Ultrarelativistic Heavy-Ion Physics and the
Quark-6luon Plasma

Part3
® Hard Probes (jets, heavy quarks)
® Energy loss

® Quarkonium

How does a quark-gluon plasma affect particles traversing it?

High Energy Nuclear Physics School for Young Physicists 2022
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Di Je'r asymme’rry

* How often do jets lose lot of energy?

* Quantify by dijet asymmetry
2
» 2 highest energy jets with A¢ > 572'

Pr— Prs P11

A, =
Pr1 Tt Prs 1/3 ppy =
Geesm—

* Peripheral collisions: Pb-Pb ~ Pythia

* Central collisions: Significant difference
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Introduction: Heavy-Ion Physics

QGP and Hadronisation

Initial stage Pre-equilibrium : : :
expansion chemical freeze-out
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i Characterise medium properties |

i ©  Colour deconfinement
Parton energy loss
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How can we observe the properties of the created matter?
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* External probes cannot be used to study its properties
* QGP exists in the lab only for ~10-23s
* No free colour charges as probes

* Instead use energetic particles, produced early in the collision, interact with the medium itself,
behaving as penetrating probe

* Study how the matter produced in the collisions affects these probes changing and vice versa

Matter under study (QG&?) 1

‘> Calibrated probe meter
(Detector)
Calibrated probe
__ SEGL s WERE :
Heat source (HI collisions R. Arnaldi
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Find a good probe...

VACUUM

HADRONIC
MATTER
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The probe must be produced early in the collision evolution, so that
it is there before the matter to be probed

)
. T=E QO > 2GeV/c - 7<0.1 Im/c

The probe must be well calibrated, i.e. its behaviour in “standard”
matter should be under control

*  Well understood in pp collisions

* Calculable perturbatively

Slightly/not affected by the hadronic matter and in a well
understood way (p-A, d-A)

Strongly affected by the deconfined medium

Large cross section
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.. and calibrate it

* Using another probe not affected by the dense QCD matter, to define a baseline reference
* photons, Drell-Yan di-leptons

* Using “trivial” collision systems, to understand how the probe behaves in absence of “new physics”
* pp. p-A, light-ion collisions
* Comparison of peripheral vs. central collisions
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Hard probes
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* Hard probes are highly penetrating observables (particles, radiation)
used to explore properties of matter that cannot be viewed directly
* High pr hadrons, jets
* Open heavy flavours (charm and beauty)
* Quarkonia (J/y, y(2S), Y(LS), Y(2S), Y(39),...)

* Hard probes originate from hard processes, characterised by large momentum transfer Q2

* High pr hadrons/open heavy flavours are produced in hard scattering, in the earliest collision time, by
fragmentation of high pr partons

* Cross section can be theoretically predicted using the perturbative QCD framework (pQCD)

* Well understood in vacuum (pp collisions)
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Hadron production
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* Hadron production cross section in pp can be calculated in pQCD
* Assumption: factorisation between the hard part and the non-perturbative PDF and fragmentation function
* Assume: universal fragmentation and PDFs

Ohh>Hx — PDF(Xa/Qi)/PDF(Xblqz) & O-aféq_q® Dq%H(Zq/Q2>

Parton Distribution Functions Partonic ¢ Fragmentation of
X,, X, = fraction of the momentum computed quark q into the
carried by the a,b partons in the hadron in pQCD hadron H

B -~ Fragmentation
(non-perturbative)

2
[
>|.fAl X4 ( \’\
\/ g
Hard Scatter '\ /
{ IV ' /
(perturbative) Parton Distribution
In nucleon

(non-berturbative)
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The Nuclear Modification Factor
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Cold nuclear matter effects
+ hot nuclear matter effects
(related to the Quark-Gluon Plasma)

Compare particle spectra in p+p
and A+A collisions, taking into account
iIncrease of scattering centres

In the absence of nuclear effects:
Rxg = 1 at high py, where hard

processes dominate (pr > 2 GeV)
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Elementary collision
No nuclear matter effects

1 dNA%/dpy
<Ncoll> dep/de

RAA
<N_,> from Glauber Monte Carlo

“no medium effects”
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Can the binary scaling be broken?
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Cold nuclear matter effects

Elementary collision
+ hot nuclear matter effects

No nuclear matter effects
(related to the Quark-Gluon Plasma)

* Initial state effects - present in p-A and A-A collisions
* Cronin effect @ inducing changes in the parton momenta
* Nuclear PDF = changes to the PDF in nuclei wrt to the parton ones
* Color Glass Condensate — gluon saturation at low x

* Final state effects - present only in A-A collisions
* Energy loss/jet quenching
* Modification of the fragmentation function
* Quarkonium suppression in the hot medium
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Cold nuclear matter effects -
without Quark-Gluon Plasma




Can the binary scaling be broken?
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Cold nuclear matter effects

Elementary collision
+ hot nuclear matter effects

Cold nuclear matter effects -

No nuclear matter effects :
(related to the Quark-Gluon Plasma) without Quark-Gluon Plasma
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Initial state: Constraining nuclear PDFs

e
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: . _ 0
' Quarkonium and open heavy-flavour production at LHC s #LHCD Y5y =5.02 TeV [InCTEQ15 + D
" . CGCl1
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https://arxiv.org/abs/2204.09982

Control probes
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* Photons interact only electromagnetically R = 1 dN?*/dpy
— Are not affected by the QGP AA T (N.,;;) dANPP/dpy
— Scale with N

