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QGP in dense systems

+ PDbPb and AuAu presents consistent signatures of a QGP formation:
+ Azimuthal anisotropy in n-particle correlations (collective flow)
+ Increase of strange hadrons yields (strangeness enhancement)

+ Suppression of single hadron spectra (energy loss)
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[STAR: Phys. Rev. Lett. 89 (2002) 202301]
[PHENIX: Phys.Rev.Lett. 88 (2002) 022301]

QGP in dense systems

+ PDbPb and AuAu presents consistent signatures of a QGP formation:
+ Azimuthal anisotropy in n-particle correlations (collective flow) «

+ Increase of strange hadrons yields (strangeness enhancement) 4

+ Suppression of single hadron spectra (energy loss) ¢ [nucl-ex/0109003]
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[ATLAS: JHEP 09 (2015) 050]

QGP in dense systems

+ PDbPb and AuAu presents consistent signatures of a QGP formation:
+ Azimuthal anisotropy in n-particle correlations (collective flow) «
+ Increase of strange hadrons yields (strangeness enhancement) 4

+ Suppression of single hadron spectra (energy loss) ¢ [arXiv:1504.04357]
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QGP in dense systems

+ PDbPb and AuAu presents consistent signatures of a QGP formation:

*

*
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Azimuthal anisotropy in n-particle correlations (collective flow)

Increase of strange hadrons yields (strangeness enhancement) s

Suppression of single hadron spectra (energy loss)

Suppression of jet spectra (energy loss) s
+ Modification of jet substructure
ptTrk > 1 GeV/c, anti-k_jet R = 0.3

p’et>30 GeV/c, || < 1.6
pL > 60 GeV/c, | < 1.44, A0 >77C

p(r)Pbe / p(r)pp

(PbPb/pp)

Jet radial profile

[CMS: Phys. Rev. Lett. 121 (2018) 242301 ]
[CMS: PRL 122 (2019) 1562001]

[Adapted from: K. Zapp]
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QGP in XeXe

+ Short run of XeXe allowed to pin down the same effects:
+ Js=5.44TeV, %nt = 3 ub-1

+ (PbPb 2018: vs = 5.02 TeV, %t = 1.8 nb1)
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+ Short run of XeXe allowed to pin down the same effects:
+ Js=5.44TeV, %nt = 3 ub-1

+ (PbPb 2018: vs = 5.02 TeV, %t = 1.8 nb1)

collective flow ¢
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+ s =544 TeV, =3 ub-

+ (PbPb 2018: Vs = 5.02 TeV, %nt = 1.8 nb-")

collective flow ¢

energy loss v
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QGP in XeXe

+ Short run of XeXe allowed to pin down the same effects:

In|<0.5

(1/{N,1)) (dN/d7)

[CMS: JHEP 08 (2011) 141]

[arXiv:1902.03603]
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+ Short run of XeXe allowed to pin down the same effects:

*
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Js = 5.44 TeV, %t = 3 ub-

+ (PbPb 2018: Vs = 5.02 TeV, %nt = 1.8 nb-")

collective flow ¢

energy loss v

[CMS: JHEP 08 (2011) 141]

QGP in XeXe

larXiv:1902.03603]
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XeXe > PbPb at same <Npgit>7?
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+ Short run of XeXe allowed to pin down the same effects:

+ s =544 TeV, =3 ub-

+ (PbPb 2018: Vs = 5.02 TeV, %nt = 1.8 nb-")

collective flow ¢

energy loss v

L. Apolinério

QGP in XeXe

In|<0.5

(1/{N,)) (dN/dn)

[CMS: JHEP 08 (2011) 141]

larXiv:1902.03603]
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Scaling with per-participant charged-hadron multiplicity!
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[ATLAS: Eur.Phys.J.C 77 (2017) 6, 428]

QGP in pA ?

+ Collectivity signatures «
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[ALICE: Nature Physics 13 (2017) 5635-539]

QGP in pA ?

+ Collectivity signatures «
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+ Collectivity signatures «

+ Strangeness enhancement ¢

QGP in pA ?

+ No modifications on hard probes X

[CMS: HIN-15-004-pas]
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EtEEF-o“ ST
100 < p’* <120 GeV/c
1 2 3 4

g

LR R i il Bl Bl L 'll"llll'l'l"l llllll ll'll"'ll"lll' llllllllllll 'l"'ll"" ‘‘‘‘‘
2- L

EIE&EEF.H“._.“ °+.

120 <p! <140 GeVic

1 2 3 4 9
E
-

[CMS: JHEP 04 (2017) 039]

[arXiv:1611.01664]
27.4 pb™ (pp) +35nb™ (pr) + 404 ub™ (PbPb) 5 02 TeV

1.5 I<1

T, uncertainty
TM uncertainty
pp lumi. uncertainty

| 1 lllllll 1 | lllllll |

CMS

—

-

—

| L1 1 I | I |

1 1 1 I L1 1 1

o!oi:Hdaio

(4 b

10 10°
P, (GeV)

140 <p! <200 GeV/c
1 2

3 4

g

s
.

OppO 2021



+ Collectivity signatures «

+ Strangeness enhancement ¢

+ No modifications on hard probes X

QGP in pA ?

Incoherent picture...

Need more limits on JQ description!

