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Example: WTA axis distance w.r.t. anti-kr axis

Many Monte Carlo models get similar results.
Bias towards narrower, less active jets.

Medium g/g can also account for the signal.

Strong suppression of gluon jets (factor 4 w.r.t. pp).
Qiu et al. - PRL ‘19

Medium g/g + pt broadening fails.

Not accounting for selection bias, while broadening
emissions, results in a broader jet ensemble.

Ringer et al. - PLB ‘19
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Jets and Jets

Wide jet Narrow jet

Vacuum-like
emission

® Same energy. Wider jets have more energy loss sources:

e Same jet radius R. # more total quenching than narrower ones.

e Different fragmentation pattern. Assuming:
e most of the energy goes out of the cone.

e internal structure resolved by QGP.
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Wide jet

“First” emission inside
the jet cone determines
avallable phase space
for further in-cone emissions.

Daniel Pablos

Jets and Jets

Scale of emission t
sampled from
Sudakov distribution.

i1>t/1

Groomed angle is

proxy for jet activity.

Narrow jet

For any evolution variable:

tl x AR
t; < AR’
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Correlation between nsp and AR
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Common feature among MC models
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Most relevant common feature between MCs:
B dominance of vacuum physics at early, high energy stages of the shower.
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AR narrowing observed
iIn data, well reproduced by

variety of models.
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Modified g/g Fraction

1.0 Qiu et al. - PRL ‘19

—R =04 ¢ ATLAS

0.2' — _']c 2 R7
10200 400 600 800
ol  i=AA =
S 0.8 g (s ‘TP q
b 0.6f i .\“;s\.
%, 0.4} B2
A —— 1 R N
200 400 600 800 200 400 pr|GeV
dN/dé,
3.0¢
2.5

® Combination of quark and gluon contributions:

1 dz(6,)

J— de d"? — fq 23q(og) T fg 29(99)

® Broadening added as non-perturbative kick.

Daniel Pablos

® Parameterization of modification of

0.8 _ | . . .
:ﬂﬂ Oﬁ'W R=0.1 R=0.8 jet function (similar to nPDF).
—R =10.2 R=1.0
g 0.4r VNN = 5.02 TeV d

) — Z Pdc(z) ® Jd(zapTRa ,LL)
d

Iz, prR, py) = We(2) ® Jo(2,pr R, 1y)

We(z) =€.6(1 —2)+ N.2z%(1 — z)ﬁc

» Best fit seems to leave quark jets untouched.

Ringer et al. - PLB ‘19

80<p7<120 GeV, [1|<0.5
SD, Zcut=0.1 . B=O
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Substructure dependent jet suppression
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ATLAS - 2211.11470
Martin’s talk on Tue
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® Recent ATLAS results for Raa vs rg
can also be explained by modified g/g fraction model.
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Narrowing of Jet Substructure
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How can we discriminate between:

® Quenching of wider jets, either quark or gluon
(medium sensitive to jet substructure fluctuations).

® Modification of g/g fraction

(medium sensitive to total charge only).

Simple proposal:

® Use an enriched quark sample,

so that over-quenching of gluons
has very little effect.
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Rapidity Evolution of Quark Fraction

DP & A. Soto-Ontoso - 2210.07901

1.4 . |
% ~ pr coshy ® Quark enriched samples can be obtained from
L2 ’ e.g. inclusive b-tagged jets, semi-inclusive boson-jets.
]_ I
® Here: exploit rapidity evolution of quark fraction
0.8 : to engineer quark enriched samples.
S
= 067 ‘ Extended rapidity coverages available in
] future detector upgrades.
04 i
0.2 | 0< |yl <0.3 i
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anti-k;, R=0.4 1.2 <]yl <21
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PP, v/s = 5.02 TeV 25 <yl <3
3< |yl <4
—0.2 | 1 | 1 1 4<1|y <l4.5l_ HLICE3 ‘ -
0 50 100 150 200 250 300 350 400 450 Forward Rapldlty Upgrade
Jet pr [GeV] Also ATLAS and CMS. 25<n <4
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Leading-k: at DLA in Vacuum

100 ———————
- Vacuum(DLA)
- pt=120GeV,R =04

Vacuum qg/g fractions; taken from PY THIAS.

