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Deconfinement and the QGP

J. Guenther, EPJA 57 136 (2021)

e QCD under high temperatures or densities
undergoes a phase transition to a
deconfined state of quarks and gluons, the
Quark-Gluon Plasma (QGP) T @

155 MeV

* |ts study addresses fundamental questions
related to the bulk properties and dynamics
of hot QCD matter and confinement

e This state of matter is achieved and
studied using lead-lead (Pb-Pb) collisions
at the LHC
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https://link.springer.com/article/10.1140/epja/s10050-021-00354-6

Mapping the Bethe-Bloch of QCD matter
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* Tomographic ‘probes’ can be
used to study matter

e Bethe-Bloch curve

— connection of ‘local’

interactions with global
medium properties

e Study the properties of ordinary
matter using QED probes (x-
rays, MRI, PET,...)

e Likewise, QGP studied using
QCD probes



Probes of the QGP: Heavy Quarks

e | will talk about 2 different types of probes:

* Heavy quarks (c, b) produced in early stages of the collision, with negligible
thermal production (., > TQGP) - can be tracked through all stages of

collision

e collisional and radiative interactions with medium results in heavy-quark
energy loss

e Heavy quarks can be measured by studying the production of heavy-flavour
hadrons (D/B mesons, A}, A} baryons...)
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Probes of the QGP: Jets

e | will talk about 2 different types of probes:

e Jets: In-medium evolution and parton shower modified at all stages of the
system’s lifetime

e Jet loses energy in-medium (jet quenching)
e Jets axis is modified (jet deflection)

e Jet substructure is modified
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Probes of the QGP

e | will talk about 2 different types of probes:
e Heavy quarks (c, b)

e Jets

: . R ¥ " ) e Inner structure of the
jet transport coefficient g: eavy quark spacial diffusion QGP can be probed

e Describes average momentum coefficient LJ;: with jet and heavy-

transfer transverse to the jets  Characterises low-momentum flavour measurements

direction per unit length interaction strength of heavy-quarks
with the medium
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The ALICE experiment

Heavy-flavour hadrons reconstructed in central barrel (|77| < 0.9)

D° — K'n* and charge conj. 1< p.<15 GeV/c
- with vertexing
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traditional cut-based or machine-learning-

Time-of-Flight based selection of HF decays via
‘detector (TOF) : PID
via time-of-flight

 PID of decay products
e Selection on topology of decay

e Charm hadrons from beauty decays
separated via fit data-driven technigues
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The ALICE experiment

Jets reconstructed in central barrel (|7 < 0.9)

ElectroMagnetic Calorimeter:
eutral (72'0) jet component

Reconstructed as:

 ‘track-based’ (charged)
jets using charged tracks

e vy e ‘Full’ jets reconstructing
TR it i U neutral component with
EMCal

e Flavour of jet can be
—am_ tagged by reconstructing
specific flavoured hadron
within jet

Time-of-Flight
| detector (TOF) : PID
via time-of-flight

— ALICE optimal for
low p; probes!
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Charm hadron production: D mesons

ALICE: JHEP 01 (2022) 174
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https://link.springer.com/article/10.1007/JHEP01(2022)174

Charm hadron production: D mesons to p;, = 0

ALICE: JHEP 01 (2022) 174

Nuclear modification factor
R, <1 - suppression R,, = : ANsalapr 5 |
aa<l -su | AA — S [ o :
R 1 . < Typ > do,,/dpy S 1.4 D meson e ALICE -
AA=1 = NO Suppression e [ _ ~]EPPS16, 90% CL i
S [ \Sy=502TeV §
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e Total D9 meson nuclear modification factor < 1 for - -
central Pb-Pb collisions - total yield is suppressed 0.4/~ AN SN -
_ _ _ 0o L nlhnnnmny _
e Consistent with expectation from the - -
mgn = ~ = = . " B | | ]
modification of parton distributions within the 0
p—Pb, 0-100% Pb-Pb, 30-50% Pb-Pb, 0-10%
nhucleus 10.96 < y < 0.04 Iyl <0.5 yl <0.5
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https://link.springer.com/article/10.1007/JHEP01(2022)174

Charm hadron production: Constraining QGP properties
| dN 4 4/ dp+ ALICE: JHEP 01 (2022) 174