404 ub'PbPb / 27.4 pb” pp (5.02 TeV

N

2_| | L | 11 | L | 11 | L | L | 11 | L | L I_ : " L e
1 g CMS 0-100 % - — Access to initial state
1.6 - i — constrain the nPDF global fits
Rl T, uncertainty - e
1 _4:— Luminosity uncertainty E
1.2 - 1.3 - Fermi
:E - motion
o 150+ B T e 1.2 - Anti-shadowing
- T e N
0.8 — I~ — ©
_ —=— Data 1 & 1.1 7 S &
| _ b Ly
0.6 :_ Systematic uncertainty _: % 5\5 1.0 - 4UE>)’ 8
0.4 NN\ JETPHOX PbPb(EPPS16+CT14)/pp(CT14) [ > 2‘5 < ‘;
T -‘ 1 0.9 -
0 2: 7 JETPHOX PbPb(nCTEQ15)/pp(CT14) 1® o / T 5
L ' %) adowing <
- HHHHH JETPHOX PbPb(CT14)/pp(CT14 ] 0.8 - D 3
O-.|...|...|..,|...|..f|..).p|p(...|)...|...-t§> EMC effect & o
20 40 60 80 100 120 140 160 180 200 07— [ | IIIIII| | | IIIIIII | | |||||I| | | IIIIIII S:)cz-'g
E! [GeV] 107 1073 1072 107! 10°

X

Inha University 2022 - QPG Part 3 Y. Pachmayer (Heidelberg University)



Energy loss - jet quenching

Energy Loss of Energetic Partons in Quark-Gluon Plasma:
Possible Extinction of High p, Jets in Hadron-Hadron Collisions. FERMILAB-Pub-82/59~-THY

August, 1982
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J. D. BJORKEN
Fermi National Accelerdtor Laboratory
P.0. Box 500, Batavia, Illinois 60510

Abstract

It is now believed that
radiative energy loss
(gluon bremsstrahlung) is
more important than
elastic scattering

High energy quarks and gluons propagating through quark-gluon
plasma suffer differential energy 1loss via elastic scattering from
quanta in the plasma. This mechanism is very similar 1in structure to
ijonization 1loss of charged particles in ordinary matter. The dE/dx 1is
roughly proportional to the square of the plasma temperature. For
this effect. An interesting signature may be events in which the hard
collision occurs near the edge of the overlap region, with one jet

escaping without absorption and the other fully absorbed.
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Mechanisms of energy loss
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* QGP: high density of quarks and
gluons / colour sources

* Traversing quark / gluon feels colour fields

* Collisional energy loss
* Elastic scatterings
* Dominates at low momentum

* Radiative energy loss
* Inelastic scatterings
* Dominates at high momentum
*  Gluon bremsstrahlung

o Lo sBa 43I0l o BT BES <A @S _ Aok B Lo b BRI <A @S _ Az B L _bo<2a

Collisional energy loss
(elastic scattering)

E E-AE

+AE

Radiative energy loss
(inelastic scattering)

|

[

| E-AE

[

X
(medium)
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Radiative energy loss
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*» BDMPS formalism (Baier, Dokshitzer, Mueller, Peigné, Schiff) Parton
* Energy loss E in a static medium of length L for a parton energy E = c: '

(AE) ~ a;CrqL? -4

// \ scattering centres of the medium

Casimir Factor (colour Chargz//En. loss is proportional to L2, taking into account the prob. to emit a

Cr=3 for gg in’Feractiop (gluons bremsstrahlung gluon and the fact that radiated coloured gluons
Cr=4/3 for gq interaction (quarks can interact themselves with the medium (destructive interference, LPM)

¥

transport coefficient, related to the medium characteristics and to the gluon density dN,/dy
— allows an indirect measurement of the medium energy density

A 1? p : typical momentum transfer from medium to parton per collision
qg = —
A A : mean free path length in the medium

BDMPS result, Nucl. Phys. B 483, 291, 1997
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Collisional Energy Loss

* For light quarks and gluons

: ..... E ET
WY (o 8 ,usz;ln—2
e H Collisional energy loss
* For heavy quarks additional term (elastic scattering)

. ] E E-AE

* Energy loss depends on + A
* Path length through medium (linear)
* Parton type (light or heavy)
°* Temperature T
* Mass of heavy quark M

* Medium parameter u (average transverse momentum transfer)
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Suppression
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ALICE, Physics Letters B 696 (2011) 30
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Parton Energy Loss: R,

1 dNA%/dp;

: — Energy loss in large systems up to very high pr

| — Suppression is a final state effect Raa = (N.,;) dNPp/d

» , , — i , - - , i B | PR ' r I e | I L l E
o | ATLAS  antik, R = 0.4 jets, (5, = 5.02 TeV < [ ALICE, 0 -
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LHC vs RHIC
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CMS: JHEP 04 (2017) 039
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Path length dependence
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Colour-charge dependence of energy loss

2018 Pb+Pb 1.7 nb™', 2017 pp 260 pb’’
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by quark-initiated jets a::E 0.6 — " g .. 1o
(quark-gluon Compton scattermg) IR _ 5 ® Y
e photon-tagged jet Raa weme=—"""" 04 I, J . S
higher than [PLB 790 (2019) 108] 15
inclusive jet R i inc. jet Y-et 12
J A 0.2 —anti-k; R = 0.4 jets —©— 0-10% —m— 0-10% é
- Pl >50GeV | < 2.37 4 10-30% .
C 0 <28, A0(y jet) > /2 ~430-80% |-
I . ] I ] | ] | ] | ] I ] | ] | ] ] ] I ] ] ] I ] ] | <E
— clear observation of colour-charge ,; 0 60 30 100 120 140 160
. dependence of energy loss: AE; > AE, 45 | y-tagged jet p_[GeV]
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Particles species dependence

sl =4 T L= i - A= i =4 T & Lt - L 24 & L= 24 ’ =41 & = - A A - =
= . . . e e o = . . - o _ - . . . e e S - g _ - , . - g _ - , . - g _ - , . . e o - o _ o~ , . - o _ L~