Ratiotoy =0

OSFRFEFEN
Suumomo
1 1

Probability of measuring splitting with k:.

Probability there is no other splitting with larger
value of ki (Sudakov factor).

Total distribution becomes narrower
at forward rapidities as g-fraction increases.

DP & A. Soto-Ontoso - 2210.07901
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1 /Niosd N /dliy

Leading-kt Distribution in pp

DP & A. Soto-Ontoso - 2210.07901

ke = 2pP® ™ sing
| | fIWIOtalI | | | |e | | |
0.7+ 0<|y|<0.3 Quark s 100 < py' < 150 GeV_
0.6 - Gluon s pp, /s = 5.02 TeV
anti—kT, R=0.4
0.5 - 21<|y| <25 3<|y| <4 -
0.4 - PYTHIAS8

® Compute leading-k: in a C/A reclustered tree.

Daniel Pablos

12

® Distribution for quark jets narrower than for gluon jets.

» Moving to forward rapidities, sample dominated by quark jets.
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In-Meadium Jet Propagation
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In-Meadium Jet Propagation
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Coherence Effects

QGP resolution length:
The medium perceives a parton shower
as a collection of effective probes.

minimal distance between two coloured charges
such that they engage with the plasma independently. ¥

At weak coupling: At strong coupling:
connection between resolution length and energy loss. no such connection (yet).

At weak coupling:
Antenna can lose coherence due to color rotations

via multiple soft scatterings with the medium.

4\ 1/3
Decoherence time  tcon(fq5) = (A 5 )
4934

For maximum possible length L, minimal angle

04, -02

Casalderrey et al. - PLB 13 0. = 2/\/QL3
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Quenched Phase Space of a Jet

® Only those jet modes that:

& are formed inside the medium, and,

tf<L

# are resolved by the medium,

tr <tq

contribute to double-logarithmic enhancement
of quenched phase space:

_ dd0 [dz _. R p, 2. R
PSin= & / 7/ ; _alne—c(lnwc | 3lnoc)

te<<tyq<L

—Iné@ Mehtar-Tani, Tywoniuk - PRD ‘18
see also Caucal, lancu, Mueller, Soyez - PRL ‘18
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Analytic g/g frac. model at DLA

DP & A. Soto-Ontoso - 2210.07901
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nPDF-modified g/g fractions (small effect)
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Yjet Ringer et al., different medium qg/g fraction).
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Analytic decoherence model at DLA

DP & A. Soto-Ontoso - 2210.07901
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Narrowing persists also
at forward rapidities.
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nPDF-modified g/g fractions (small effect)

Z 1P / dz / dgP (2

ZG{q g}
v e—fdz fd9 Pmed(z 6")0(z'6"— kt)5(kt — 20)

x/ de&;(e|z, 0)e™ I

Triggered splitting can be medium-induced.

1 do
o) dkt

Pty

Energy loss
BDMPS-Z

6. model:

B P™Y(z,0) = PY(z,0)O¢yet0(2,0) + P™(2,0)

Quenching of leading and tagged prongs
iIf resolved (i.e. with § > 6..).

/Oo de&-(s\z, 9)6__ — (1 — @res)Qi(pta R)
0

=0(0 —6.)O(ks — kt.mea) -+ @res Qg (pt7 R) Qz (pt7 R)

Ores(2,0)

18
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Analytic Estimates at DLA - Summary