< Tys > doy,,/dpy

Rpp =

E 1.6 B | I 1T 11 | | | | I 1T 11 I | | | | I_ >C\I J | | | | | | | L I | | | Reaction
iy - ALICE - 020 w# TAMU Ny MC@sHQ+EPOS2  _ plane

- i - [ LIDO - = LBT ]
Pb-Pb, |5, = 5.02 TeV [ G i
1.4F Sy = 90e 1OV [ — - PHSD - - - POWLANG-HTL i
_ Centrality 0-10% 0 15-_ DAB-MOD LGR N
1_2:— - Prompt D°, D*, D** average —: [ = Catania -
_/‘ ' A X lyl < 0.5 ] i _
1.0 : I- 0.10[ —
0.8 — I i
i 0.05| . —
- B -
0.6 ] s ] I i
= A O Wl 3 capose -
0.4 0.00F :
0.2 ! 2
_____ -0.05~ centrality 0-10%, Iyl < 0.8 7
-I ] ] ] ] ] ] L1 I ] ] ]

4x107 1 2 34567 10 20 30 1 2 3 4 567890 20 30
P, (GeV/c) p. (GeV/c)

e Precise R, , and elliptic flow (v2, v3) measurements of non-strange D mesons provide significant
constraints on to charm quark energy loss models

o y? analysis gives 1.5 < 2nDsTe < 4.5 for Tc = 155 MeV
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https://link.springer.com/article/10.1007/JHEP01(2022)174

Charm hadron production: A" baryon

‘Baryon-to-meson’ production ratio
* Evidence of enhanced charmed-baryon production ALICE: arxiv:2112.08156

in the measured p; range going from pp —> Pb-Pb
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https://arxiv.org/abs/2112.08156

Charm hadron production: A" baryon

‘Baryon-to-meson’ production ratio
* Evidence of enhanced charmed-baryon production ALICE: arxiv:2112.08156

in the measured p; range going from pp —> Pb-Pb
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Beauty hadron production: Non-prompt DO

ALICE: arxiv:2202.00815

 Beauty: | ilibrated, better theoretical control 5., ALICE  data [ |LGR :
eauty: less equilibrated, better theoretical contro % “F Pb-Pb, (5.0 = 5.02 TeV
on in-medium transport calculations — - 0-10%, lyl <0.5
£ - ’ '
o 3
e Enhancement of the non-prompt D° R, , w.r.t prompt 80:3:‘ B
DO - beauty quarks lose less energy than charm quarks!
* Described by models which include mass-dependent i -
efiects 5 i o data i " LGR central valie . ]
S 4 e ) m set to m, (E-loss) v 1) m set to m, (coalescence) —
: : : : i SEREEY i) w/o shadowi —_—— / I ]
e dead-cone effect (first direct observation by ALICE in 55 : /Q')\WOS e V) wio coalescence :
pp collisions) 5 . -
ALICE: Nature 605 (2022) 440-446 g— i ]
o < - i
c < i _
e Varying parameters of models give insight into how each o K ‘ : 5
physical process contributes to the R, 4 o LT e

oo

N
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https://arxiv.org/abs/2202.00815
https://www.nature.com/articles/s41586-022-04572-w

Jet suppression in Pb-Pb collisions

ALICE: Phys. Rev. C 101 (2020) 034911

 Jets are suppressed Iin heavy-ion collisions due to

in-medium interactions (energy loss) Q:é 1.4 — ALICE R=04
- Pb-Pb 0-10% /sy, = 5.02 TeV

e Different models predict different levels of 1.2 pp Vs =5.02 TeV

quenching — R, ,offers significant constraining | m | <03 pr>7 GeVic

r LT i
POWe T ookt i ALICE 0-10%
: : : HybridGModeI, L..=0 j Correlated uncertainty

* Most models have slight tension with data 0.8 B Hybrid Model, L= 2/(nT) Shape uncertainty

- [ JEWEL, recoils on, 4MomSub
- JEWEL, recoils off

-

e Lower prreach than ATLAS/CMS 0'6:
0.4F

0.2f
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.034911
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.034911

Jet suppression in Pb-Pb collisions

 Jets are suppressed Iin heavy-ion collisions due to 1.8
in-medium interactions (energy loss) g
1.6
e Different models predict different levels of 4
quenching — R, 4offers significant constraining
power 1.2
1
* Most models have slight tension with data
0.8
e Lower p;reach than ATLAS/CMS 0.6
» First measurement of charm-tagged jet R, , in >4
heavy-ion collisions 0.2
0

