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Motivation

27.4 pb” (5.02 TeV pp) + 404 ub™' (5.02 TeV PbPb)
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Hybrid strong/weak coupling approach

Pablos et al. - JHEP ‘14, 16, ’17, ‘18

High energy jet starts with a high virtuality,
much greater than medium scale

-8 Parton shower well approximated by
vacuum-like splittings (late stages?)

Plasma-jet interaction dominated by temperature scale

-8 Use non-perturbative holographic prescription
for partonic energy loss

Chesler & Rajagopal - PRD ‘15, JHEP ‘16

Energy flowing into hydro modes:

1/3
1 dE 4 z? 1 e — B,/
- T stop N T4/3
E;, dx T X2 2 92 2ksc) T
op \/xStOp — O(1) freeOparameter

Estimate the hadronic spectra coming from medium response
(assume small perturbation, instantaneous hydrodynamization)

-8 Lost jet energy converted into soft particles at large angles (corr. bkgd.)
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Constraining the free parameter

PDFs: CTEQ6L1 (pp) & CTEQ6L1+EPS09 (AA)
Jet Production: PYTHIA 8.230 (kinematics) & MC Glauber (trans. position)

Jet Branching: PYTHIA 8.230. Space-time picture through 7 argument
Hydro Profile: smooth profiles from C. Shen

Energy Loss: apply holographic dE/dx in between splittings
Jet Hadronization: Lund string model from PYTHIA (pp & AA)
Medium Response: Perturbed Cooper-Frye, 4-mom. cons. with Metropolis

X Goodness of Fit Test
® Find best Kqc

~ ATLAS and CMS, jet & hadron (pt > 10 GeV) most central data
~ PHENIX, hadron (pt > 5 GeV) most central data

Data

® Consider different error nature (stat., syst. uncorr., syst. corr., norm.)

(following PHENIX PRC 08
Pablos et al. - arXiv:1808.07386 arXiv:0801.1665)
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Fit results
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CMS Jets R=0.3 2.76
CMS Jets R=0.4 2.76 |-

adapted from Pablos et al. - arXiv:1808.07386

ATLAS Jets R=0.4 5.02 -
ATLAS Jets R=0.4 2.76 -

* with LHC data only Hadrons 0-5% § Jets 0-10%
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Fit results
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Finite resolution effects
(a.k.a. coherence in pQCD)
affect hadron & jet relative suppression

CLEENEIG G RW Y. Mehtar-Tani’s talk on Tuesday @
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adapted from Pablos et al. - arXiv:1808.07386

ATLAS Jets R=0.4 5.0
ATLAS Jets R=0.4 2.7¢

* with LHC data only Hadrons 0-5% § Jets 0-10%
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Hadron and Jet suppression

Which is the observable
that relates hadrons and jets?

IHaldrolnsl o
Jets R = 0.4

100
Hadron or Jet pr |GeV]

1000

Pablos et al. - arXiv:1808.07386
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Connection between hadrons and jets
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< 0.8
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0.4
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| ATLAS

ly | < 2.1 antik, R=0.4 jets

Phys. Rev. C 98, 024908 (2018)

126 < P < 158 GeV, {5,y =2.76 TeV —

@ 126 < P < 158 GeV, |5,,=5.02TeV -

| Pb+Pb, 0-10%

IHaldrolnsl —

Jets R = 0.4

jet fragments
distributions (FFs)

Count the average number of hadrons,
per jet, with energy fraction z

Hadron or Jet pr |GeV]

Daniel Pablos

1000

adapted from Pablos et al. - arXiv:1808.07386
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Connection between hadrons and jets
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Actual jet FFs

| | IHaldrolnsl —I |
AYBRID Jets B = 0.4

Jets ® FF actual

MODEL

Count the average number of hadrons,
per jet, with energy fraction z

100 1000
Hadron or Jet pr |GeV]

adapted from Pablos et al. - arXiv:1808.07386
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Connection between hadrons and jets