[CMS: HIN-15-004-pas]

[CMS: JHEP 04 (2017) 039]

[arXiv:1611.01664]
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Jet quenching

+ Modifications of the parton shower induced by the interaction with a deconfined state of matter:

- - - 00 <
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Jet quenching

+ Modifications of the parton shower induced by the interaction with a deconfined state of matter:

Elastic scattering processes:

Q000004
N

im recoil

From: PHENIX Collab (15)

L. Apolinério 6 OppO 2021



Jet quenching

+ Modifications of the parton shower induced by the interaction with a deconfined state of matter:

Elastic scattering processes: Inelastic scattering processes:

um recoil

From: PHENIX Collab (15)
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Jet quenching —

+ Modifications of the parton shower induced by the interaction with a deconfined state of matter:

Elastic scattering processes: Inelastic scattering processes:

5y

Medium recoil

Medium-induced response

From: PHENIX Collab (15)
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Jet quenching -

+ Modifications of the parton shower induced by the interaction with a deconfined state of matter:

Elastic scattering processes: Inelastic scattering processes:
Jet

QGP : :
/ Medium-induced response

+ Resulting effects: energy loss, modification of jet substructure, medium-induced acoplanarity
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From: PHENIX Collab (15)
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Jet quenching -

+ Modifications of the parton shower induced by the interaction with a deconfined state of matter:

B\ : : _ _ :
A Elastic scattering processes: Inelastic scattering processes:
A Jet

L T
b HE *@?

QGP : :
/ Medium-induced response

+ Resulting effects: energy loss, modification of jet substructure, medium-induced acoplanarity

-
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27D Qoog: Medium recoil

Which observables are most sensitive to each quenching effect?
From: PHENIX Collab (15)
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[Feal, Salgado, Vasquez (19), Andrés, LA, Dominguez (20)]
[Heavy-quarks: S. Cao et al (19)]

Energy Loss

+ Towards an accurate determination of QGP characteristics:
+ Transparency to the passage of a high momentum particle (Eg:transport coefficient, ghat)

+ Consistent description of single hard and multiple soft scattering regime "Feal et al: 1911.01309]
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[Feal, Salgado, Vasquez (19), Andrés, LA, Dominguez (20)]
[Heavy-quarks: S. Cao et al (19)]

Energy Loss

+ Towards an accurate determination of QGP characteristics:
+ Transparency to the passage of a high momentum particle (Eg:transport coefficient, ghat)

+ Consistent description of single hard and multiple soft scattering regime "Feal et al: 1911.01309]
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[Feal, Salgado, Vasquez (19), Andrés, LA, Dominguez (20)]
[Heavy-quarks: S. Cao et al (19)]

Energy Loss

+ Towards an accurate determination of QGP characteristics:
+ Transparency to the passage of a high momentum particle (Eg:transport coefficient, ghat)

+ Consistent description of single hard and multiple soft scattering regime "Feal et al: 1911.01309]
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Jet Substructure

+ Towards a consistent treatment of multi-gluon emission process

+ Identification of in-medium modifications of QCD parton shower

L. Apolinério

|ALICE PLB 802 (2020) 1352271
[Casalderrev-Solana et al (10)]
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[ALICE PLB 802 (2020) 1352271
[Casalderrev-Solana et al (10)]

Jet Substructure

+ Towards a consistent treatment of multi-gluon emission process

+ ldentification of in-medium modifications of QCD parton shower

[arXiv:1905.02512]
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[ALICE PLB 802 (2020) 1352271
[Casalderrev-Solana et al (10)]

Jet Substructure

No significant difference between
models that account or not for
coherence effects...

+ Towards a consistent treatment of multi-gluon emission process

+ ldentification of in-medium modifications of QCD parton shower

[arXiv:1905.02512]
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[ Domingez, et al (20)]
[Barata, Dominguez, Salgado, Vila (21)]

Jet Substructure

+ Towards a consistent treatment of multi-gluon emission process
+ Identification of in-medium modifications of QCD parton shower

+ QCD evolution equations that include corrections due to the interference of subsequent emitters.

k,z
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[ Domingez, et al (20)]
[Barata, Dominguez, Salgado, Vila (21)]

Jet Substructure

+ Towards a consistent treatment of multi-gluon emission process
+ Identification of in-medium modifications of QCD parton shower

+ QCD evolution equations that include corrections due to the interference of subsequent emitters.

k,z

What is the phenomenological
manifestation?
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[Chen et al (17)

[D’Eramo, et al (13), D'Eramo, et al (19)]

Acoplanarity

+ Jet broadening linked to energy loss processes

|D’Eramo et al: 1808.03250]
+ But is also intrinsic to QCD vacuum radiation...
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Acoplanarity

[CMS (20), ALICE JHEP 09 (2015)]
[STAR Phys.Rev.C 96 (2017) 2, 024905]
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+ Jet broadening linked to energy loss processes

Acoplanarity

4+ But is also intrinsic to QCD vacuum radiation...

[STAR: 1702.01108]
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First hints of jet
broadening physics?
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[CMS (20), ALICE JHEP 09 (2015)]
[STAR Phys.Rev.C 96 (2017) 2, 024905]
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+ Jet broadening linked to energy loss processes

Acoplanarity

4+ But is also intrinsic to QCD vacuum radiation...

[STAR: 1702.01108]
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First hints of jet
broadening physics?