<
D:< - [m] =* [lyl<0.8 for p_>2 GeVic] ALICE preliminary owm 2.2
(2] K* [lyi<0.8 for p >3 GeVic) Pb-Pb/pp | sy, = 2.76 TeV X Lf Pb-Pb at \s,=2.76 TeV, |y|<0.5
[*] p+P llyl<0.8 for p >3 GeV/c] 00-10% |y| <0.5 2 " 05
0] =4+ uncertainties: stat. (bars) . . —&— 03%
[.‘ Q'+ZY uncertainties: sys. (empty boxes) —— 20-40 %
o + uncertainties: norm. (gray box) + 40-60 %
2 = —&— 60-80 %
+ 80'90 %
o —ap— ppatys=7TeV, ly|<0.5
P —p— ppat\s=09TeV, ly|<0.75
+ ? + - systematic uncertainty
y | — LR S R T R—
1] s ]
LT
= =N AL 2 3 +* 1 1 1 | 1 1 1 | 1 1 1
s
lllllllllllllllllllllllIllllllllllll 8 10 12
0 1 2 3 4 5 6 7 8 p_ (GeV/c)

P, (GeV/ce)

2
qq — 5%
0%2 48
* Baryons more abundant at intermediate pr ae o
. . . . qqq — oa s °
* Ratio increases with centrality -
o
* In most central events x3 compared with pp at 3 GeV/c R
° ° ° ° O
* Consistent with recombination 2 y

* Flow — mass dependence
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Suppression independent of hadron species for pr = 8 GeV/c

s aBa BRSO 028 2O s A i _ A d- Log frsBa s O A iy _ Ach A Lo o 4t SO s A i _ Ach A Lo g _fo B At SO s BT BES <A @S _ Ach B Lo b g oo sBa S BT CBES <A WT _ Ach B Lo _b<na

ALICE, arXiv:1506.07287
<
r ! .
1H] - * Raa(p) > Raa(K) = Raa(m) for 3 < pr < 8 GeV/c
E ALICE 0-5% Pb-Pb |5, =2.76 TeV -
O.S_E : ;%Jf:( _;| * Similar p, K and t Raa for pr > 8 GeV/c
: A pP+P
o6l 1 £ » Leading-parton energy loss followed by
B : fragmentation in QCD vacuum (as in pp) for
0.4 = lll: ' | PThadron = 8 GeV/c?
0.2 jfF §
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Heavy quarks: unique probes

_fasha e o undZ MO el A e _ Ach A Lo fn 4t SO s A i _ Ach A Lo o 4t SO s A i _ Acy A< _fr sl Rt o) Sy _ Ach A Lo At SO s BT BES <A @S _ Az B La_bo<2a

= ) . . S \ = ) . . S . = 2 - _ _ = ’ ) R \ - o _ =~

Heavy quarks: charm (m. ~1.3 GeV/c?), beauty (m, ~4.2 GeV/c?)
Mcb >> Aacp , Toe = heavy quarks = genuine hard probes,
even at low pr
T = 1/(2mg) < 0.1 fm/c
Produced in the very early stage of the collision in partonic processes
with large Q2
Perturbative QCD can be used to calculate initial cross sections
Large cross sections at LHC energy

Large mass — short formation time:

* Heavy quarks are unique

Inha University 2022 - QPG Part 3

Interactions with produced QCD medium don‘t change the flavour,
but can modify the phase-space distribution of heavy quarks
Thermal production rate in the QGP is “small”

Destruction or creation in the medium is difficult

Transported through the whole evolution of the system

10°

10

Y. Pachmayer (Heidelberg University)
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Energy loss in the medium - heavy quarks

Fe _ Agk A _fasha Coadl i) & 43 IO e A e _ Ach A Lo fn 43 IO el A e _ Ach A Lo o 43 IO e A e _ Ach A Lo B I CBAS A WD _ Ace A _fr s 43 Ol A o BT BES <A @S _ Ach B Lo b BRI <A @S _ Ach B Lo b BRSO T _ Az B La_bo<2e 243 IO D A e BT CBES <A WD _ A d- Log _frosBa BT CBES <A WT _ Ach B Lo _b<na

| X~ z - - P _ o a - \ |~ 2 . o _ - \ |~ P . o _ - \ |~ P - ¢ _ | . . _ . \ - G _ = . . - ¢ _ = . . » - ¢ _ =~ . . . _ . \ - ¢ _ = BN . - ¢ _ =

* Interaction of heavy quarks with hot/dense medium
* Parton energy loss via radiative and collisional
processes depends on
* Properties of the medium (gluon densities, path length)
* Properties of the probe (colour charge, mass)
* Dead cone effect
* Gluon radiation is suppressed for angles 8 < my/E,

Large parton mass Small parton mass

> AE > ABpcauty

up,down,strange charm

Possible other mechanisms for interactions with the medium
(collisional energy loss, in-medium dissociation, resonance scattering)

o Dokshitzer and Kharzeev, PLB 519 (2001) 199.
{ — Raa (light hadrons) < Raa (D) < Raa (B) ;r Armesto, Salgado, Wiedemann, PRD 69 (2004) 114003.

