0951 _
Average jet p; for a given photon p; — et e ]
de/m 0'90 | ——1—e—i -
/m - —eo—
(P = Jdp p RE
r oy Ddpr | T | Bosst :
pr ~
=080y :
= JEWEL 2.3.0 + Pythia (w/ recoils)
Average quantile p; for a given photon p; 0751 R = 0.4 anti-k; y-tagged jets
q v

< q> g dN" q 070k <pT> / <pT> pr > 50 GeV  |y7] < 2.37 ApYiet > 77/8 |

il P e B B I 02 I S LR

T
p%{ O 6 1 1 1 1 1
' ‘?OO 200 300 400 500 600 700
i
pr (GeV)

15

Unbiased quantification of jet energy loss

Jodao M. Silva



Energy loss as a function of jet radius (w/ recoils)

1.00
0.95

0.90
e
=085
~

=t 0.80
I

~—

0.75
0.70

0.6?

T T T T T 1.00 T T T T T
e T " e o
—e— . I—I—:—H
L T e —e— e : 0.90
—e—i ° °
| o o l .
L. —e—i T < 0.85
Blae S
i e R =0.2 1 0.801 1
JEWEL 2.3.0 4 Pythia (w/ recoils) R=04 R=02 JEWEL 2.3.0 + Pythia (w/ recoils)
anti-k; y-tagged jets
I et R=06 | 0.75} R=04 anti-k; y-tagged jets T
i pl>50GeV |y7| <237 Apvt>77/8 =+ R =0.8 | R=06 pr>50GeV  |y?| <237 AT >7m/8
pjTet > 30 GeV |]/jet‘ <28 . R _1 0.70 R =0.8 P];t < 30 GeV ‘y]et| <28 4
= R=1
00 200 300 400 500 600 700 06705200 300 400 500 600 700
0%
pr (GeV) pT (GeV)
[ Larger jets lose a smaller fraction of their energy ]
16

Unbiased quantification of jet energy loss

Jodao M. Silva



Energy loss dependence on color charge
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Raa

Energy loss dependence on color charge
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Color charge dependence of jet energy loss is not as strong
as suggested by the R, ,
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Energy loss dependence on color charge
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JEWEL 2.3.0 + Pythia (w/ recoils)

.:::: —————— anti-k; -tagged jets =+ R=06 anti-k; 7-tagged jets
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Casimir scaling is significantly reduced with respect to
naive single parton scaling
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The cutoff problem

Not feasible experimentally -
jets are not measured with arbitrarily large p;

dpr = dpr ——

[ +00 do_v J +00 dUm
p¥ dpr— Jpiom dpr
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Jodao M. Silva

20



The cutoff problem

Not feasible experimentally - L. .
) . . ; Needs an initial condition to be set
jets are not measured with arbitrarily large p;

[ e do” J e do™ Pre do”’ Pt =PHpr,) do™
“ N [

dpy = dpr y dpr d_
p¥ Pr PPy Pr

Py dpr

PPy

de  1PANfP
or
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The cutoff problem

1.00 . . , | |
Exact value
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0.90F
y q
- 0.85 " Pre doV J Pie  de™ ]
< = -
Y o.80f 2 dpr p(ph) dpr |
0.75F JEWEL 2.3.0 + Pythia (w/ recoils)
' anti-k; R = 0.4 inclusive jets
0.70F Pk >30 Gev |yt < 2.8
' 1
pT,c
06200 200 300 400 500 600 700
pr (GeV)

Unbiased quantification of jet energy loss

Jodao M. Silva

22



The cutoff problem
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The cutoff problem: using O, , as a solution

J. Brewer, J. Milhano, J. Thaler; Phys.
Rev. Lett. 122 (2019) 22, 222301

Pseudo-quantile (5?)
(equate cross sections rather

than cumulative cross sections)

do’ 4o 1(om)
dpp " apg T
- ﬁq
: QAAz—f
Pr
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The cutoff problem: using O, , as a solution
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Summary

+ The Q, 4 provides a proxy for jets that started out similarly that can be used in inclusive

jet events and possibly a model-independent way of quantifying jet energy loss;

4 The color charge of the initiating parton does not play as important a role in jet energy loss
as one would have thought by looking into R, 4 - the difference in spectrum steepness is

quite impactful;

4+ Experimental challenge to the measurement of the O, , presented by a momentum cutoff

on the spectrum is easily circumvented using Q 4 4-

THANKS !
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Nuclear effects on the jet p, spectrum
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Nuclear effects on the R, 4