Or MPI + medium

response”?
[Chen etal (21)]
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[CMS (20), ALICE JHEP 09 (2015)]
[STAR Phys.Rev.C 96 (2017) 2, 024905]

Ys.n = 5.02 TeV, PbPb 1.7 nb™, pp 304 pb™*

ZSP.-.I....l..v-lv..vl-'..'-...r-:
- cms Cent:0-30% :
- Preliminary :
20 &7 PbPb pgk > 30 GeV/c !
. | 1o pT*>1GeVic g
N
<1 = 1’F + .
ZIS & ;
T : $°:
10 -
X e ;
5 [g 8 g o ;
00O ;
o'- ————————————————————
8 |CMS: HIN-19-006-pas|
6
Q
.. X
Y ! ' +
o 0-:- --------------------
_2:-
A Z+Jet

0 0.5 1 1.5 2 2.5 3

OppO 2021



QGP onset scale
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QGP onset scale —

Inconclusive results All QGP signatures
v v X VAV A 4

PP

Pro XeXe PbPb
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QGP onset scale —

Inconclusive results All QGP signatures
v v X VAV A 4
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QGP onset scale —

Inconclusive results All QGP signatures
v v X VAV A 4

Pro XeXe PbPb

'

PP

Is there jet quenching in light systems?
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Light Systems

+ Magnitude of Jet quenching depends on system size:

+ Peripheral collisions: expected some energy loss

Pb Pb Pb

Studies of System Size
dependence
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[JEWEL: Zapp (14)]

[ Citron, Dainese et al (19)]

Light Systems

Several changes at the same time:
+ Magnitude of Jet quenching depends on system size: energy loss, nuclear overlap,...

+ Peripheral collisions: expected some energy loss (too many variables)

larXav: 1812.06772]

| I I | | 1 I [ | | | | I | | 1 | l 1 | I 1 I 1 | I | I | | 1 | I 1 I I L]
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0.7 —
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< : : > 0.4 -
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Light Systems

+ Magnitude of Jet quenching depends on system size:

+ Lighter nuclei allow to fix geometry

Ar
Xe

A = 40
Pb A =129
A = 206

O

A=16

Studies of System Size dependence
(always fixing geometry - [0-10]%)
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| Huss, Kurkela, Mazeliauskas, Paatelainen,

Van der Schee, Widemann (20)]

Light Systems

[arXiv:2007.13754]

. @ proposed [1812.06772] PbeS PbPb 30- 50%
. : . : XeXeg
+ Magnitude of Jet quenching depends on system size: 00 | XeXe 30-50%
= & £ PbPb 50-70% :
= ‘ ATAT O XeXe 50-70%  sgaom
+ Lighter nuclei allow to fix geometry S| 00 & bopb 70.00% < BB
5 pr & XeXe 70-80% - :
Oc)Ar ®-
1.2 + ph = [35.2,41.6]GeV p’. = [100, 112]GeV -
pl¥e = [35.2,48]GeV

A 0.4 - T CMS hadrons ATLAS jets
r - “PbPb 5.02 TeV —B— +—m—
— . pPb 5.02 TeV —&— +—o—i =
Pb A =129 A =40 XeXe 5.44 TeV +—A—
A = 206 P |
= 10 (Noyart) 100
< >

Studies of System Size dependence
(always fixing geometry - [0-10]%)
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| Huss, Kurkela, Mazeliauskas, Paatelainen,

Van der Schee, Widemann (20)]

Light Systems

[arXiv:2007.13754]

proposed [1812.06772] PP BoPb 30-50%
: : . : XeXeg, ¢ :
+ Magnitude of Jet quenching depends on system size: 100 L _ X" XeXe 30-50%
: = & _ £ PbPb 50-70%
= < ATAT €5 “XeXe 50-70%
+ Lighter nuclei allow to fix geometry Z ol b 70.900% __
; 0P & = XeNe 70-80%
o
1 == I -
1.2 35.2,41.6]GeV  p’. = [100, 112]GeV -
1 [35.2,48]GeV
0.8 | ]
F B fegy
2°0.6 - ™ .
O 0.4 CMS hadrons ATLAS jets [fﬁ -
_ )5.02 TeV +—3—
Xe A=16 0.2 - oPh5.02 ToV 16— o -
Pb A =129 , XeXg 5.44 TeV —a—
A =206
10 (Noare) 100
< >
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Energy Loss in OO

+ Inclusive jet yield independent of nuclear overlap:

1 (1/New)dN34/dprdy
Tana) dagjf /dprdy

RZ’IQ(FT» y) 7 <
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| Huss, Kurkela, Mazeliauskas, Paatelainen,

Van der Schee, Widemann (20)]

Energy Loss in OO

See Huss’s talk

+ Inclusive jet yield independent of nuclear overlap:

1 (1/New)dN34/dprdy 1 doy}/dprdy

) , AA, min bi ? h,
(Taa)  dol?d Jdprdy S —— as A? gold 1 dprdy
00 /s \v=7 TeV Lpy=0.5 nb" lyn]<1.0
| | I I | I I
1.10 - e —— . -
- .05 ....... ‘.,. ......... .- = Wy
. .00 R
- 0.95
= 9.99 1 E-loss models  —
ft. rewelghted EPPS16
8.35 | CT14 -
g L0 (scale) _
.80 NNFF1.1h
0.75 larXiv:2007.13764] +——— stat. projection-
I | | | | | |

20 25 30 40 50 10 100 150 200
pr (GeV)
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| Huss, Kurkela, Mazeliauskas, Paatelainen,

Van der Schee, Widemann (20)]

Energy Loss in OO

See Huss’s talk

+ Inclusive jet yield independent of nuclear overlap:

1 (1/New)dN34/dprdy 1 doy}/dprdy

) , AA, min bi ? h,
(Taa)  dol?d Jdprdy S —— as A? gold 1 dprdy
00 /s \v=7 TeV Lpy=0.5 nb" lyn]<1.0
I I I I I I I
1.10 I L .
’ 005 _______ :"""{ -------- . - : = -'"'" |
1 op P o NPDFs play an important role
- when assessing small jet
- i |
= 9.99 -1 E-loss models - quenching effects!
{7 reweighted EPPS16
8.85 | CT14 - L
(see Paakkinen’s talk)
0 30 - L0 (scale) _
NNFF1.1h
0.75 larXiv:2007.13764] +——— stat. projection-
I I | | I I I

20 25 30 40 50 10 100 150 200
pr (GeV)
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[JEWEL: Zapp (14)]
[ Citron, Dainese et al (19)]

Jet Coincidences

+ Signatures of energy loss in Z + jet coincidences?