DP & A. Soto-Ontoso - 2210.07901

120 100

'q/g frac. model 6-model | |
: A 35 GeV/fm . 80 —pt o 120 GeV _______ i _______ i ________________________ .
so DN\ L=4fm, e =028 L=4fmR=04 | s
—Ie \\\‘ 20 o T ol o o HE S R 1| 20 .
40F _ eeeeeeee et es e s s s e st reese et s s eseseassesseseeseeeeseeseoe 7‘3_" : ?_D’_"
20 I | | 15 b = i i | { | 15
o 0 1.0 o 0 ;: é: 1.0
s 13 s H4f 74 -
9 11 0.5 QO 10f-—--—mmm- bom o e et — 0.5
£ 101 = 08r . .
2 0.9 ~ 0.6 e R o
103 1073 1072 101 10°
ki = z0/R ki =z0/R
g/g frac model: 9(: model:
» Quenching of leading charge only. » Quenching of leading and tagged prongs
if resolved (i.e. with 6 > 6..).
Less narrowing with increasing rapidity. Narrowing persists also at forward rapidities.
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- PYTHIA8 down to hadro. scale

| . — 2
E:, dx T Tgion \/a:2

Hybrrd StrongNVeak Couplrng Model

dAN 1 ™mmT

E Bp 325 T cosh(y — yj)exp[

m—

|
|

1dE_4:v2 1

1/3

Lstop = @ T4/3

1
{pTAPT cos(¢ — ¢;) + 3MT AMr cosh(y — y;) }

Hadrons from the hydro.

|

" free parameter

wake (medium response)
Strongly coupled

energy loss
(hydrodynamization rate)

Improved flow-dependent
wake in the works.

See Jorge’s talk on Tue

Casalderrey-Solana, Gulhan,
Milhano, DP,

(formation time argument
Rajagopal JHEP ‘15,16,17

for spacetrme prcture)
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Rapidity Dependence of Raa

w/ boost invariant medium (good up to y~3)

1.4 | Il 1 ® Without nPDF, flatness of Raa
—~ - 158 < pr < 200 GeV T 200 <pr <251 GeV ' : :
212 T - result of competing effects:
Vi - 1 2 _
s I i SSRGS | Steepness of spectrum,
< 0.8 -+ 7 . .
= ol 1 _- change in g-fraction.
= 04 + -
Qéﬂ ) " nPDF, No Quenching T AdS/CFT, w/ nPDF, L..c =0 '

=l L Amas e AT wonPDR L =0 o |nitial state effects affect

O | | | | | |

-~ ol 251 < pr < 316 GeV 1 816 < pr < 562 GeV ! Raa VS rapidity-
v (Also observed in
= R e Adhya et al. - EPJC 22.)
< I ﬁ
;:E | ® Need to check with updated

ol l l l l l l sets EPPS21 and nNNPDF3.0.

0 1 2 3 0 1 2 3 4

1y y Differences among nPDF?

Could we constrain nPDF?
DP & A. Soto-Ontoso - 2210.07901
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- R=0.2 e non-eq. contrib. non-eq. + QGP ridge contrib. . non-eq. + QGP ridge & trough contrib.
12+ R=0.4 w— + + -
[ B=00 e R . Initial state effects _
| g - 38 — TS can emulate quenching
508 ¢ S 0-10% 4 , at high pr. -
S 06l DP-PRL 20 1 '
0.4 |
0.2 anti-kr, |n] < 2 V5 =5.02 ATeV -
0 NP PP NP NP | NP NP |
100 1000 100 1000 100 1000
Jet Pr [GGV] Jet Pr [GGV] Jet pPr [GGV]
E 8;1 . PbPb, \/5 = 5,02 ATeV 1 antikr, R=04 \j 1 ® Need to use updated
N l l l - sets EPPS21 and nNNPDF3.0.
0 1 2 3 0 1 2 3 4 .
y] 1yl Differences?

DP & A. Soto-Ontoso - 2210.07901
Daniel Pablos

Could we constrain?
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g-fraction in the Hybrid Model

16 | 20 < p; < 80 GeV |
100 < p; < 150 GeV

225 < p < 300 GeV |

9.9.9.90.90.90.90.90.0.0.0.0.0.90, 0’0’0’0‘0.0.0””‘

g-fraction (PbPb/pp)
o

1.2 —
1.1 —
1
0.9 anti-kt, R=04 res — |
Lyes = 00
0.8 | | | | | | |
™ N ~ T ™ N T
S ~ N N \/ \/ A
A
D D D D \/ v/ -
V V V L0 ™ V
™M N N~ N A/
S N~ N

DP & A. Soto-Ontoso - 2210.07901

@ At low pr, g-fraction increases
If sensitive to total color charge only.