].4: I | | | | | ActﬁaljetFF‘s HadI'OIlS |
16 Vacuum JetFFS|||7 JetSR:O.4
1.9 L = o ] Jets ® FF actual
| e ] Jets FF vacuum ooy
= Flat “
/T 1 FFs ratio |
0.8 + |
0.6 F |
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R4

g
0.6 L / Vacuum jet FFs )

0.4

Jet substructure is important
for jet quenching phenomenology

0.2 [

10 I I IIIIHlOO I I IllllllOOO
Hadron or Jet pr [GeV]

adapted from Pablos et al. - arXiv:1808.07386

Daniel Pablos McGill / JETSCAPE



Jet narrowing

Wider, more active jets lose more energy than narrower, hard fragmenting ones

Steeply falling jet spectrum s bias inclusive jet sample to narrower ones,
explains high z enhancement

AEnalfrow = AEvvide

High pt hadrons belong to such subsample

of narrow jets, which get less quenched,
and so Rhad > RJ et R

\

i

see W. van der Schee’s talk on Tuesday

Effect seen in the literature, for different models,
on different observables - see for instance:

Brewer et al. - JHEP ‘18 Milhano & Zapp - EPJ ‘16 Pablos et al. - JHEP ‘17
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adapted from Pablos et al. - JHEP ‘16
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adapted from Pablos et al. - JHEP ‘16
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adapted from Pablos et al. - JHEP ‘16
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adapted from Pablos et al. - JHEP ‘16
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adapted from Pablos et al. - JHEP ‘16
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adapted from Pablos et al. - JHEP ‘16
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adapted from Pablos et al. - JHEP ‘16
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adapted from Pablos et al. - JHEP ‘16

1.2 .
R=0.1 wom
1L Opening the jet radius allows |
the recovery of some of the lost energy
0.8 F |
WITH MEDIUM RESPONSE
306 ;
= L
| e
0.4 e -
g >
g
10 100
Jet bT [GGV]

Daniel Pablos McGill / JETSCAPE



adapted from Pablos et al. - JHEP ‘16
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0.8

adapted from Pablos et al. - JHEP ‘16
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the recovery of some of the lost energy
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adapted from Pablos et al. - JHEP ‘16
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adapted from Pablos et al. - JHEP ‘16
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Characteristic behaviour of strong coupling: efficient energy transfer into hydro modes
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New substructure observables
o M0 (Pr1pr) t(Rm)ﬂ

Soft Drop condition:
PT1 + P12

Grooming techniques:
Remove

Recluster Remove if fails Iarge angle & soft:
with C/A soft drop
Me_asur.ed Zeut = 0.1
anti-kr jet B =0
Continue untll
branching passes Return jet
>
Taken from M. Verweij’s

slides @ MIT HI workshop ‘16

Provides momentum balance between the two groomed subjets.

Analytically well understood observable: strongly relates to QCD splitting function.
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1/Ngys dN/d gy

Data/MC

Recursive Splittings

Count the number of times that the same jet satisfies the Soft Drop condition

0.6:'1""1""I"".I‘."'I""I""I""I'L
N ALICE Preliminary -

u PbPb \ s, = 2.76 TeV ’
0.5 Anti-k, charged jets, R = 0.4 —
- 80 < pch <120 GeV/c , -

u SoftDrop. 2., =018 = H. Andr_ew stalk @
0.4 (ALICE) inQM ‘18 =
N & Shape Uncertainty -
0.3~ = PYTHIA Embedded -
u t —a N
i Ao~ -
N — -
0.1 <5 -
= —— .