; 1 1: p, >10GeV,Inl<2.5 ]
larXav: 1812.06772] 1L * ‘ _
1 | I 1 | I I 1 | I I | L ] | L I | L ] | L l | L I | L l | L B stz > 60 Gev’ 70 = mz = 110 Gev ]
1.6 - —] ~ _ - -
- ---'pp : : . 1 - R, = 0.3, pT,iet > 30 GeV,hqietI <1.6 =
— ' >10GeV,In1<25 - A |'> 718 —
141 PbPb [0-10]% o & =Y — : Poju > 175 -
- v ' : pTz>60GeV,7osmzs 110 GeV - — —
. _ o 1 ’ - — —
12 “/" POPD[40601% 1t g 055 30Gevk I<16 0.9F =
N — ArAr[0-10]% : Ao 1578 - N .
_é 1_— 1 Zjet — ~ : :
NF . . =~ 0.8 —
S 0.8/~ : - - : -
N - 1 | - —
Z B I _ . t m |
— 0.6 : = 0.7— 1 —
0.4 | - - -
- " - 0.6[— -
0.2— / : —] B B
0 - 121 LA a I/l/l j IE | /'M : :
O 02 04 06 08 1 12 14 16 18 2 0.5 , —
X, B [B. Silva MsC (19)] _
u I I I | | m
PbPb SnSn ArAr 00 HeHe pp

JEWEL (no recolls) + Bjorken Expansion + Stefan-Boltzmann limit
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Jet Coincidences

+ Signatures of energy loss in y + jet coincidences?
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[arXiv: 1809.07280]
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[ATLAS: Phys.Lett.B 789 (2019) 167-190]
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Jet Coincidences

+ Signatures of energy loss in y + jet coincidences?
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[arXiv: 1809.07280]
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[ATLAS: Phys.Lett.B 789 (2019) 167-190]

Possibility for OO run
(requires statistics)...
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+ Looking inside of jets intrinsic constitution

+ Allows to select regions of phase space where medium effects are enhanced

[ Andrews et al: 1808.03689]

In 260

InR

In1/R

L. Apolinério

Jet substructure

[ Andrews et al: 1808.03689]
2 0.

in(z 8)

0 05 1 15 2 25 3 35 4 45 0 05 1 15 2 25 3 35 4 45 5

0 05 1 15 2 25 3 35 4 45

[Andrews et al (20)]

10
In(1/8)
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Jet substructure

+ Looking inside of jets intrinsic constitution

[ Dominguez et al (20), Caucal et al (18), Caucal, lancu, Soyez (20)]

+ Allows to select regions of phase space where medium effects are enhanced

'Dominguez et al: 1907.03653]

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

F med |
pr=1000. GeV -
g=1.5 GeV%/fm |
L=2. fm

dechocdido bl bbb i bbb bbb hdiddihdd b d

- N W e OO N

LA B S B S S B S S S B S B S B S B S B S S B S B S B S B S B SN B B S B |

F med

pr=240. GeV .
g=1.5 GeV%fm _
L=8. fm

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

L. Apolinério

Medium modification factor

18

log(6)

[Andrews et al (20)]

[Caucal et al: 2012.01457]

We PTO

. Inside
. medium

non perturbative

expanding
static
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[ Dominguez et al (20), Caucal et al (18), Caucal, Iancu, Soyez (20)]
[Andrews et al (20)

J et S u bStru Ctu re [ALICE: Nucl.Phys.A 1005 (2021) 121906;

+ Looking inside of jets intrinsic constitution

+ Allows to select regions of phase space where medium effects are enhanced

'Dominguez et al: 1907.03653] |ALICE: 2002.056307 ]
—~ 10
Attt T "°F ALICE Preliminary
°l T 8F 20180-10% Pb-Pb |5, = 5.02 TeV —0.02
| Fned . o 6 - anti-k, charged jets R=0.4
| pr=1000. GeV - | - Data-PYTHIA embedded =10
6Ll G=15GeV?fm | 8 - =
. L=2. fm L - ‘ ™ ;g — | -0.02
N | 6 - ‘
: . . 50 2 - -— — : -0.04
= 4l 4 40 0 :_ — ‘— ‘
. 30 -—
_ : ”0 _2F -0.06
Al 1 1 _4F -0.08
-6F 0
e S S S _gE. 80<p™ ™ <120 GeVic
In R/6 : 1st Soft drop sphttnng Zouy = 0 1 ﬂ 1 1 1 1 -0.12
. . . _1 O 1111111111111111 1 1 11 PN T
Medium modification factor 0 0.5 1 1 5 2 2 5 3 35 4 45 5

In(1/AR)
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[ Dominguez et al (20), Caucal et al (18), Caucal, Iancu, Soyez (20)]
[Andrews et al (20)

J et S u bStru Ctu re [ALICE: Nucl.Phys.A 1005 (2021) 121906;