* Comparison with (charged) inclusive jet
measurement hints at less suppression for charm

— further evidence for mass-dependent energy loss
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ALICE Preliminary
0-10% Pb-Pb \/s,, = 5.02 TeV

charged |ets, anti-k
9ed | T e D%jet,R=0.3

3 <p__ <36 GeV/c

e Inclusive jets, R =0.2

10 2
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Dijet acoplanarity via hadron+jet measurement

Trigger hadron Subtract combinatorial background through difference
between two ‘triggered’ distributions - access low-p jets
. 1 PN 1 NG
recoil © TAA h . AA h .
]Vtrig dp%’jetqupdnJet Pruig€ T Lsig ]vtrig dp%’jetdAng}/IJet PT.rig€ T Trer

Recoiling jet
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Dijet acoplanarity via hadron+jet measurement

Trigger hadron

Recoiling jet

e Azimuthal
decorrelation of jets

e Modification occurs for
R=0.4, soft jets

e Azimuthal deflection?
Jet fragments?

Jets and heavy-flavours with ALICE

Subtract combinatorial background through difference
between two ‘triggered’ distributions - access low-p; jets

3a7AA 3a7AA
A 1 d°Nig 1 d°Nig
recoil ~
t T,jet et t T,1et et
He e ] pT,trigETTSig Hs J® ] pT,trigETTRef
10 < p/* < 20 GeV/c 20 < /" < 30 GeV/c 30 < p/' < 50 GeV/c
:8\ 1 "_ R=04,In 1<05  10<p™ <20GeVic 20 < p <30 GeV/c 30 < p <50 GeV/c 1
:; 10~ .=— —e— Pb-Pb 0-10 % ?
S F —— pp :
8 1072 ® -— D Sys. uncertainty =
3 E =@==i=-ﬂ—
<10 E
107*

Pb-Pb / pp

16 18 2 22 24 26 28 3 6 18 2 22 24 26 28 3 6 18 2 22 24 26 28 3
A (rad) A (rad) A (rad)
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Groomed jets and jet substructure

From ALICE: Phys. Rev. Lett. 128 (2022) 102001

e Recluster jet, ordering constituents in the
jets to isolate the subjets (splittings) within
the jet Zg =

Pr, subleading

pT,leading +p T,subleading

e (Grooming techniques used to separate
out hard jet core and hard parton
splittings from softened constituents and
medium response

e Study of jet splittings and their modification
IS a relatively new field sensitive to many
important jet guenching mechanisms
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Groomed jet radius and momentum splitting fractions

ALICE: Phys. Rev. Lett. 128 (2022) 102001

e PT subleading
0 = -2 g =
g R pT,leading T pT,subleading
0 005 01 045 A, -
SIS - ALICE (s =5.02TeV 1 O oF e pp ALICE |5 =5.02 TeV -
° Narrowing of jet 0 3-55— m Pb-Pb0-10% Charged-particle jets  — 2 - m Pb-Pb0-10% Charged-particle jets )
—| = 3E | Sys.uncertainty A =0.2, | njetl <0.7 1 —| g gl Sys. uncertainty R =0.2, | njet| <07 -
core due to QGP SR ) 60<p,  <80GeVc : S ; 60<p, , <80GeV/c -
(|e wider jets are 2_ - + Soft Drop z,=0.2, 5=0 _ 6 Soft Drop z,,=0.2, f=0 _
more suppressed) e 3 ' 3 P =088, -089 ° . . Frnged = 087, Finog = 088
i m 2 . k 1
1;_¢ : E I ’ L m O 9
* Minimal 050 2 E 2 :
ifi - E I I I I . E : I I :
modification o o a | I'éETS:CAIPEI CHUEWEL recolsoff ol  mJETSCAPE  mJEWEL rlecoills of
: Niey i aucal JEWEL, recails on, ) & 14cL Caucal JEWEL, recoils on B
relative p, scale ol® 2 Pablos, Les =0~ Yuan, gL =5 GeV - Ie Pablos, L,s=0 _  Ghier :
T al i Pablos, L,.s = 2/aT - Yuan, med q/g ] al Pablos, L. =2/ ==Qin
Of Iead | N g an d | f , Pablos, Lo = oo Yuan, quark - 1oL Pablos, LIes = oo :
subleading :
subjets
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Summary
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Summary

e Precise D-meson measurements begin to

< DAL AL I L L AL LN LA

quantitatively constrain medium properties... 9 1.4 ALICE (S =5.02TeV, lyl < 0.5~
< 12F —