— - __._' .
A I | | T B . oy
2F 3
1.5F E
1E =
0.5 =
0F& : —

0 1 2 3 < 5 6 7

No enhancement in the # splittings
passing Soft Drop in medium.
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Hybrid Model

R=04
80<PC]et < 120 GeV

not embedded yet

/N

In preparatlon

0

5
nsp
Suppression of wide structures
tends to slightly reduce nsp.
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Momentum sharing distribution

2'5 v v v v | v v v v | v v v v | v v v v | v - v v
| _ 11 AR -
2 R=04,80< Pg,, <120 GeV )

not embedded yet _
1.5 [ i

1/Niets dN/dz, (PbPb/pp)

0.5 | i
_ min(pr,1, P1,2)
- Zg — n . Data from H. Andrew’s talk
| PT17T PT2 (ALICE) in QM “18 _
O . . . . 1 . . . . 1 . . . . 1 . . . . 1 . . . .
0 0.1 0.2 0.3 0.4 0.5
<g
Shape of the distribution not modified Embedding can have non-trivial
because our model assumes effect in ratio, since jets in
vacuume-like shower. numerator narrower than denominator.
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Momentum sharing distribution

2'5 b b b b 1 b B B B 1 b b b b 1 b b b b 1 b b b b
: : 11 A :
0 — 10% AR= Rz ALICE al AR o
| AR < 0.1 wom |
2 2} R=04,80< P, <120 GeV ALICE AR< 0.1 —e— -
@F i 1
g not embedded yet _
=~ 15| )
Nm -
SO
Z 1
e I
= |
= 0.5} _
_ min(pr,1, p1,2)
- Zg — n . Data from H. Andrew’s talk
| PT1 7T PT.2 (ALICE) in QM ‘18 _
O . . . . ] . . . . 1 . . . . 1 . . . . ] . . . .
0 0.1 0.2 0.3 0.4 0.5
<g
Wide structure suppression Embedding can have non-trivial
modifies probability of finding effect in ratio, since jets in
subjet at large angles w.r.t. pp. numerator narrower than denominator.
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Momentum sharing distribution

2'5 ' ' ' | ' ' ' ' | ' ' |
010 SRS Apic i A
AR <
2t R=04,80< P, <120 GeV ALICE AR < -
b AR >
not embedded yet ALICE AR >

1.5

1/Njets dN/dzg (PbPb/pp)

0.5 | | .
_ min(pr,1, P1,2)
- 2g — + : Data from H. Andrew’s talk
_ PT1 T PT2 (ALICE) in QM ‘18
O . 1 . . 1 . . 1 . . 1 . .
0 0.1 0.2 0.3 0.4 0.5

Wide structure suppression
modifies probability of finding

subjet at large angles w.r.t. pp.

Daniel Pablos

~g
Embedding can have non-trivial

effect in ratio, since jets in
numerator narrower than denominator.

32
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Lund map

2lllllllllllllllllllIlllllllllllllllllllllllllllll
[ ALIGE Prefimsinary (Deia - Embedded) 1, Fill a 2D density map by using both
. PbPb - PYTHIA Embedded \s., = 2.76 TeV
ol- PYTHIA Embedded 5,y ° - momentum balance (zg)
. B80< Pra < 120 GeV/c, anti-k; R =04 . )
i | and angular separation (AR).
2‘ 1 —0.05
-2 - 0 ‘ 0.1
- Enhancement - l
—~ | . i ] 0.08
T |
< 4 -2 1 Ed0.06
c : | 6:\_4 | - F 40.02
_el- Suppression g4 - Lo
N
! -0.05 =6 | 1L 42002
- SoftDrop z_,=0.1,8=0 L . —0.04
—8__ Cambridge-Aachen Reclustering -8 . - —0.06
- 1t SD Splitting Py - MgEetEEiEhl - not embedded yet | B .5
_10-llllllllllllll|llllllllllllllllllllllllllllllllll —10 L e S S L1 —01
0 05 1 15 2 25 3 35 4 45 5 0 1 2 3 4 5
Large angle In(ﬁ) Collinear In(1/AR)

see M. Verwelij’s talk on Wednesday
H. Andrew’s talk (ALICE) in QM ‘18

A suppression of large angle splittings and In qualitative agreement

enhancement of collinear splittings is observed - with the Hybrid Model
consistent with observation in zg measurement.
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Conclusions

