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Universality of the anisotropy

distributions

= Very similar behaviorin p(d)+A and A+A systems at C.M.
energies from 8 GeV to 5 TeV
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= Atthe same time jet quenching has not been observed in them



Alternatives and open questions

= Even with hydro’s success, alternative mechanism can
contribute. There can be CGC/saturation effects
B. Schenke etal. (2014)
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= Scaling relation for the /i

azimuthal harmonics wEB(k,q, 0" = w¢B(k,q,0)]"/™
What are reliable jet quenching predictions in small systems? How do they differ between light
and heavy flavor? How do we improve the description of heavy flavor theoretically? What are
the prediction from Cold nuclear matter effects?



Nuclear matter effects

“I think you should be more explicit here in
step two.’




Production of light and heavy

hadrons

QCD factorization approach is well established. Still
large uncertainties remain related to non-perturbative
physics [ hadronization (fragmentation functions). This
is especially true for heavy flavor
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Specitic applications include LO, NLO, + resummation and
parton showers. Also PYTHIA baseline (LO+PS)
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In the presence of nuclear matter —initial-state (CNM)
and final-state (QGP effects)

Th(b) < BY/3 —1

Final-state (FS)

Initial-state (IS)

Calculate those effects dynamically (with very few parameters)
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Cold nuclear matter effects |

Process dependent corrections to QCD 274 GeV PSS
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Cold nuclear matter effects Il

1.1 e rrrr——r—————  * Coherent power corrections J. Qju et al. (2005)
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QGP effects |
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Final-state collisional and radiative processes .0
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Can be done many different waves. Used a source term

formalism. (Allows also to understand the collisional e-loss
in parton showers)
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QGP effects Il

Pb-Pb5.02TeV | Pb-Pb2.76 TeV | Xe-Xe5.44TeV | Au-Au200GeV | Au-Au 130 GeV
¥ 100 E .
03 : : 3 < 2N
* Simulation & < B
5 102 x . AN Y ~
3 .
0.2 10t ALICE ALICE ALICE PHENIX PHENIX
’ C Shen et al_ o 1071 AUAUG24 GV | AU-AU2T GV § pPD5.02TeV | pPb8L6TeV § 0-07Tev
X \\ \\
(2014) S 0] X
O \ g N
-1 0.1 e ~ - -~
Z ATLAS ) Erx2
. PHENIX PHENIX cMs ALICE Neh
T=0.60fm/c 0 0 20 40 60 80 O 20 40 60 80 O 20 40 60 80 0 20 40 60 80 0O 20 40 60 80
— 0.0 Centrality (%)
100; T | T | T ‘ T | T | T ‘ T | T ‘ T I T ‘ T | T | T [ T | T ‘ T | T | T ‘ IEIOO - . - R
: oGy, o \ ys Hydro medium and TRENTO initial conditions
10 B 4 my=45 GeV, 1% ord. no mass dependence = 10
E \ mg =0 GeV, 1%+2" ord. : 3
1§_ my=45 GeV, 1°4+2™ ord. W = 1
3 F i Pb+Pb at s"’= 2.76 TeV, 0-10% E J Bernhard (2018)
z ol e - =0.1
T’04012—_92""7""; ‘‘‘‘‘‘ .9;;“"7‘"'; —20.01
F& 1;@—’ g ’_/_\_’ 3 . .
000f GEHATCCOSTH & g1 T Joo0r System size dependence (expanding QGP)
E I0 02 ‘0.4 I0‘6 IO‘S | 1 Iq ‘q gl ‘0 02 04 ‘0.6 |0.8 | 1 I Q?Q+‘9 3
10 A NI'I'HI'IH'I'}/‘AEO'I
£ Average, mg = 0 GeV \ ]
£ 8 . E =100 GeV - To+L ,,2
I \\_/ Rl e Tl el e
= = A yA <~ <~
s f - ] E E A
z O0lp — ——— 0,001 70 - g
F g e S L L L I 3_||||\‘||I_E -
ootk g:f . g:f =R Much weaker path length dependence of collisional vs
01E € 1 o — == £ 1= — — o] = 0.0001 I .2 . .
: e 0 'log '\0_‘4 'loL,, 'JJS ‘ll oaabar 1, 'lo!z '}0!4 ‘lo_g 'le 'l ! radiative E-loss. Implies increased importance in small
OAO()] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 16’05