Djordjevic, Gyulassy, Horowitz, Wicks, NPA 783 (2007) 493.
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Open Heavy-Flavour measurements

» Heavy-flavour hadrons decay via weak interaction: Semi-leptonic
decay lengths ¢z ~ few 100 pm = measure decay products decays (c. b): |

G D, B, A., ... » e+ anything

Hadronic decays (c): ) + D, B, A., ... » u+ anything

D* - Kot D*, —» KtK-nt? V\

DO — K-zt* (A, — *K-p)

DO — Kt (A*, — pKO) N\ / B0

D*+ — DOx*

do: Transverse impact parameter

Displaced )/ (from B decays)
W
JAp s
HF jets
Correlations with HF B
Dhﬁﬂ;fed L1QV

Vertex

Hadronic decays (b):

B* — n* DY
B0 — Jhy + K'(892)0
Bt - J/yv + K*

j * Trigger capabilities

Inha University 2022 - QPG Part 3
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D Meson Decay Reconstruction

e B sRa e e gD e o ) g 43 IOl A ahsr e gE Acs B Lo b2y 43 IOl A ahsr e gE Ao B Lo b2y 43 IOl A ahisr e gE Ao B Lo b2y ISR OEIE ) SN gE Ao B Lo b2 B TS RO TR N T R DB VIS GRS SR MO ST WS T VR B P RIS B NO ST W R T VI D 43 IOl A B IR S A NGNS T RN T VR BRI S A NGNS T W T VR

* DO meson: m=1.87 GeV/c?, ct = 123 ym
* Rather short lived
* Many decay modes

e DO-> K+ mn (branching ratio 3.9%)

* Standard method: invariant mass of opposite charge pairs
* Per central event (D° -> K + n with a pr> 2 GeV/c, incl. efficiencies): 0.001 compared to ~700 K and up to ~2500 n
* Signal over background far too small to extract a peak

* Reduce combinatorial background

* Topological cuts
* Particle identification (PID) of K and 1t

* Feed-down from B meson decays corrected with FONLL or template fit methods
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Invariant mass

g _psBa TRD T & AN 2l WO undZ MO el A e e Ass AL Lo £~

« DY - K r without PID and without topological cuts

3 :

4000 19— Candidates vs. My,
&J = ALICE Preliminary .
% 3500 | p-Pb, |5 =5.02 TeV, L, =49ub” P
= 3000 - D’ — Kn* and charge conj. |, ? E
. l :
» 2500 | =
Q0 = :
€ 2000 E
L] "

1500 ~

- e Same event "
1000  — Event mixing —
o :_ ..... Like sign 0 < pT <1 GeV/c _:
:l 11 l L1 1 l LA 1 1 l |- l L1 1 | l - l 11 1 | l | - - l.:

Q|.4 12 18 17 185 18 2 1

Peak not visible without cuts M(Kr) (GeV/c?)
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Topological selection criteria

AR PR & %) 4t SO s A i _ Acs B Lo _b<na 43 IO el A e _ Ace B Lo _b<na 43 IO e A e _ Ace B Lo _b<na 20 SR T o) S _ Ace B Lo _b<na $E IO it A e BT BES <A @S _ Ach B Lo b PRD T o S 2l WD _ Ach B Lo b 20 SRl A _ Ach B Lo b 243 IO D A e BT CBES <A WD _ Ach B Lo _b<aa BT CBES <A WT _ Ach S Lo o

3) Require distance of primary and :

secondary vertex (impact parameter) | 2) Require that K and =

[~100 um challenging for pixel detectors!] | .~ share a secondary vertex
ct~ 123 ym

/_H ...... K reconstructed

D momentum
4 DO .
i T

primary secondary
vertex vertex

1) Require large impact
parameter tracks Plane transverse
to beam

4) Require pointing
angle 6 to be small
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Particle identification

_fasha PR &” B T N SadZ el iy _ A 3 _f s SAds M s g . - A 3 _fu s ot A el A e - A A AR B T o 28] > s W@ TS - Az 4= £ ot PV ® >o) - - Acs A< = > 2 - L2 7 2 Ae_Ad bt o - -
= o~ , . - o _ L~

= - - - bty o - = o - < o - o - -
- , . - e _ . e o - . . . e o = . . . e e o = . . - o _ - . . . e e S - g _ - , . - g _ - , . - g _ - ,

Pb-Pb, 2011 run, {s,, =2.76 TeV negative particles

1000 T .l < LI B l T "\' T T T T
- ALICE
PS TPC A1 = PERFORMANCE
‘ e July 4", 2012
- N, 2 Yo \
- x- A, H.}}. \ T—r—T

* Specific ionisation energy loss T

N Fggin\ 152253354
|y T (GeVAc)
R N

* Time Of Flight
* Particles with the same momentum have slightly different

IIIIIIIIllIlIllllIlllIIlllllllIIIIlll

lonization signal

speed due to their different mass o e

i e o T W e e =

* Needed flight time precision, e.g. for a particle with p = 3 GeV/c, b et s s
0.1 0.2 0.3 1 2 3 45

Momentum p/z (GeV/c)

flying length 3.5 m
* t(n) ~ 12 ns and t(K) — t(r) ~ 140 ps

e T

L1 g SR s 7 e b
L PR - ' L% A S et BTV R N

=

-1
(T
®) = -
- s —
Q.

* Methods can be combined el

Pb-Pb \5,,=2.76 TeV B

: Sk L
L i

0_22—‘
01:11 i

Y G5 4 15 9 95w ae g gE e
p (GeV/c)

Momentum p (GeV/c)
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Invariant mass with selection criteria

i o AR TRD T & AN 2l WO 4t SO s A i - Ach S Lo o2

g _for B 43 IO e A e _ Ach A Lo B I CBAS A WD _ Ace B Lo _b<na 43 Ol A o BT BES <A @S _ Ach B Lo b BRI <A @S _ A do Log f0sBa

e DO K

L

—PbPb\s,,=2.76 TeV

3.2x10° events

L =
_ Centrality: 0-20% I

p>2GeVic N\ T W/PID

|

|

|||1|||1||'"1||111|111|1

llllllll

lllll
lllll

D. Caffarri, thesis

1 l 1 1 1 1 l 1 1 1 1 l 1 | 1 1 l 1 1 1 1 1 1

1 1 1 l 1 1
1.9 1.8 1.85 1.9 1.95 2
Invariant Mass (Kn) (GeV/c?)