. Aj baryon measurements probe 1 —— 0-10% Pb-Pb -
hadronisation mechanisms 0.80 ——30-50% Pb-PDb -
0.6 -

0.4 —

0.2 3 e

0 5 ET T 20 :

p. (GeV/ce)
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Summary

e Precise D-meson measurements begin to
quantitatively constrain medium properties...

o 1.4] ALICE R=04

® A;I_ baryon measurements probe Pb-Pb 0-10% \/STJN= 5.02 TeV
hadronisation mechanisms 1.2 pp Vs =5.02 TeV
| ’7,-eJ <0.3 p':ad'ch >7 GeV/c
. 1?";'L’B"f"”"”"'””"'”"""'""'i'"ﬁ'\'L'l"égb"%; """""" i
e Jet suppression measurements | 0 ScET, B -10%
0 8 | [] Hybrid Model, L5 =0 ~ Correlated uncertainty

constrain different approaches in models

"~ L W Hybrid Model, L= 2/(xT) Shape uncertainty
- [ JEWEL, recoils on, 4MomSub

- [ JEWEL, recoils off

0.6/

0.4f
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Summary

* Precise D-meson measurements begin to
quantitatively constrain medium properties...

’g\ 1 R=04,In 1<05  10<p? <20 GeV/c_§§
e AT baryon measurements probe X 10 1
hadronisation mechanisms > et
G 107 ——
~ P o
o Jet suppression measurements AT DRI
. . . PP
constrain different approaches in models ot [ sys. uncertainty
. . o 10F
o Azimuthal broadening of low p 8
: : =~ —_———
hadron+jet correlation observed N e
O
al

16 1.8 2 22 24 26 28 3
Ag (rad)
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Summary

e Precise D-meson measurements begin to
quantitatively constrain medium properties...

At ) 4o”"o'osv"'ol.1,",o.'15'”/5’g
e /A baryon measurements probe g I ALICE (5 = 5.02 TeV
hadronisation mechanisms ¢ SOF mPo-poo-10% Charged-particlejets -
| g 3 Sys. uncertainty A =0.2, |"7jet| <0.7 -
ST 3 _ 60 <p, ,  <80GeVic :
: I f o . E
e Jet suppression measurements oF ; g Soft Drop 26,=0.2, =0
constrain different approaches in models {5 ' Faggos = 0-88, fiaguq = 089
C B 3
Fe ‘ : :
e Azimuthal broadening of low p+ OoF : g
. u O N — IIZIl CAPE ‘ml \ l|‘leCOliS(l) —
hadron+jet correlation observed Tl Cavcal | mJEWEL recoilson :
oL Pablos, L., =0 Yuan, dL = 5 GeV® _
al Pablos, L,.. =2/xT - Yuan, med g/g )
Pablos, L., = = Yuan, quark
 Narrowing of jet core measured
using grooming techniques
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Summary

* Precise D-meson measurements begin to
quantitatively constrain medium properties...

. Aj baryon measurements probe
hadronisation mechanisms

Just a snhapshot of the
many heavy-flavour and
jet results from ALICE

using Run 2 datal

e Jet suppression measurements
constrain different approaches in models

o Azimuthal broadening of low p
hadron+jet correlation observed

 Narrowing of jet core measured
using grooming techniques
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Backup
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Pushing to low energy - Dealing with combinatorial background

e Combinatorial background a major challenge for jet measurements in heavy ion collisions -
what is a ‘true’ jet from a hard scattering and what is from uncorrelated sources?