0 010203040506070809 1 010.2030405060.70809 1

x=k'/p"

x=k'/p"

systems

W. Ke et al. (2022)



Light and heavy flavor

fragmentation and evolution

L M. Bowers (1981)

The following choices are made :
Light — DSS, heavy - Lund-Bowers

0 (.
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Various HQ parameterlzatlons understood as
initial conditions. Evolution generates a gluon
fragmentation component through RG evolution
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Light and heavy flavor

fragmentation and evolution

First in-medium scaling violations
done here for heavy flavor in the QGP.
It is also combined with collisional

In-medium evolution - full form, not
hybrid between E-loss and RG
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Phenomenology
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Phenomenology - large systems

Pb-Pb 5.02 TeV

Xe-Xe 5.44 TeV

Au-Au 0.2 TeV

4+ PHENIX,

i B S CMSDoe _

4+ ALICE, D

ATLAS
non-prompt J/W
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10 20
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Theoretical results agree with
existing light hadron and D
meson measurements at RHIC
and LHC. True for both central
and peripheral collisions

Can further identify trends from
the comparison with data -
slightly larger coupling is
favored at RHIC than LHC. In
addition, heavy flavor prefers
slightly larger coupling.

There is tension with the B
meson production (or non-
prompt J/psi). May be
dissociation?

Coming back to discussion of
radiative vs collisional processes -
radiative dominate except for B
mesons at low p;



Phenomenology - small systems

ATLAS (T,a) #1
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ATLAS (T,a) #3
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Centrality determination in p/d+A
challenging. No room for quenching

effects in p+Pb

It is difficult to establish a
correlation between
particle multiplicities and
centrality is asymmetric
systems (as in p+A)

Cold nuclear matter effects
need to be better
constrained. Scenario #1 oe
not seem compatible with
any combination. Scenarios
#2 and #3 differ by the
amount of room they leave
for CNM energy loss. Cronin
effect also smaller

If we include QGP
assumption (as given by
hydro) there is significant
suppression regardless of
CNM effects. Incomatible



QGP In small systems I?
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QGP In small systems |I?
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Conclusions

We investigated systematically the modification of light and
heavy-flavor hadron production in small and large colliding
sl;qlst_ems at moderate and high p;. Our goal was to differentiate
the impact of cold nuclear matter and hot QGP effects.

In small colliding systems we found that the CNM effects alone
can already explain the basic patterns observed in p-Pb
collisions scaled by the improved Glauber-Gribov model. In
spite of the remaining uncertainties, we established that the
current model of QGP formation in p-A, as described by
hydrodynamics, leads to quenching of hadron spectra that is
inconsistent with the p-Pb data

In O-0 collisions at RHIC and LHC, we found that CNM effects
alone only lead to very small corrections, while the formation
of a QGP can suppress charged particle spectra by more than a
factor of two at the LHC and by 20% at RHIC enerqy. Unlike the
suppression in large systems that is dominated by'induced
radiation, collisional energy loss in O-O reactions results in
mocliif;i_cations comparablé to the effects of in-medium
evolution.

The predicted suppression in small systems at LHC ener%ies
with and without QGP formation is very distinct and can be
easily tested with future measurements. We finally observed
that If QGP quenching effects are identified in O-O, the
enhanced contribution from collisional processes can be tested
by simultaneously looking at the flavor dependence of R,.
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The exploration of the
extreme phases of matter
has also fascinated the
general public. The Hi
program should make the
most out of QGP searches
(including exotic small
systems)



Differential branching spectra

kr=0.75 GeV kr=1.5 GeV kr =3 GeV kr =6 GeV
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Most importantly — additional medium-induced contribution to factorization formulas (final-state) —
Additional scaling violation due to the medium-induced shower. Additional component to jet

functions 19



Comparison to other CNM effects

= Differences not large in regions of interest
»  Except for B mesons in small systems (OO) below 10 GeV
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