+ Looking inside of jets intrinsic constitution

+ Allows to select regions of phase space where medium effects are enhanced

'Dominguez et al: 1907.03653] |ALICE: 2002.056307 ]
—~ 10
Attt T "°F ALICE Preliminary
°l T 8F 20180-10% Pb-Pb |5, = 5.02 TeV —0.02
| Fned . o 6 - anti-k, charged jets R=0.4
| pr=1000. GeV - | - Data-PYTHIA embedded =10
6Ll G=15GeV?fm | 8 - =
. L=2. fm L - ‘ ™ ;g — | -0.02
N | 6 - ‘
: . . 50 2 - -— — : -0.04
= 4l 4 40 0 :_ — ‘— ‘
. 30 -—
_ : ”0 _2F -0.06
Al 1 1 _4F -0.08
-6F 0
e S S S _gE. 80<p™ ™ <120 GeVic
In R/6 : 1st Soft drop sphttnng Zouy = 0 1 ﬂ 1 1 1 1 -0.12
. . . _1 O 1111111111111111 1 1 11 PN T
Medium modification factor 0 0.5 1 1 5 2 2 5 3 35 4 45 5

In(1/AR)
Increase precision to study medium-induced effects
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Jet spacetime structure

+ Inclusive jet spectra is always a mixture of different magnitudes of quenching

+ Possibility to select jets whose parton shower initiated at early stages (strongly modified)?

Parton Shower Jet

Q1

Q2 Q3

Q4 Q5 Q6 Q7 1 2 3 4
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Jet spacetime structure

+ Inclusive jet spectra is always a mixture of different magnitudes of quenching

+ Possibility to select jets whose parton shower initiated at early stages (strongly modified)?

Parton Shower Jet
|

} M . Y
Q4 Q5 Q6 Q7 1 2 3 4
Fast Expanding medium Additional particles to be clustered in the jet
Medium-induced radiation history
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Jet spacetime structure

+ Inclusive jet spectra is always a mixture of different magnitudes of quenching

+ Possibility to select jets whose parton shower initiated at early stages (strongly modified)?

Parton Shower Jet
|

} M . Y
Q4 Q5 Q6 Q7 1 2 3 4
Fast Expanding medium Additional particles to be clustered in the jet
Medium-induced radiation history
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Jet spacetime structure

[LA, Cordeiro, Zapp (20)]

+ Inclusive jet spectra is always a mixture of different magnitudes of quenching

+ Possibility to select jets whose parton shower initiated at early stages (strongly modified)?

\ /%
di; = min(p;’;, p

L. Apolinério

ARZ- 2
2 19 o p
t,Z;) 5 dzB — pt,@'
AR?. 1
(¥} 2

1

E Y
Q2 2Ez(1—2)

(1 — cos 612)

larXav. 2012.02199]

1: Unclustering vs Parton Shower, 1st Emission

0.5JIIII:IITFEIIIIIII_FIIIlr_r‘_LF;h'IJ_r-rPI“IT‘IJJ"II.J 10-2
- - s -. To- L} r ; e - -...I - -E
0.45F 'l'l_ - =
<.
0.4} g
0.35§ i N =
Q W e - FIRE 107
E 0.3 - -.-.. _..-J'?
5 0.25 ERL T
= - = W =3
© - = -
§P§ 0.2 —‘-.- " 5 . _:
= - ¥ -4
0.15 s
N - - - —_— - -
0.1F =" PYTHIAS \Syn =3502TeV
B =e o ™ Anti-k, R=05,p >300GeV =
0.05F . L i ™" .  SoftDrop:z =0.1, f=0 &3
{ -’? - -1 - ..: - o= [ ’ rop_ zml | -
.- 1 lelljl.lllplrll.l :r1111RQ11’11LFr1 J-lllll.l l_
O 005 01 015 0.2 025 03 035 04 045 0.5
t::;'r:‘on Shower (fm lc)
OppO 2021



[LA, Cordeiro, Zapp (20)]

Jet spacetime structure

+ Inclusive jet spectra is always a mixture of different magnitudes of quenching

+ Possibility to select jets whose parton shower initiated at early stages (strongly modified)? _
[arXiv. 2012.02199
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Jet spacetime structure

[LA, Cordeiro, Zapp (20)]

+ Inclusive jet spectra is always a mixture of different magnitudes of quenching

+ Possibility to select jets whose parton shower initiated at early stages (strongly modified)?

B ] 1 1 1 1 ] ] || 1 1 I I-—

0.14— .
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Choosing a better proxy enhances precision and
allows to select different jet classes
(based on quenching magnitude)

L. Apolinério 20

[arXiv. 2012.02199]
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[LA, Castro, Crispim, Milhano, Pedro, Peres (under preparation)]

Machine Learning D Pablos Tyvoniok (20)

+ Machine learning techniques might also help to select strongly modified jets

+ EX: calorimetric jet images .
(Vacumm - Medium)/Vacuum

E

+ Jewel Z Boson (muons) + Jet @ 5.02 TeV (no recoils) =

F

+ Zpt>=90 s

salat

+ R =0.5recoiling jet (7/8 &) and pt > 30
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[LA, Castro, Crispim, Milhano, Pedro, Peres (under preparation)]

Machine Learning D Pablos Tyvoniok (20)

+ Machine learning techniques might also help to select strongly modified jets

+ EX: calorimetric jet images
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Medium : 6:— Vacuum —=— Medium
6= o
251 Vacuum =
d 2 L % 1.4—
'E Prehmmary n — CNN output<0.6 —=— CNN output > 0.6
2 2.0- 1o
— s .
| - Z [ A=
i O 1—
= — T o8 ¢ =
N e
> — ——
g 1.0 L 0.6 S
3 - _A__A_—A— Bl S
O 0.5 0.4— _A_—A——A—:Z:—l— -
_ u _A__A_—Z—:Z:_ =
| eE i
O_OI T T T T _I| :IIII|IIII|IIII|IIII|IIII|IIII|IIIlllllllllllllllzgz
0.0 0.2 0.4 0.6 0.8 1.0 0 005 01 015 02 025 03 035 04 045 0.5
CNN output r

L. Apolinério 21 OppO 2021



[LA, Castro, Crispim, Milhano, Pedro, Peres (under preparation)]

Machine Learning

+ Machine learning techniques might also help to select strongly modified jets

+ EX: calorimetric jet images
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[ Du, Pablos, Tywoniuk (20)]
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Promising selection of medium-modified jets (trained on model dependent features...)
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[Andrés, Armesto, Niemi, Paatelainen, Salgado(19)]

Soft and Hard Scales

+ QGP-like effects in small systems:

+ Are they all related to the same phenomena?