D0 peak

with topological cuts

with topological cuts
and PID

PID reduces background, but signal peak stays of same magnitude
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D meson invariant mass in momentum intervals

,\35><109 R N AR DN 0o AN Bl e el
°'§> 0-10% Pb—Pb, {5 = 5.02 TeV - °'§>
® Rare S|gna| = B D — K'n* and charge conj. = 10 =
S w/o vertexing . = f §
) B 2 2 B :
. . E g eve E u = 1867 + 2 MeV/c? i
* Combinatorial background reduced 8 [ o KnULS pairs { = 0 = 11 MeV/c” fixed to MC
= ——— EV. miX. background - - S = 35461 14 + 758011 -
with particle identification and topological cuts F : : Event-mixing background subtracted
-1 75- M 2 M 1.8 M 2 M -1-85- M M M 19 M . 2 -1-95- 0 1.75- 2 2 2 18 2 2 2 -1-85- 2 M M 1-9 M 2 M -1-95-
M(Kr) (GeV/c?) M(Kn) (GeV/c?)
[ ] [ ] [ ] [ ) 6
* |nvariant mass distribution o L e s e s
O Pe. D° — K'n* and charge conj. ] S "L D? = K'nt and charge conj. 1<p <15GeV/c 1
% B with vertexing : % - with vertexing -
= 0.4} = = 4 —
[ ] [ ] [ ] (O B = (o : :
* Background with mixed event technique = T = :
g F 1<p <15GeVic - g 2F —
and/or fit function Hal o v T = bt i
T 5= 11 MeV/c? fixed to MC g . 0 ! H
021 5= 13444 + 1955 £
o R L e S B e o) -2 PR B R S R R
° ° 1.75 1.8 1.85 1.9 1.95 2 O 115 1.8 1.85 1.9 1.95 2
O
A~ X1|03| T T T T T T T T | T T T T T T T T T | T T T A~ T | T T T T | T T T T T T T | T T T T T 1 T | T
RS D* - Kn'n* 5<p_<55GeV/c ] © [ D*>D »Kn'nt 16 <p_<24 GeV/c
E 1o[ and charge conj. i E, 600 and charge con;. K
© . = B u =145.49 + 0.04 MeV/c?]
> 10 B = 400}~ 6 =069+ 0.04 MeV/c® —
=1 5 8 0 | S =981+ 52 .
Q e 2 - % - -
S 8F u=1872+1MeVic - S ol ¥
L 6=9+1MeV/c? O B i
6~ S =5476 + 369 - ! .
/5 18 15 099 15 0.14 0745 0144 0146 0748 015 0150 0154
ALICE Collaboration, JHEP 01 (2022) 174 M(Knr) (GeV/c?) M(Knn) - M(Kn) (GeV/c?)
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Acceptance

and efficiency

* Prompt vs feed-down D

Inha University 2022 - QPG Part 3

ALICE Collaboration, JHEP 01 (2022) 174

w I I I I I I I I I I I
X A ALIGE =
§ - 0-10% Pb-PD, |5y, = 5.02 Te\{m E
102 E
F —=Prompt D .
107°F .
B -a Feed-down D ]
- D° > Kt -
el without vertexing |
- | | | | | | | | | | | .
0 0 10
P, (GeV/e)
w L | T T 1 T T 1 | T T 1 | L
x 1 ALICE E
:(d - 0-10% Pb-Pb, |5\ =5.02 TeV
10" e =
107 =
- == Prompt D .
B -~ Feed-down D ]
107§ _ E
D* - Kn'‘n* ]
10—4 11 1 I | I I | I | I I | I I I | | I I |

10 20 30 40 50
[ (GeV/e)
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w | | R | | | ) T I | I | EED P B | | | TR ] [ | I | I e |
X A= ALICE =
:(d - 0-10% Pb-Pb, |5, = 5.02 TeV .

10
—=Prompt D |
107 .
= ~& Feed-down D .
f -
D° - Knt .
10 with vertexing -
El 1 1 | | I I | I I | | | I I | | I I | E
10 20 30 40 50

P, (GeV/e)

w L | 1T T 1 T 1T 1 | 1T T 1 | T 1T 1
= ALICE —
<(1:(3 - 0-10% Pb—Pb, \s\y=5.02 TeV ]
10 7 =
- £ B
& ]
; _

g

_E == Prompt D _
10—2:? ~= Feed-down D _
D* - Dt — Kr*r :
1 0_3 ot T 8 O 0 WA 0 oy 0 0 W i 0 s e o

10 20 30 40 50
[ (GeV/e)




D meson spectra

_poama g~ s e gD \~de WO e B o PRy fuosBa SE S M o A iy e e e Lo _posBa SS T L e A i e s A o Lo posBa S ego T ) ST e A - Lo _faBa B B WL P B LR e B s i QO L X Y o _fesBa g ~0s e gD Tt ) Sy £ _am A B O - a X B - 2 8 > = -
o v - bty g2 o - bty gL - bty e - / - - - bty i v - - v - AR v - - [ imtl E / - A / -
e . . - ¢ _ . L \ L . . . L \ . ) . " . L \ s . . - & _ s ) . . L \ » o _ ) . . - - o _ - . . - o _ - . . . == « - ¢ _ ) . - _ _ L~