¥ At high pr, differences disappear.

@ g-fraction ratio (PbPb/pp) in small e-loss approx:

f;atio ~ 1+ (1— fo)(eg — 5q)pﬁt + 0((5n/Pt)2)

Collimator in linearised approx:
Mehtar-Tani, Tywoniuk - PRD ‘18

Onill + CaA R) A(pta R)
Eq ™ F“i : AA(p:, ):: is phase-space
gqg ~ Caé[l+ CaA(p:, R) of extra energy loss

sources.

A= [ [P e <R) A — 0

s Z v

_ %l 2 ptRzL
47 2 ’

$ Explains behaviour in MC.

Daniel Pablos
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0-5% Centrality

1.5

1/NietsdN/dkr (PbPb/pp)

® Small effect from total charge quenching (Lres =

® Narrowing persists at forward rapidities if jet substructure resolved (Lres=0 and Lies=2/m1T).

DP & A. Soto-Ontoso -

2

.

Using statistics projected for HL-LHC

Hybrid Model

kt — Z(pparent/ Jet) sin H/R

Lygs = 0 s |
O<|Y‘<03 Lres:2/7TT 3<b"<4
i i Lres = 00 mmmm | _
21< |y| <25
100 < p¥' <150 GeV | anti-k;, R=0.4
o 01 02 03 04 O 01 02 03 04 0 01 02 03 04 0.5
kr kr kr

2210.07901

Daniel Pablos

o) at mid-rapidity.
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2

1.5

Hybrid Model

0-5% Centrality Using statistics projected for HL-LHC ke = 2(pP* ™ /p)) sin6/R
0<ly| <0.3 T — 4<ly| <45 ® Wake affects substructure of low pr jets.
Liyes = 00w | ]
25 <|y| <3

1/NietsdN/dkr (PbPb/pp)

0.5 -

@ At high rapidity, g-fraction

e

20 < pi' < 80 GeV anti-k;, R = 0.4

evolves strongly with pr.

‘

® Increasing rapidity can make distribution

kr

0 01 02 03 04 0 01 02 03 04 0 01 02 03 04 05 narrower due to jet pT'bm migration.

kr kr

DP & A. Soto-Ontoso - 2210.07901
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Rapidity Evolution of Quark Fraction

DP & A. Soto-Ontoso - 2210.07901

1.4 . |
% ~ pr coshy ® Quark enriched samples can be obtained from
L2 s ’ e.g. inclusive b-tagged jets, semi-inclusive boson-jets.
]_ I
® Here: exploit rapidity evolution of quark fraction
08 : to engineer quark enriched samples.
i; 06T /\ ‘ Extended rapidity coverages available in
] { future detector upgrades.

) |

< 0.3 _

< 1.2

0.2 - 0 <

0.3 <
anti-k;, R=0.4 1.2 < < 2.1

2.1 <y| <25

pp, v/s = 5.02 TeV 2.5 <|y| <3
3< |yl <4

—0.2 L, Asbiedb . HLICE3

0 50 100 150 200 250 300 350 400 450 Forward Répidity Upgrade
Jet py [GeV] Also ATLAS and CMS. 25<mn<4

e
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0-5% Centrality

1/NietsdN/dkr (PbPb/pp)

1/NietsdN/dk; (PbPb/pp)