+ Flow and strangeness from non-QGP physics?

[Andrés et al: 1902.03231]
1.0 0.20

b) ¢ CMS2.76 TeV 20 —30%
# ATLAS 2.76 TeV 20 — 30%

:a)

0.8 0.16
| i
0.6 0.12
:(( | {Jln\l
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0.4 1 0.08 A
0.2 1 0.04
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[Andrés, Armesto, Niemi, Paatelainen, Salgado(19)]

Soft and Hard Scales

+ QGP-like effects in small systems:

Non-trivial connection (1 TeV — 1 GeV)

+ Are they all related to the same phenomena? Raa with v2> can provide further constrains

+ Flow and strangeness from non-QGP physics?

[Andrés et al: 1902.03231]
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[Andrés, Armesto, Niemi, Paatelainen, Salgado(19)]

S Oft a n d H a r_ d S C a | es [Katz, Prado, Noronha-Hostler, Suaide (20)]

See Noronha-Hostler’s talk

+ QGP-like effects in small systems: Non-trivial connection (1 TeV — 1 GeV)

+ Are they all related to the same phenomena? Raa with v2> can provide further constrains

+ Flow and strangeness from non-QGP physics? [Katz et al: 1907.05508]

® CMS Pb-Pb Solid lines: Langevin
L5 Dashed: Energy loss

[Andrés et al: 1902.03231]

1.0 0.20
1 2) ' b) ¢ CMS2.76 TeV 20 —-30%
j |74 ATLAS 2.76 TeV 20 — 30%
0.8 1 0.16
| i
| . | ! =
0.6‘ 0.12_| —Tq=0fm () . . . S T T T —rrrrg T T T T
>3 A 2 1( (a) —160).0 6.5 TeV
- | _ pr (C 0.15 F — 40Ar-Ar 5.85 TeV
] / e 0-10% — 129X Xe 5.44 TeV
0.4 0.08 i prgl.
: - S, — SI)I{EEXO-XO 5.44 TeV
S 0.1 —— 208Ph_Ph 5.02 TeV
i T &
0.2- 0.04 - -
_ : .05 ”
fe‘- -~
() L l L L L 1 l.l--
| 2 10 50
pr (GeV)
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Summary/Outlook

+ Oxygen runs: unlock jet quenching studies by varying system size within the same centrality geometry

+ Geometry in light systems vs geometry in pPb?
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Summary/Outlook

+ Oxygen runs: unlock jet quenching studies by varying system size within the same centrality geometry
+ Geometry in light systems vs geometry in pPb?

+ Jet quenching in small systems:
+ Challenging: require theoretical control over non-energy loss (nPDFs)

+ How well calibrated is our reference?
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Summary/Outlook

+ Oxygen runs: unlock jet quenching studies by varying system size within the same centrality geometry
+ Geometry in light systems vs geometry in pPb?
+ Jet quenching in small systems:
+ Challenging: require theoretical control over non-energy loss (nPDFs)
+ How well calibrated is our reference?
+ First run will unlock inclusive jet measurements, but coincidences will likely be limited...
+ RAA: selection bias (on pt of jet)?

+ Jet substructure: identify classes of “early/quenched” jets. Luminosity constraints?
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Summary/Outlook

+ Oxygen runs: unlock jet quenching studies by varying system size within the same centrality geometry
+ Geometry in light systems vs geometry in pPb?
+ Jet quenching in small systems:
+ Challenging: require theoretical control over non-energy loss (nPDFs)
+ How well calibrated is our reference?
+ First run will unlock inclusive jet measurements, but coincidences will likely be limited...
+ RAA: selection bias (on pt of jet)?

+ Jet substructure: identify classes of “early/quenched” jets. Luminosity constraints?

Thank you!
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Backup slides



QGP in dense systems

+ PDbPb and AuAu presents consistent signatures of a QGP formation:
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+ PbPDb and AuAu presents consistent signatures of a QGP formation:

+ Azimuthal anisotropy in n-particle correlations (collective flow)

ATLAS

[Sie=5.02 TeV, 22pb‘_ |

Pb+Pb

L. Apolinério

QGP in dense systems

2<p:"<3 GeV
0-5%

ATLAS
S =5.02 TeV, 22 ub”
Pb+Pb

C(AnA¢)

2<p?°<3 GeV
30-40%

26

ATLAS

S=5.02 TeV, 22 pb™

Pb+Pb

C(AnA¢)

[ATLAS: Eur.Phys.J.C 78 (2018) 12, 997]

[ ATLAS
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[ALICE: Phys.Lett.B 734 (2014) 409-410]

QGP in dense systems

+ PDbPb and AuAu presents consistent signatures of a QGP formation:

+ Azimuthal anisotropy in n-particle correlations (collective flow) «

+ Increase of strange hadrons yields (strangeness enhancement) 4

L. Apolinério

26

Yield /(Npa ) relative to pp/p-Be

b
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Pb-Pb at \s,,, = 2.76 TeV
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—- - - -4
ol 0 O]
Cl
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: ‘ J NAS7 Po-PDb, p-Pb at 17.2 GeV
I "] STAR Au-Au at 200 GeV )
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[arXiv:1307.5543]