S T T[T T T [T T [T T[T T T T T[T T[T T [ T T[T T T[T TTIT[TTTT]3
% 10 ALICE prompt D° ¥ prompt D* § prompt D**
2 Pb-Pb, (s, =5.02TeV T Centrality 0-10% - :
Q'_ + Pb-Pb ‘
'g m pp-reference x ( T,, )
g 107" +3.2% T ,, syst. unc. 1 Filled markers: pp measured ref.
G Centrality 30-50% (x 1 0-1) 3 Open markers: pp pT-extrap. ref.
® ¢ Pb-Pb &\
% 8 o © pp-reference x ( TAA)
a @ +3.7% T ,, syst. unc.
© *_ g - _n
@
o %o‘ —e— o o
@ o o *o- .
g - * * a
< —o— o o o
10°° : o .
5§ ° )
107 D ; ¢
+ 0.8% BR syst. unc. not shown ¥ +1.7%BR syst. unc. not shown + 1.1% BR syst. unc. not shown
10—811||||1|1|||1|||11|||11||“lIII||l||||l|l|ll|l|llll| ol b b b |

0 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
P, (GeV/c) P (GeV/c) P, (GeV/c)
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Ratios of particle yields

e v - V> @ - WINCN e (SR LD e (Ve s~ LA A= 2 e =t B B Lz B
- . . - o _ . L \ = 20 . . . L \ = 20 . . . L \ = . - . o _ - . . L= \ - c _ - . . - ¢ _ -

\
\
\
P
\
\
\

o o s ' AR e R R S | ! ' R : | i

. . o Q 1.4 ALICE Iyl <0.5 —1— .

* Ratios compatible within =T e [ 3 -
uncertainties vs pr and in the 15 ° 0-10% T e 0-10% :
" VA B O 30-50% T 5
different centrality intervals . + e R .
* Described by GSI-Heidelberg 0.6 s EHIJDEE = :I'_ﬂ_":i: '$'_:
« e . . B = (mgn] :|:|: = .
statistical hadronisation model 0.4k 5.8 nﬂ”l:l g -
(SH MC) 0.2F =+ 1.9% BR uncertainty not shown —+ +1.9% BR uncertainty not shown —
- L " R y ¢ | i L " y - .

Q = o : o -

2 14 T :

e —+ —

m —+ =

0.8 + —

0.6F- i H@E-E;EEF -

0431 s =

0.2 *0.7% BR uncertainty not shown 1 +0.7% BR uncertainty not shown it

L | - TR B - R - SR

7 10 P, (GeV/c) 10 P, (GeV/c)

Inha University 2022 - QPG Part 3 Y. Pachmayer (Heidelberg University)



Raa

* Suppression in Pb-Pb is a final state effect
* Results in Pb-Pb at 2.76 and 5.02 TeV compatible within uncertainties

* Higher medium temperature and density at 5.02 TeV -> larger energy loss and thus lower Raa, but harder pr
distribution of charms quarks at 5.02 TeV

0.4
0.2
0

111

|Il|||IlIIIIIII|IIIl|lIIl|IIII|IIIIIIIIIllIIl

— -

S)

10
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Mass dependence of the ener'gy loss: Heavy quar'ks

§U_V=ea o', = _ e i L b <Ba PRV g - 20 ., - de Fon o sBa = .',, Ach A Lo
-

o Expected behawour AE > AEu d,s > AECharm > AEbeauty

—  Raa (light hadrons) < Raa (D) < Raa (B)

__poma O e Ay . g posma
— B L2 ——
- . . L _ _ _‘

2 1.4 S
. | ALICE . Beauty / Charm RAA _ALICE: arXiv:2202.00815_

ioflLfl  Pb-Pb, sy =5.02TeV & g - o data —— LGR central value :
Centrality 0—10% 5 > I | i) m_settom, (E-loss) ii) m_setto m, (coalescence)
2 oC I SESEY '/L") w/o shadowmg — — iv) w/o coalescence ]
Ligpiee e e e |__ 5 I J/ N ]
Average D°, D", D* 1< € I ~N _
+ N~ @) 3 / — Bl
/| -1 — E_ - ™~ 7
0.8 Charged particles EY) S < / ~ ~_ ]
JAy, 0-20%, |y| < 0.9 Y CQ: - ek T ~ -
| 2 1| A= —— ¢ —
0.6 Prompt J/y, |y| < 2.4, CMS — = A\ it i — ------------ s - —~
Non-prompt J/y, ly| < 2.4, CMS 1 1o By, E e
0.4 . | 15 (LN ___‘,‘-_--_-'_i‘ﬂ' _________________________ ]
= J .= B > ~." """"" i
B 11X I mmmeett ]
0.2 - _ | l ! L |

{4 0 5 10 15 20
O ] | | ] ] | ] | | ] ] ] I i ZI p (GeV/C)

10 20 30 40 50
p (GeV/o)
— D -meson RAA Iarger than the one for pions for pr < 8 GeV/c
— Charm and beauty hadrons show quark-mass dependent energy loss at intermediate pr
EuNPC2022 - - R Pachrhayer (Physi‘kalisches Institut, Heidelberg Univefsity) i }




Mass dependence of the ener'gy loss: Heavy quar'ks

§U_V=ea .-, = - e it L _pos2a e N . 30 ~r - (- Lo psBa - .-,, Ach B Lo b
|~ -

o Expected behawour AE > AEu d,s > AECharm > AEbeauty

.

o - it E - - - -
_~ , . . e o - o _ o~ , . - o _ |~

N 0.3_ | | | | | | | | | | | | | | | | | | |
—  e.g. Raa (light hadrons) < Raa (D) < Raa (B) N : Pb-Pb |5, = 5.02 TeV {
<C | | | 1 I | | | | | | | | 1 I | | | I_ i : 1_- ;
I< 14 - ALICE - 0.25__ e ALICE TT, IyI<O.5, 30-50% = 2
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| — D -meson RAA Iarger than the one for pions for pT < 8 GeV/c
— Charm and beauty hadrons show quark-mass dependent energy loss at intermediate pr

— Charm and beauty quarks partlc:lpate in the coIIectlve motion
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Comparison with models
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* Simultaneous description difficult
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Diffusion coefficient THE
PHILOSOPHICAL MAGAZINE

AND

* Robert Brown - paper from 1828 ANNALS OF PHILOSOPHY.