» Especially important for low p; measurements where p/*' ~ pl;kg . .

e Jechniques developed to deal with combinatorial background
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Pushing to low energy - Dealing with combinatorial background

e Combinatorial background a major challenge for jet measurements in heavy ion collisions -
what is a ‘true’ jet from a hard scattering and what is from uncorrelated sources?

jet _ ,bkg

o Especially important for low p, measurements where pr ~ Dy

e Jechniques developed to deal with combinatorial background

— Leading track/cluster p; cut

e Requiring p"- fel. > X ensures jet from hard scattering
e Biases fragmentation pattern in ‘selected’ jet population
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Pushing to low energy - Dealing with combinatorial background

e Combinatorial background a major challenge for jet measurements in heavy ion collisions -
what is a ‘true’ jet from a hard scattering and what is from uncorrelated sources?

o Especially important for low p, measurements where pJT” ~ pl;kg

200, FEPP Sy = 5-02 TeV 1.7 nb”’
* Techniques developed to deal with combinatorial background - CMé | ' | Cenl’.l 0_30%',}
600~ Supplementary pf > 30 GeV/c —
C mraw ptTrk >1 GeV/c :
: _ 500 -+ background —
— Leading track/cluster p, cut S e raw-background :
Statistical correction: = N400:— — 5 5 5 3 —.—tf
— Mixed event subtraction £l £ T :
—~|© 300 —
S I3 - )
- Generate mixed events by randomly ~IZ" 200 =
selecting tracks from many events ook E
- Phys. Rev. Lett. 128 (2022) 122301 }
- Subtract mixed event background from ) e s e i

‘aw spectra 0 05 1 15 2 25 3

P A9, , (rad)

CMS: Phys. Rev. Lett. 128 (2022) 122301
Jets and heavy-flavours with ALICE Jaime Norman (University of Liverpool) See also e.g. STAR: Phys. Rev. C 96, 024905 (2017 30
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Pushing to low energy - Dealing with combinatorial background

e Combinatorial background a major challenge for jet measurements in heavy ion collisions -
what is a ‘true’ jet from a hard scattering and what is from uncorrelated sources?

bkg
~ Pr

« Especially important for low p, measurements where pfet

e Jechniques developed to deal with combinatorial background T - B s S e B 7
2 1 C,=03811+£0.008 ALICE Preliminary —=
% = Uncorrected =
S 1w'g . 0-10 % Pb-Pb, {5, =5.02 TeV =
_ s 5102 - -~ = Ch-particle jets, anti-k ]
— Leading track/cluster p, cut 285" E - 7 TT=— R=04y1<05
- - - C\-lo -OE 10_3 = — ~ :_== =
Statistical correction: 5 FE - % - - 3
- . L 107 5 _ - — —~
— Mixed event subtraction " FE .t — — =
10° == — — =
10 6 ;,} TT(5,7).c , reference _l__l_—l— _;,
- - - - = = Integral before ¢ . scaling = 1.750 + 0.001 . E— —
— Difference between two ‘triggered’ distributions L o050 sl B
107" E - ( ) sig : _|_=
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https://arxiv.org/abs/1506.03984

Pushing to high jet R

R. Haake, C. Loizides, Phys. Rev. C 99, 064904 (2019)
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 Correcting for detector effects and background resolution crucial to make quantitative comparisons to theory
e Background resolution (calculated event-by-event) worsens as jet R increases - corrections become more difficult
e Limit measurements to high jet p; (where relative correction is smaller)

* Machine learning for jet-by-jet estimation of underlying event density significantly improves resolution
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.99.064904

D meson ratios
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e Charm hadron ratios probe hadronisation within the QGP once quarks form

* (non-strange) D-meson ratios consistent going from pp —> central Pb—PDb..
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D meson ratios
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e Charm hadron ratios probe hadronisation within the QGP once quarks form
* (non-strange) D-meson ratios consistent going from pp —> central Pb—Pb..

 Hint of strange D-meson/non-strange D-meson ratios enhanced, indicating coalescence of quarks in-
medium

Jets and heavy-flavours with ALICE Jaime Norman (University of Liverpool) 34



hadron+jet acoplanarity

Trigger hadron

Recoiling jet

e Azimuthal decorrelation
of jets

e Modification occurs for
larger R, soft jets

e Azimuthal deflection? Jet
fragments?
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y-jet and ﬂo-jet
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e Same observation by STAR for y-jet and ﬂo-jet A @ distribution
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Heavy flavour and jet production in pp collisions

ALICE: JHEP 05 (2021) 220
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e (Calibrated reference measurements crucial for interpretation in heavy-ion collisions

e Heavy flavour and jet production in general well understood in pp collisions
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