1.0 T T T T T T
'_I_' vac = pp
vac = NN+nPDFs
0.8t i
0.6 i
<
<
R~ =y . s
= —t—] 5
04rf e
JEWEL 2.3.0 + Pythia (w/recoils)
anti-k; R = 0.4 y-tagged jets
0.2} . | ]
pl>50 GeV |yY| <237 AV > 7r/8
Pkt >30 Gev [yt < 2.8
0.0 1 1 1 1 1 1
100 200 300 400 500 600 700
pPr (GeV)

Unbiased quantification of jet energy loss

Raa

1.0

0.8

0.6

0.4

0.2

0.0

1 vac = pp
vac = NN+nPDFs
. g 3+ 13 3 —3—
JEWEL 2.3.0 + Pythia (w/recoils)
anti-k; R = 0.4 inclusive jets

I Pl >30 GeV  |yit| < 2.8 |

100 200 300 400 500 600 700
pr (GeV)
Jodo M. Silva 29



Differential version of the quantile procedure

d J+w dapp d +00 dGAA
dp = —— [ dp
dpy \ Jp; " dpr apr \ Jptiop " dpy
do?P dp4 de?4
— (pp) = (pI(p}))
dpr " dpy dpr 1 !
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Energy loss as a function of jet radius (w /o recoils)
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[ Larger jets lose a larger fraction of their energy ]
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Energy loss as a function of jet radius (model comp.)

Qaa

1.00 T T T T T
0.95F i
0.90r
0.85F <
S
0.80r
R =02
0.75 H);Ic')r]i(d -(W|/o .Wak'eJ)c R=04 |
én i-kt inclusive jets R—06
070t P >30 Gev  |yp¢t| < 2 R=08 |
R=1
0'6!J5.00 200 300 400 500 600 700

pT (GeV)

Unbiased quantification of jet energy loss

1.00
0.95
0.90
0.85
0.80
0.75
0.70

06?

JEWEL 2.3.0 4 Pythia (w/o recoils)
anti-k; inclusive jets

/ — R=0.2

I R =04 Pt >30 Gev [yt <2 1
— R =06

r— R=038 ]
— R =

00 200 300 400 500 600 700

pT (GeV)

Jodo M. Silva 32



Qaa

Energy loss as a function of jet radius (model comp.)
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Effect of suppressing pr migration

vac (p.. € [100, 200] GeV) Observables calculated from code in Romao et al. 2304.07196
T )
----------- med w/o recaoils, (pT € [100, 200] GeV)
12
med w/ recoils, (p_ € [100, 200] GeV) B
10—
Rg : ol
AR of first C/ A reclustering > "
sequence branch passing the Soft 2 ol
.. [} |
Drop condition: 0 -
p o
min|pr;. ;] AR; .
> ZCMZ R 2 B Fu
DPrit+ Drj ] g g o
0 |||||||||||||||||||||||||.|||l|..|.|:.T.T.r:.?-.:-',‘-'rl.mi.l.i.'.i-'l
z.s=0.1, =0 0 005 01 015 02 oRz5 03 035 04 045 05
g
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Effect of suppressing pr migration

—VaC (pT € [100, 200] GeV)
----------- med w/o recaoils, (pT € [100, 200] GeV)

Observables calculated from code in Romao et al. 2304.07196

L

= med w/o recoils (p: € [79, 170] GeV) 12
med w/ recaoils, (pT € [100, 200] GeV) —
med w/ recoils (p: € [84, 177] GeV) 10 -

R, : 8 :_

AR of first C/ A reclustering > F
sequence branch passing the Soft % 6
Drop condition: o [
p ‘0

min [PT,ia Pr, j] ARij i
> Zeut oL
pr;it+Pr,j R |
n

2.y =01, p=0 %
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Effect of suppressing pr migration

vac (p_ € [100, 200] GeV) Observables calculated from code in Roméo et al. 2304.07196
T )
----------- med w/o recaoils, (pT € [100, 200] GeV)
25
med w/ recaoils, (pT € [100, 200] GeV) -
2o+
Discard all C/ A reclustering branches B :';
until Soft Drop condition: 152 :
. p = F :
min|pr;, prl AR;; TR
Leut R 8 E
Pri T Prj 10{=
Zey = 0.1, =0 :
, 51 i3,
(Soft Dropped) Jet girth: S -...rl_ﬂ_‘-
Esp = % ZiARi’jet . | '|T“:"Tm
i€jetgp, % 0.05 0.1 0.15 0.2 0.25
Yo
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Effect of suppressing pr migration

—VaC (pT € [100, 200] GeV)

----------- med w/o recaoils, (pT € [100, 200] GeV)

= med w/o recoils (p: € [79, 170] GeV)
med w/ recaoils, (pT € [100, 200] GeV)
med w/ recoils (p: € [84, 177] GeV)

Discard all C/ A reclustering branches
until Soft Drop condition:

min|pr;, prl AR;;

Pri T Prj
Zewr = 0.1,

p

Zeut

p=0

(Soft Dropped) Jet girth:
8sp = % ZAR

i€jetgy

I,jet

25

20

Density

10
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Observables calculated from code in Romao et al. 2304.07196

rul |||||.| |---.......