——

[NEW SERIES.]

* Pollen in water

* Transport models SEPTEMBER 189s.
* Pollen = D meson

. XXVIIL. A4 brief Account of Microscopical Observations made
* Water = P|0n5 in the Months of June, July, and August, 1827, on the Par-

. ticles contained in the Pollen of Plants; and on the general
° Then increase the tem peratu re ... Existence of active Molecules in Organic and Inorganic Bodies.

By Roeert Brown, ILR.S., Hon. M.R.S.E. & R.1I. Acad.,
V.P.L.S., Corresponding Member of the Royal Institutes of

* In a naive way, a small (large) spatial diffusion corresponds France and of the Netherlands, §e. §c.
have been f: d by the Author with 1ssion to insert the fol-
to a short (long) mean-free path and thus strong (weak) e e o 1 b ot o e e e
HQ-medium coupling strength THE observations, of which it is my object to give a sum-

mary in the following pages, have all been made with a
simple microscope, and indeed with one and the same lens,
the facal length of which is about -;nd of an inch*,

The examination of the unimpregnated vegetable Ovulum,
an account of which was published early in 1826+, led me to
attend more minutely than I had before done to the structure
of the Pollen, and to inquire into its mode of action on the
Pistillum in Phanogamous plants.

In the Essay referred-to, it was shown that the apex of the

* This double convex Lens, which has been several years in my pos-
session, | obtained from Mr. Bancks, optician, in the Strand. After I
had made considerable progress in the inquiry, I explained the nature of
my subject to Mr. Dollond, who obligingly made for me a simple pocket

minracrnna havine worv dolinata adinctmant and fnrnichnr! w;f}x av.
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Diffusion coefficient
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* Low pris dominated by charm diffusion in the medium (multiple elastic scatterings in QGP “Brownian motion”)

* Improved determination of diffusion coefficient of the QGP

- S 1QCD, A. Francis et al., PRD 92 (2015) 116003
- B 1QCD, D. Banerjee et al, PRD 85 (2012) 014510
- [ STAR, PRL 118 (2017) 212301

- I  ALCE, PLB 813 (2021) 136054
B  ALICE, arXiv:2110.09420

l | | l | | 1 l | | 1 l | L | l | A | l 1 1 | l 1 L | l 1 | ! 1 | | 1 l | | 1

2 4 6 8 10 12 14 16 18 20
enD T at T, =155 MeV

IQCD, H.T. Ding et al., PRD 86 (2012) 014509

ALICE Collaboration, JHEP 01 (2022) 174

Inha University 2022 - QPG Part 3 Y. Pachmayer (Heidelberg University)



Models w/o radiative energy loss
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* Transport model w/o radiative energy loss

B Lioo N\ LIDO wio radiative

LGR | LGR w/o radiative
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ALICE Collaboration, JHEP 01 (2022) 174
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Models w/o0 recombination
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B ' dimila D Tl a 0.30F —— POWLANG === POWLANG w/o recomb. 3
- Centrality 0-10% - =
1.2 - 0.25 === DAB-MOD =*= DAB-MOD w/o recomb. —
- lyl <0.5 g :
1of H E
0.8 — .
o | -
0.6 — R
0.4F H - =
L mapg=s! i Centrality 30-50% -
0.2 — —0.05 -
L i lyl <0.8
0.0 B L1 11 I ] ] | . 1. 111 I | ] ] | - | | _0.1 O ] | ] 1 L1 11 I ] ]
4x107 1 2 34567 10 20 30 1 2 3 4 5678910 20 30
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ALICE Collaboration, JHEP 01 (2022) 174
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Charm and beauty: hadronisation
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- VS . - g _ - VN . - g _ - VN . . = o - o |~ BN . - -

ALICE Collaboration, JHEP 01 (2022) 174

o 1 T T T T T T T DAL 28 |
B .51 0-10% Pb-Pb 1 30-50% Pb-Pb 1pp -
o I ' :
0.4r T T 1 ¢ Strange to non-strange D
E T ; :
-- _ . : and B meson ratios
0.3 Hﬁﬁ MGy I __ " 1 T -
S S I U R &
- 02F I w & | - _ ,
ete —p ; BrslE = o gl . l ] Double-ratio Pb-Pb/pp
0.1 T + . larger than unity
:= :3.7/:>BF:¥ uncertalnt)=/ not sr:'now:n : =-:I 33.7:/08? uncertalntyil not sh:own: : :i:' :3.7/?83 upc.er:taiuln:t)( not srlmwln o predicted by models Wlth
& [ 0-10% Pb_ T a0_50% Ph_ 1 2 345 10 2030 -
& | 0-10% Pb-Pb - 30-50% Pb-Pb : > Gevio hadronisation by
=, 2.0F I
o H ' ALICE coalescence of charm and
£1.5F J[H ﬁl[ + WSZ'OZ Tev strangeness quarks
& L - ! yi<?u.
[~ _\_,.,ﬂ\/d
:,, 1-0_“““‘ %-F‘ - 1 SHMc + FastReso + corona .
a _ aR * Run 3 data will allow us to
0.5F T TAMU make a firm conclusion
- T Catania . .
T PHSD and constrain mechanisms
1 2 3456 10 2030 1
P (GeV/c)
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due to strangeness-rich QGP (recombination)

Heidelberg University

| — Hints of enhanced production of strange hadrons



Summary: hard probes

S VRIS, g - o B Lo _posha T B S e, £ 03 da s A st e Aop B Lo _po<m SR D ) SN g e A Lo _poshs

* Suppression in heavy-ion collisions is a final state effect
* Evidence for colour factor and quark mass dependent energy loss