(b)
- —
AQ+Q | i
o 1
m= 1
e
X li'
- [] |
[§ : ! .!
u
n|
NAS7 Pb-Pb, p-Pb at 17.2 GeV
"1/ STAR Au-Au al 200 GeV
1lllllll 1 1lllllll 1 L1
10 10°

(N o)




[STAR: Phys. Rev. Lett. 89 (2002) 202301]
[PHENIX: Phys.Rev.Lett. 88 (2002) 022301]

QGP in dense systems

[nucl-ex/0109003]

Au+Au Vs, = 130 GeV

+ PbPDb and AuAu presents consistent signatures of a QGP formation: conal0tors

RAA

« (h*+h)/2
[ J'to

2 7 Pb+Pb(Au) CERN-SPS

+ Azimuthal anisotropy in n-particle correlations (collective flow) « | o CERNSR /

0

+ Increase of strange hadrons yields (strangeness enhancement) 4 "_ pinary scaling

+ Suppression of single hadron spectra (energy loss) ¢ - ,

o
[\)_
I

pr (GeV/c)

0-5% [nucl-ex/0109003]
Binary scaling

||| e e e e ooo--------------------------- 1

dN/dpdn (STAR)

Taa do/dpdn (NN)
IIJ-O-I

Participant scaling

1 2 3 4 5 6
pr (GeV/c)

Raa

L. Apolinério 26 OppO 2021



[ATLAS: JHEP 09 (2015) 050]

QGP in dense systems

+ PDbPb and AuAu presents consistent signatures of a QGP formation:
+ Azimuthal anisotropy in n-particle correlations (collective flow) «
+ Increase of strange hadrons yields (strangeness enhancement) 4

+ Suppression of single hadron spectra (energy loss) ¢ [arXiv:1504.04357]

& | ATLAS  anti-k, R=0.4 jets, Sy =5.02 TeV I"
| | ] -
+ Suppression of jet spectra (energy loss) s T
| - * + o W | + R + ) ' i |
NEIE: ¥ I |
. S
_—‘]_—_1:.1.:1 + |
e (%E L}[I}L
| *’ = s a ‘_{._17 ){
B (e} ¥ | { |
0.5 T B - —— :
lyl<2.8 =1 +10-10% |
2015 data: Pb+Pb 0.49 nb™, pp 25 pb"  [+120 - 30%
 WARRE (T, and luminosity uncer. fG(l) '17Q°/; ‘
40 60 100 200 300 500 900
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QGP in dense systems

+ PDbPb and AuAu presents consistent signatures of a QGP formation:

*

*

L. Apolinério

Azimuthal anisotropy in n-particle correlations (collective flow)

Increase of strange hadrons yields (strangeness enhancement) s

Suppression of single hadron spectra (energy loss)

Suppression of jet spectra (energy loss) s
+ Modification of jet substructure
ptTrk > 1 GeV/c, anti-k_jet R = 0.3

p’et>30 GeV/c, || < 1.6
pL > 60 GeV/c, | < 1.44, A0 >77C

p(r)Pbe / p(r)pp

(PbPb/pp)

Jet radial profile

[CMS: Phys. Rev. Lett. 121 (2018) 242301 ]
[CMS: PRL 122 (2019) 1562001]

[Adapted from: K. Zapp]

- Supplementary
- [arXiv:1809.08602]

- p_Yr > 60 GeV/c
| anti-k; jet R=0.3

pJet > 30 GeV/c
n

C g >
S . "

'CMS  Cent.0-10%-

PbPb / pp

'cnrx:

0.51

Fraction of energy of

jet fragments
(Pbe/pp)

llllllllllllllllllll




[STRONG 2020 - NA3 (on-going) ]|
[JETSCAPE (20,21)]

Multibayesian approach

+ ldentification of reduced set of observables that are most discriminant
[arXiv:2011.01430]
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s Y s s o e
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information 3 400 3 400~ 3 400 .
= . = =
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0.05 0.10 0.15 0.00 0.05 0.000 0.025 0.050
v2{2} 20-30% v3{2} 20-30% va{2} 20-30%
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[ Tachibana, Chang, Qin (17)]
[ Casalderrey-Solana, Gulhan, Milhano, Pablos, Rajagopal (14;17)]

Medium Res ponse [Park, Jeon, Gale (18)

+ Mostly seen in jet radial profile but signatures of each approach is very different:

Ppropb(7)/ ppp(r )

[Coupled Jet-Fluid: 1701.07951 ] [Hvbrid: 1609.05842] | MARTINI:1807.06550]
16 | | | | | T J
Inclusive, PbPb (2.76 TeV) 18 L T ' ' ' ] 1.6, Pb-Pb @ 2.76TeV (0-10%) ;
151 pist> 100 GeVie, R=0.3 I | o 100 <P <300GeV Byckreaction anti-k; R=0.3 s
P'r ev/ce, : 16 L 0-10% Pf;zadmn > 1 GeV No Backreaction s - i\ 1.4} p%et >1Q?GeV/c, p%rk >1GeV/c | ;:. )
1.4 F Gg0= 1.7 GeV?/fm, w. = 1.0 GeV/e - ! 0.3 < |nl <2 r<03 CMS Data e T ] Y 0.3 <[’ | <2.0 i
) . : | R
i pt]r“k'hyd> 1.0 GeV/c E 1.4 F 10-30% ® - ﬂ 1.2t '3 | A“"“
. | - - ] Q " s
& 1.2 FE 1 - ~— 1.0F= A __ «
H&— CMS (0-10 %) § , = _ } | = 1.0 «,&‘ A | ““"¢
1.2 - —— Shower+Hydro e 1 2 & < N —A
—== Shower ) O ) Py 0.8 Pegunn®®’
11 - ______| — Q—i i ~ '/||lllllllllllllllllll|||I|l|||l||llll|Illllll\”‘
0.8 | - < 0.6 |
3 e o | - = 1 without recoil
& “l“'; 0.6 - } 0.4 ==' with recoil (p.,=4T)
09 - =TT i 04 L i 4 & CMS 0-10%
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I NS I )
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w