2

1.5

0.5 -

0

1.5 -

0.5

Using statistics projected for HL-LHC

Hybrid Model

ke = 2(pP™" /Pl ) sin 0/ R

Lies = 0 o .
0<|y| <03 Lies = 2/nT 1<yl <45 ® Wake affects substructure of low pr jets.
Lyes = 00w |
25 <|y| <3
N\ — -‘ @ At high rapidity, g-fraction
evolves strongly with pr.
20 < pit < 80 GeV anti-ky, R = 0.4 » Increasing rapidity can make distribution
0 O.ll O.|2 ().|3 0.|4 0 0.|1 O.|2 ().|3 ().|4 0 O.ll O.|2 O.|3 O.|4 0.5 narrower due tO Jet pT-bIn mlgratIOn
kT kT kT
I Lyes = 0 s
0<|y|]<0.3 | Lies = 2/7T 21<|y| <25
1 Lies = 00 mummm |
| }} 12 <yl <21 ® At high-enough pr, current detectors’
E N acceptance suffices to get high g-fraction.
225 < piy < 300 GeV|
0 O.ll ().|2 O.l3 O.l4 0 O.ll O.|2 O.l3 O.l4 0 0.|1 O.|2 O.|3 0.|4 0.5
ki ki ki

DP & A. Soto-Ontoso - 2210.07901

Daniel Pablos
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1 do

O dk‘t

AA

1/NjwwsdN/dk; (PbPb /pp)

— N1

Toy g/g Fraction Model

Using statistics projected for HL-LHC

BDMPS-Z.

L Ca/Cp—1
frel — q

frel ~ 05
for Q5 = 0.6

2 I I
i frel = 1 —
0<|yl<0.3 Jrel = 0.25 momm | 3<|y|l<4
1.5 i | frel = (0.1 w 1
L £, =0.32 f, = 0.62 f,=0.87
1[N\ _ \E 1 ————————
0.5 ; 1
100 < p*t <150 GeV | 21 <|y[ <25 anti-k;, R=0.4
O _ | | | | | | | | | I | | | | _
0 01 02 03 04 0O 01 02 03 04 0 01 02 03 04 0.5
ks ks ks
5570 4 fall - 1)
—4q (1 — . . .
Ak lpp T V' dky lpp ® Strong narrowing observed at mid-rapidity

fades away toward forward rapidities.

Combine quark and gluon pp templates
with modified g/g fraction.

Daniel Pablos

DP & A. Soto-Ontoso - 2210.07901
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Conclusions

® Jets possess a narrower substructure in heavy-ion compared to pp, due to selection bias.

—¥ Wide versus narrow selection bias? Medium can resolve internal jet scales.

—$ Gluon versus quark selection bias? Medium does not need to resolve internal jet scales.

® Use quark enriched sample to disentangle physical picture. Exploit rapidity evolution of g-fraction.

» If there is still narrowing in quark enriched sample,

then medium can resolve jet substructure. Improved detector acceptance

in HL-LHC era and
STAR Forward Rapidity Upgrade

® Used leading-k: distribution as proof-of-concept.

® No hard radiation or scatterings included. Baseline for future studies.
¥ Measurement at LHC shown at this conference.
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Jets in Vacuum

® Monte Carlo jet quenching models have provided crucial insights:

» Naturally include multi-particle nature of jets.

0 dz o T
® DGLAP evoluti g _ s p (— t)
GLAP evolution o f(at) / 2 % p(2) f
Zmax /
use Sudakov At) = exp / 7, / Qs dt
form factor to 2

® Rewrite DGLAP as

fat) = fawan)+ [Gama [Py

Resums contributions to all orders in ag logt

Sudakov: Poisson distribution with 0 mean: P(0,p) = e P  No (resolvable) emission

Convenient for MC sampling P(1,p) = pe™  One emission, etc...
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Coherence in Vacuum: Heuristic Interpretation

Need to think in terms

L Time at which the gluon decorrelates from the quark:
of the formation time

W 1

T _— —
/ k2 wb?

. . 1 1
r e Transverse size of the gluonis )\, ~ =
* Size of the antenna when —pg . _ Y
the gluon is being emitted L7 Y T2
Compare the two:
r
¥ If 7. < AL the gluon cannot resolve the pair: coherent = <1 - Ouq < 0,
No emission (color singlet) AL
* . . . r
» If 1 > AJ independent emission by quark and antiquark )\—L >1 — 0,5 > 0,
1
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Radiative Energy Loss

Baier, Dokshitzer, Mueller, Peigne, Schiff - NPB ‘97
Zakharov - JETP Lett. ‘96

® Framework: Light-Cone Perturbation Theory.