» the hybrid model can describe jet and hadron suppression simultaneously!
tension between RHIC and LHC results suggesting need for larger coupling at RHIC

manifest in high z region of jet FFs AA/pp ratio
due to wider jets losing more energy than narrower ones

® jet suppression fairly independent of jet radius due to competing effects
jet sample within a larger radius loses more energy, but can recover more lost energy

® new substructure observables are consistent with presented picture

# SoftDrop splittings, angular dependence of zg, Lund map
(need to account for bkgd. effects for a fair comparison)

s— — _— — —

| v1.0 has been now released!  https://github.com/JETSCAPE |
" M Modular simulator of heavy ion collisions
| iy Energy loss modules: MATTER, LBT, MARTINI, AdS/CFT |
JEVILAFE Will soon feature concurrent Jet+Hydro evolution!
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https://github.com/JETSCAPE

Backup Slides
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An estimate of finite resolution effects
Weak coupling:

® interplay between antenna angle, formation time and emission wavelength

® medium interactions can destroy antenna color correlations
-~ radiation from the global charge only if system not resolved by QGP

Stron coupling: Casalderrey & Ficnar - arXiv:1512.00371
® quark-gluon system emulated by string with kink

® stopping distance modulated by angular separation between endpoint & kink

needs further study!
In Hybrid Model:

@® unresolved dipoles lose energy as a single effective excitation

@ two partons are resolved if their separation is greater than resolution length

Hulcher et al. - JHEP ‘18 Lres ~ >\D
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Fit results
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adapted from Pablos et al. - arXiv:1808.07386
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PbPb/pp
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(global fits)
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adapted from Pablos et al. - arXiv:1808.07386
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Not unfolded data:

need to smear theory results

H. Andrew’s talk (ALICE) in QM ‘18
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Understanding groomed observables

Absolute Normalisation
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Correlation between momentum balance & subjet angular separation
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Understanding groomed observables

Separately normalised for each zq4

04 120
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Correlation between momentum balance & subjet angular separation
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Understanding groomed observables

] ' é 1 T J J J J T ]_’]_S):I]_ ! ]
Strong correlation between nSD=3 o |
i subjet angular separation nSD=4 @ ~
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Understanding groomed observables

8 ' ' ' ' 1 ' ' ' ' 1 ' ' ' ' 1 ' ' ' ' 7 ' ' '

nS:)zl —@— ]
7L Rough independence of Eggfg —@— -
i momentum balance w.r.t. nsp nSf): 1 ® ]
6 F nSD=5 .
D C J
K ® 80 < P, < 120 GeV ]
g ]
< 4 F R=04 ;
> pp (PYTHIA) ]
) f © ¢ ® ¢ ]
5 ¢ 3 ¢ |
1k S A :
[ ® ]
O [ . S~ . I . . . . I . . . . I . . . . I . . . . i

0 0.1 0.2 0.3 0.4 0.5

Zg

Suppression of wide structures i Not necessarily modifies z4
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Charged jet mass
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Jet suppression: Photon-Jet events

VS =502 TeV anti-k; Jet R=0.3, p > 30 GeVl/c, |rr""|<1 6, A¢ > I PbPb 404 ub™, pp 258pb1
"CMS ' "#bbb""""""oso%"" o 030%""""""' 0-30%
- Prefiminary —_ PEYVTVFE"(} +Ft'YYT[|>4J|§T 60 < p’ <80 GeV/c 80 < p’ < 100 GeV/c p’ > 100 GeV/c -
1 5F0-30% —_— * Ll N L) -
s o0 mm Hybnid Model :
£ Ig 1E 0-30% -
Iz i 50 < p_ < 60 GeVlc :
05F :
0‘- - 3 ‘ " :‘-- o w :
0 05 1 15 0.5 1 1.5 0.5 1 1.5 05 1 1.5 05 1 15 p
Jet Jet Jet; ¥ Jet; ¥ Jet/~ 1
pp pp pIp_ pIp_ pp_

C.MS .
Preliminary
0-30%
40 < pfr <50 GeVi/c

2 22242628 3
A
¢J¥

2 22242628 3
A
&

£ 0 - 30%

60 <p. <80 GeV/c

2 22242628 3
A
J

0 - 30%
80<p; <100 GeV/c

22242628 3
A
¢J¥

No strong evidence so far of hard point-like scatterers
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Where does lost energy go to?