* QCD inspired models are capable of reproducing many features seen in the data
* Medium properties can be constrained

* What's next?
* First generation of models focussed on leading-particle energy loss
* (“medium-modified fragmentation function”)
* Need to describe full parton shower evolution in the medium
* Can one eventually describe parton energy loss based on first principles?
* Can one connect heavy-quark energy loss to string theory via the gauge/gravity duality?
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Suppression
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ALICE, Physics Letters B 696 (2011) 30

1 dNA2/dp;
- <Ncoll> dep/de

|

lllllllllllllllllllllllllllllllllllllll RAA
ALICE, charged particles

__. p-Pb \s,, =5.02 TeV, NSD, | qcmsl <0.3
\Sy = 2.76 TeV, 0-5% central, | n| < 0.8
A Pb-Pb \s,, =2.76 TeV, 70-80% central, | n| < 0.8

foen g 8 B%‘HE .......... a
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Q0
T
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|

n

-

o

-

o

Illllll

— Suppression is a final state effect
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Raa: D mesons vs J/y from B

<C

C
1.2

0.8

0.6

0.4

0.2

IlII|IIII|IIII|IIII|IIII|IIII|IIlIIIII

Pb-Pb, \s\ = 2.76 TeV
n* (ALICE) 8<p_<16 GeV/e, |y|<0.8

A
B D mesons (ALICE) 8<p_<16 GeV/c, |y|<0.5
O

Non-prompt J/y (CMS E’reliminary)
6.5<pT<30 GeV/e, ly|<1.2 cms-pAS-HIN-12-014

(empty) filled boxes: (un)correlated syst. uncert. _
(*) 50-100% for non-prompt J/y

50-80%" F

i
F g

III|III|III|III|II

40-50%
30-40% 50400, O .
. . 10-20%
n* shifted by +10 in (Npan> 0-10%

%

QO

50 100 150 200 250 300 350 400
(N__)

©

o Clear indication for Raa (B) > Raa (D)

» Consistent with the expectation AE,

harm

_ SO SR RS RO TN N TR VDO SRR RO T N TR VD O
Lm0y & A g B Lm0y

ALICE: JHEP1511 (2015) 205
CMS: CMS-PAS-HIN-12-014,
CMS-PAS-HIN-15-005

Djordjevic, PLB737 (2014) 298

Two mass assumptions
for non-prompt J/P RAA

I | T | I | L1 | T | I | 11T | I
< - o —
Pb-Pb, \I"SNN — 2.76 TeV ]
10 B m D mesons (ALICE) 8<pT<16 GeV/ce, |y|<0.5 i
= @ Non-prompt J/w (CMS Preliminary) -
6.5<pT<30 GeV/c, |y|<1.2 cMS-PAS-HIN-12-014 —
(empty) filled boxes: (un)correlated syst. uncert. -
L I Djordjevic et al. PhysletB737 @014)208

n - = ) Mesons .

n = = NOn-prompt J/v -
08— _I&l W =====- Non-prompt J/y with ¢ quark energy loss —
0.6/ ﬂ: — -

- — = — - b-quark mass

I Oy P AL —_— —— _

| ORI ﬁ\ — : —

0.4 SN e =

- T e . | — cauerkmass

- \-.* ...........

= 40-50% F T~ :‘ﬂu.&% o

| _A0N° ~— —
0.2 - 30-40% 20-30% L. ~ *

(%) 50-100° ) 10-20% I

- (*) 50-100% for non-prompt J/wv 0-10% 3

O I I | I I | I I | | I I | L 11 1 | I I I I | L1 1 1
0 50 100 150 200 250 300 350 400

QO

> AEbeauty

¢

* Described by models including quark-mass dependent energy loss
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w/o vertexing
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D meson yield and statistical hadronisation model
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Measured dN /dy SHMc dN /dy
0—10% centrality
DY | 6.819 + 0.457 (stat.) 79212 (syst.) + 0.054 (BR) 6.42 + 1.07
0.936 \5Y

D | 3.041 £ 0.073 (stat.) 9122 (syst.) & 0.052 (BR) 19272 (extrap.) | 2.84 4 0.47
D** | 3.803 4 0.037 (stat.) T ogs (syst.) £ 0.041 (BR) 17-95% (extrap.) | 2.52 4-0.42
30-50% centrality
DY | 1.275 4 0.099 (stat.) 157 (syst.) & 0.010 (BR) 1.06 +0.15
DT | 0.552 4 0.008 (stat.) To05s (syst.) & 0.009 (BR) T0-9%% (extrap.) | 0.471 + 0.069

D*T | 0.663 + 0.023 (stat.) fg:ggg (syst.) & 0.007 (BR) fg:{gg (extrap.) | 0.419 fg:gg‘?
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D mesons

* EPPS: no centrality dependent shadowing

. 4=~ D’ meson e ALICE
* nCTEQ15: Sy = 5.02 TeV [ ]EPPS16, 90% CL

* Bayesian reweighting of nuclear PDFs nCTEQ15_ .., 90% CL

—
N

III|III|III|III|II

constrained by measurements of
heavy-flavour production in p-Pb at LHC
* Centrality dependent nuclear PDFs
* 90% confidence level uncertainty
* Factorisation scale uncertainties

lII|III|II

A

Nuclear modification factor
o
Qo

o |
- I"_

* Both models relative abundance of different 0.4
charm hadron species due to hadronisation

III|III|III|II1|III

via recombination 0.2
0 | |
* Measured value on upper edge of theoretical 0-Pb, 0-100% Pb—Pb. 30-50% Pb—Pb. 0-10%
calculation -> smaller shadowing in data -0.96 < y < 0.04 lyl <0.5 lyl <0.5
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PQCD models with

* Energy loss models
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