® Integrated medium induced spectrum: Arnold, Moore, Yafte - JHEP 03
dI - oC 2
oy =25 [t [t 9a- 0y (@ taly 1) — Ko, taly )y
® Resummed propagator due to multiple interactions with the medium satisfies w, ki
2D Schrodinger-like equation:
B s ' . ‘
10y 5,2 w(z) | K(z, 2|y, t1) = id(x — y)o(t2 — t1) “" E
. . d*o oo
® With potential: v(z,t) =Cys | —,-(1—€"7%)
k d°k
and scattering cross-section:
Hard Thermal Loop: Gyulassy-Wang: | | |
d20\ " g2 2DT d2o\ W g*n(t) - ! =
(@) - @*(g®+md) (@) (g% + p?)? Mehtar-Tani - JHEP ‘19
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Usual Approximations of the Spectrum

@ Dilute medium: expand to leading order in v(a) (N=1 opacity expansion):

dIgLy o p-q (p—q)°
W = 32T « C’Rqo/ ds/ 1 — cos S
dw ] 0 pq P2(P—q)*(q® + p?)? w |

Gyulassy, Levai, Vitev - NPB ‘00
Wang, Guo - NPA ‘01
Majumder - PRD ‘12

Sievert, Vitev, Yoon - PLB ‘19

Single hard scattering, preserves full form of potential.

® Harmonic oscillator (diffusion) approximation:

d*o - 1 neglect logarithmic
v(x,t) =C — (1 — e*?) = Z§(2?, J J
(@,8) =Ca | 71 —e77) = 14l dependence
* 2 ~ 1/X2
dr K
w—2 = 2a1n |cos(R2L)|  Q(t) =
dw
BDMPS - ASW spectrum BDMPS-Z
. . . . Salgado, Wiedemann - PRD ‘03
Large medium, resums multiple soft interactions. Armesto, Salgado, Wiedemann - PRD ‘04
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Null Falling Strings
npSYM

High energy partons in the QGP:

# are dual to strings falling into a black hole, hydrodynamizing.

. J
xr)) = H\* (t.ax
‘ < ( ) )) 4 WGNewton Hv ( ) )
boundar |
Y “Jet” iInduced EM tensor: Perturbed metric
\\3 hard + soft modes. @ boundary.

Long wavelength limit

orizon w (hydrodynamization rate):

hydrodynamic
modes

falling string 1 d Ejet 472

Einit dz T2 \/ 72 -,
Chesler & Rajagopal - PRD ‘14, JHEP ‘16 therm therm
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The Wake of a Quark

® At strong coupling: Energy flux

x|AS(x)

» Modification of stress-energy tensor due to T3V
supersonic quark contains 1.
sound and diffusive modes.

» Effective source for hydro corresponds -30
to drag force on the quark.

» Agreement between hydrodynamics mlx,
& wake of a quark even for small distances ~ 1/T. -
30 4 T
Fulfils Energy-Momentum Conservation
in the Jet+Plasma Interplay. Chesler & Yaffe - PRD ‘07
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1.2

QGP Resolution Length

Take two extreme values for L es.

(explore realistic values later on)

o

res ——

Fully resolved case.

e L..s =00 Fullyunresolved case.

Jets R=0.4, L.cs = 0w
Hadrons, L = 0 zzzz
Jets R=0.4, Licg = 00w
Hadrons, L. = 00 rzzz

Vs = 5.02 ATeV

100
Hadron or Jet Pr (GeV)

(see Casalderrey-Solana, Hulcher, Milhano, DP, Rajagopal, PRC ‘19 and Mehtar-Tani & Tywoniuk, PRD ‘18

1000

Amount of jet quenching depends on Lyes.

Adjust value of Kgc to compare
results at the same value of jet Raa.

Lres —
0.404 < ke < 0.423

Lpeg = 00
0.9 < Kge < 0.52

0-5% centrality \ Relative suppression of hadrons vs jets

strongly depends on QGP resolution length.

)
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