0 | ] ‘missing-pt’ observables —
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Where does lost energy go to?

‘missing-pt’ observables o
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Finite resolution effects @ strong coupling

Casalderrey & Ficnar - arXiv:1512.00371

holographic description of 3-jet events \@

smallest angular separation between two jets
that the medium can resolve?

assign a transverse structure to the string
such that a quark-gluon system is emulated

study the stopping distances as a function of
opening angle and energy

N
»

: qu:z:gji 9 B 24/3 ]__‘(3/4)2 ( E )—2/3
Q‘ = w T(5/42 \VAT

/\

-
(2]
T

Fendpointleft | Fendpoint,right
Y

different scaling than pQCD in a dense plasma
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http://arxiv.org/abs/arXiv:1512.00371

Holographic quenching with pure strings

- Jet energy /

Black hole
horizon

the string is treated as
a model for the

/\» Jet as a whole

e consider ensemble of jets by choosing initial distributions of energy & angle from pQCD
e competing effects: each individual jet widens, while wider jets lose more energy
) Cfl) = aog

Null trajectories of
string segments =

for the same Jet suppression different final angle dist.
e . ' ' collisions ' 9 ]
0.08} ..... :)ap_b;)I=(60,0464) 1 C§a) = Z Z’i,zj | k! I
0.8t ) «wwovie (@, b) = (4.0, 0.406) - R
0.6 _ 0.07p .. i+ (a,b) = (25,0.325) ] Tsym = bTQCD
20 [ ——— R oonsoa’ measures jet angle in pQCD
& () g aeam AT ] 2 T s,
0.05) T lne T — e '
| o004} effect also observed in pQCD
3 | : Milhano & Zapp - EPJ ‘16
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Holographic quenching with pure strings

After nullification

. 10 . . . L
c
S | color: points in 2 ° dgtermm_e .s..trlng energy density by considering
= parameter space different initial profiles evolved
5 6 within full string dynamics
%c;) 4l - Chesler and Rajagopal
1511.07567v2 . P . . g .
= , as the string nullifies, different initial choices
2 tend to converge
80 01 02 03 04 05 Brewer et al. - JHEP ‘18
fraction of energy (from string endpoint)
e nuclear jet shape modification captures
e use pp jet shapes to core dynamics - lacks contribution
determine angle distribution from medium response
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Proxies for HE jets

light quark endpoint can fall unimpeded towards the black brane

zqg — 0
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Chesler et al. ‘09
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~ €

Arnold & Vaman ‘11
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semiclassical string description

Rge — 1.05A1/6

Lstop = ZKSC T4/3

— i

robust result at strong coupling

Ko X A

external boosted U(1) fields
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Intra-jet broadening

PEE 100 < PR <300 GV K100 e 1 Inclusive jets - all tracks
1.6 L P%arton > 1 GeV K=20 -
0.3 2,7 <03 K=0 : : :

L4 | o-mi/;)'@;trant; S i } } 1 strong quenching suppresses the effect of broadening
& 1.2 | i
= 1 \g ; 1 Q71,0 17,74 | early wide fragments quenched

0.8 F * -

e, 2020 R

"or Ty | Y v VT late narrow fragments survive
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0.2 I .

oot e selection bias towards narrower jets,
merely a jet axis deflection
16k ' ' ' ' ' ' ' ] . ,
_ 0.10% Centrality ] Subleading jets - semi-hard tracks
14 | K=40 wwum
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1.2 = i . . . . .
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= | e no effect from background (soft tracks)
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0.4 - . . . .
- deviations from such Gaussian broadening
0.2

hard momentum transfers from QGP quasiparticles
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