Ppropb(7)/ ppp(r )

+ Mostly seen in jet radial profile but signatures of each approach is very different:

[Coupled Jet-Fluid: 1701.07951 ]

| | | | |

Inclusive, PbPb (2.76 TeV)
p§>100 GeV/e, R=0.3

- 0= 1.7 GeV/fm, wey = 1.0 GeV/e i
P> 1.0 GeV/e }

8- CMS (0-10 %) $
— Shower+Hydro
-== Shower |

PSS GEES E E  —

-— e s eue e wl

PbPb/pp

[Hvbrid: 1609.05842]

1.8

1.6
1.4

1.2

0.8 |
0.6 |
0.4 |
0.2 |

[ Casalderrey-Solana, Gulhan, Milhano, Pablos, Rajagopal (14;17)]

Medium Response

L) I L] L L L) l L) . L) L)

0-10%

100 < PJ" < 300 GeV
Phadron > 1 GeV
0.3<|n <2, r<0.3
10-30%

l L] L L L] l L L L L)

Backreaction
No Backreaction wes

CMS Data +—e—

;

1

He

[ Tachibana, Chang, Qin (17)]

[ Park, Jeon, Gale (18)]

| MARTINI:1807.065501

1.6/ Pb-Pb @ 2.76TeV (0-10%)

anti-k, R=0.3 oo

1.4} pi >100GeV/c, pi* >1GeV/c | L: -

0.3 <[ | <2.0

e
IIIlllllllllllllllllll|ll|l||ll|||llllIllllll\|‘|

v without recoil

0.4 ==' with recoil (p.,=4T)

A & CMS 0-10%

0.0 0.1 0.2 0.3
Ar

Several uncertainties... But seems to be necessary to describe excess of particles at large angles...
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Medium response

+ However:
CMS Pre//m/nary VS = 5. 02 TeV Pbe 404 ub‘ pp 27 4 pb ‘

------------------

+ Large contribution of medium response leads to a antik.., by | < 2 0-10%
. T et
large R dependence on jet RAA o CMS
| == Factorization |
—1SCET w/o coll. E-loss

) Li and Vltev

a a 240 PS
— HYBRID w/ wake
— HYBRID w/o wake
HYBRID w/ pos wake

— PYQUEN
PYQUEN w/ wide angle rad.
JEWEL

+ LBT w/ showers only
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
Jet R

+ Magnitude is again model dependent
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Medium response

+ However:

+ Large contribution of medium response leads to a

+ Features of the parton shower seem to drive

L. Apolinério

large R dependence on jet RAA

+ Magnitude is again model dependent

behaviour of jet RAA (Rjet) (rather then medium

response)

30

------------------

CMS Pre//m/nary

Sy = 5. 02 TeV Pbe 404 ub , PP 27 4 pb &

----------------

antik., mjet| <2 0-10%

-o- CMS

— Factorization

] w/0 coll. E-loss
7 Li and Vitev

Coherent antenna BDMF

- HYBRID w/o0 wake i
HYBRID w/ pos wake B
—_ MARTINI -

OYQUEN
PYQUEN w/ wide angle rad.
\/\J

— JEWEL w/o recoil _
1LBT w/ showers only .

LBT w/ meclj responlse |
I 1 1 1 1

04 06 08 1
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+ However:

+ Large contribution of medium response leads to a

Medium response

large R dependence on jet RAA

+ Magnitude is again model dependent

+ Features of the parton shower seem to drive
behaviour of jet RAA (Rjet) (rather then medium

response)

+ Jet Radial profile vs Jet RAA

+ Put severe constrains on the jet-induced

L. Apolinério

component

------------------

CMS Pre//m/nary

Sy = 5. 02 TeV Pbe 404 ub , PP 27 4 pb &

----------------

antik., '”,-eJ <2 0-10%

-o- CMS

— Factorization

] w/0 coll. E-loss
7 Li and Vitev

Coherent antenna BDMF

- HYBRID w/o0 wake i
HYBRID w/ pos wake B
—_ MARTINI -

OYQUEN
PYQUEN w/ wide angle rad.
\/\J

— JEWEL w/o recoil _
1LBT w/ showers only .

LBT w/ meclj responlse |
I 1 1 1 1

04 06 08 1

(We also have: missing pT, p(r) with pT bin information, 2-particle correlations,...)
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Medium response

20
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PbPb Peripheral

cMS . iy
O minary  Cent:70-90% Cent:50-70% Preliminary ©Nt-70-80% Cont50-/0'%
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Recolling charged particles Recolling jet FF

L. Apolinério 32 OppO 2021



10

p(r)

Ratio

[
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PbPb Peripheral

V5 =502 TeV p! >80 GeVic, | < 1.44, p™ = 1 GeVic

PoPb 404 ub ', pp 27 4 pb’ antik, jot R=0.3.p"" >30 GeVi, |[¥] < 1.6 a4 > in

8
CMS Cent. 50 - 100% | Cent. 30 - 50% Cent. 10 - 30% Cent.0- 10%
W PP | 1

e " pp o @ @ :
. _e _ -ae PYTH'A 8 I O [a) j

Recolling Jet Transverse Profile
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