'L'..'..'..'...|..' L L B

T TJF 10T T 1T

0.05 0.1 0.15 0.2 0.25

Jodo M. Silva 37


https://arxiv.org/pdf/2304.07196.pdf

Effect of suppressing pr migration

vac (pT € [100, 200] GeV)
----------- med w/o recaoils, (pT € [100, 200] GeV)

med w/ recaoils, (pT € [100, 200] GeV)

AR of C/ A reclustering sequence
branch passing the Dynamical
Grooming
(a = 1, ky Drop) condition:

Density

1

p T,jet

gi
max | z;(1 — Zi)pT,i (E)

—_

0

Observables calculated from code in Romao et al. 2304.07196
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ARktD

Y. Mehtar-Tani, A. Soto-Ontoso and K. Tywoniuk, Phys. Rev. D 101(3). 034004 (2020)
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Effect of suppressing pr migration

vac (p_ € [100, 200] GeV) Observables calculated from code in Romé&o et al. 2304.07196
T )
----------- med w/o recaoils, (pT € [100, 200] GeV)
med w/o recoils (p: € [79, 170] GeV) 6
med w/ recoils, (pT € [100, 200] GeV) B
med w/ recoils (p: € [84, 177] GeV) 51— i
s
AR of C/ A reclustering sequence 2
. : 2N
branch passing the Dynamical S °C
Grooming o r
(a = 1, ky Drop) condition: 21—
max Zl(l - Zl)pT,l - _:-‘
PT,jet R s L
O""‘_IllllllI|IIII|IIII|IIII|IIllllllllllllumgit:l:l::l::
0 005 01 015 02 025 03 035 04 045 05

Y. Mehtar-Tani, A. Soto-Ontoso and K. Tywoniuk, Phys. Rev. D 101(3). 034004 (2020)
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Effect of suppressing pr migration

vac (p_ € [100, 200] GeV) Observables calculated from code in Romé&o et al. 2304.07196
T H
----------- med w/o recaoils, (pT € [100, 200] GeV)
6
med w/ recoils, (p_ € [100, 200] GeV) -
51—
s
> [
. : (2N
Momentum dispersion: s 3
o r
2 2
Ziejet Pri "
Dpy = i
PT,jet U
O:LJ.LJ.L.' |IIII|IIII|IIII|IIII|II yon -
0 o1 02 03 04 05 06 07 08 09 1
Dp_
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Effect of suppressing pr migration

vac (p_ € [100, 200] GeV) Observables calculated from code in Romé&o et al. 2304.07196
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https://arxiv.org/pdf/2304.07196.pdf

Energy loss dependence on substructure

0, 4 at fixed bins of
some substructure
observable X?

Energy loss

dependence on
substructure J

Help?

Calculate bin migration in
both X and p;

That is an undetermined :
simultaneously?

problem (1 equation,
2 unknowns).

Unbiased quantification of jet energy loss

Bin migration in X,
not comparing same
jets

Assume bin migration in X is
monotonic and calculate quantile
matching in X?

Bin migration in X is
correlated with bin
migration in py

Jodo M. Silva 42



The cutoff problem

'[0.9]?%0 do_m
PPy dpr

JEWEL 2.3.0 + Pythia (w/ recoils)
anti-k; R = 0.4 inclusive jets

Pk >30 Gev |yt < 2.8

1.00 . .
Underestimate
0.95¢
0.90
< 0.85
S
0.80
L4
0751 — pl_
0
0.70} pﬂcq
— 0.9 PTc
0-6200 200 300
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pT (GeV)
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(4 4 sensitivity to spectrum binning

0.95

0.9

C)AA

0.85 50 GeV bins + linear interp.

50 GeV bins + log space + linear interp.

0.8 50 GeV bins + log space + cubic spline

1 GeV bins + log space + cubic spline

L
1

200 300 400 _ 500 600 _ 700 _ 800 _ 900 _ 1000
p*° (GeV)
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