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How can we PROBE something?

Matter we want to study

Calibrated
Light Meter

Calibrated
LASER

- = V - N

Measurement of
possible modification
due to interaction of the
probe with medium

* picture’by T. Ullrich

X-ray studies
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ALICE

How can we PROBE something?

QGP

Detectors

Hard Probes

Self-generated probes

* picture by T. Ullrich
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ALICE

What does “well calibrated” probes mean?

2k The behaviour of the probes should be well understood in “standard
matter” (pp collisions) where there is no medium created.

o ‘Well understood in pp collisions

/
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ALICE
What does “well calibrated” probes mean?

2k The behaviour of the probes should be well understood in “standard
matter” (pp collisions) where there is no medium created.

o ‘Well understood in pp collisions

/

3k pA collisions allows to investigate the effects.
Those effects are related to the difference for a parton being part of a
nucleons or a nucleus”.

fadronic Slightly affe_cted by the hadronic
matter] > matter and in a well understood way

IT

* recents results show that new collective phenomena might be present in high-multiplicity pA collisions.
being investigated if we still can consider if as reference
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What does “well calibrated” probes mean?

2k The behaviour of the probes should be well understood in “standard
matter” (pp collisions) where there is no medium created.

o ‘Well understood in pp collisions

/

3k pA collisions allows to investigate the effects.
Those effects are related to the difference for a parton being part of a
nucleons or a nucleus”.

adronid Slightly affected by the hadronic
W hatter] ™™ matter and in a well understood way

3k AA collisions allows to investigate strongly interacting matter at
high energy density (QGP)

—-_> Strongly affected by the
deconfined medium
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ALICE

What are and why we use “hard probes”?

2k Hard probes are elementary
particles (q, g, ¥, Z, ...) usually

produced In hard parton-parton <o
scatterings in the early stage of Kp. Ume Y f
the collisions. \ J 1 P e
X T :g out '/T
x p
.'§

Hydrodynamic =
Evolution . Pre-Equilibrium
i HP Phase (< 1)
PN >
a) without QGP///\\\ b) with QGP z
A 2]
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What are and why we use “hard probes”?

2k Hard probes are elementary
particles (q, g, ¥, Z, ...) usually

produced In hard parton-parton <o
scatterings in the early stage of T Y /
the collisions. \ R T f To
X = P
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2k They can “observe” the full S .

evolution of the QGP and interact
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Evolution Pre-Equilibrium

Phase (< 1)

D. Caffarri - NIKHEF - Hard QCD Probes



ALICE

What are and why we use “hard probes”?

2k Hard probes are elementary
particles (q, g, ¥, Z, ...) usually

produced In hard parton-parton <o
scatterings in the early stage of T Y /
the collisions. \ R T f To
X = P
x P <
2k They can “observe” the full S .

evolution of the QGP and interact
with it.

Hydrodynamic

Evolution Pre-Equilibrium
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ALICE

Why “hard probes”?

2k Hard probes are elementary = —
particles (0, g, ¥, Z, ...) usually §
produced in hard parton-parton 3§
scatterings in the early stage of
the collisions. S0

D? — K =+ in p+p collisions at Vs = 7 TeV

2k They can “observe” the full
evolution of the QGP and interact

with It. 4 6 8 10 12 14 16 18 20
P, (GeV/c)

[Jem-vens

2k Since they originate from hard processes,
where large momentum transfer Q7 is involved,
their production can be computed using pQCD.

pQCD: perturbative theory can be applied to QCD when as

Is small in high energy or short distance interactions.
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What do we measure in the detector?

3k Products of fragmentation and hadronization of quark and gluons:
3k High-pt hadrons
3k Jets
2k Open heavy flavour hadrons
3k Quarkonia
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ALICE

What do we measure in the detector?

3k Products of fragmentation and hadronization of quark and gluons:
3k High-pT hadrons
3k Jets
2k Open heavy flavour hadrons
2k Quarkonia

Coloured probes: sensitive to the strong medium interaction
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ALICE

What do we measure in the detector?

3k Products of fragmentation and hadronization of quark and gluons:
3k High-pT hadrons
3k Jets
2k Open heavy flavour hadrons
2k Quarkonia

Coloured probes: sensitive to the strong medium interaction

3k Electro-week bosons (W, Z)
3k Direct photons

Medium transparent probes: not sensitive to the strong medium
interactions

D. Caffarri - NIKHEF - Hard QCD Probes 6



Nifi@ef |
/\ Z S

Parton energy loss - jet quenching

E E-AE

* Partons produced in hard scatterings travel in the QGP

and interact with the other partons of the medium. y AE
* |n their path they can loose energy for two mechanisms:

* Scatterings with other partons =» collisional energy loss

=» dominates at low-pr £ 7 AE
* Gluon radiation =¥ radiative energy loss ;

=» dominates at high energy ; =AE

(medium)

* The reduction of the parton energy translates to a reduction in the
average momentum of the produced hadron.

(oX
‘Energy loss’ § ‘Absorption’
©
/%’ P*p Downward shift

Gyulassy, Pluemer, Wang, Baier, Shit of
Dokshitzer, Mueller, Peigné, Schiff, "t spectrum to left
Levai, Vitev, Zhakarov, Salgado, AtA
Wiedemann,...
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Baier, Dokshitzer, Mueller, Peigne®, Schiff, NPB 483 (1997) 291.
Zakharov, JTEPL 63 (1996) 952. ii ¢
Salgado, Wiedemann, PRD 68(2003) 014008. Nl/\e ’

An example: BDMPS-Z formalism

* Medium modeled with static scattering centers
* Coherent gluon wave function accumulate k1 due to multiple
Inelastic scatterings =¥ the gluon decoheres and it Is radiated.

%%Q path length L Radiated gluon energy distrib:
d/ w, /o forw<w,
w— xa.C, ,
dw (w,/w)” forw=w,
3225 - C, Gasimir Factor: 4/3 for g, 3 for g
= 2 BDMPS {R=<0) .
® s w, =qgL* /2 Scale of the radiated energy

R=40000

R=w.L Constraint: kt< w

< k2 > [Iransport coefficient related to the
1= A medium characteristics and to
the gluon density

D. Caffarri - NIKHEF - Hard QCD Probes W/ u, 8




ALICE

Transport coefficient and energy loss

wc d] N 2
< AFE >~ / dww— x asCrqL
0 dw
A parton volume density and
<AE >ocgx Interaction cross section

* |In medium energy loss related to intrinsic medium parameters

* medium energy density \ arXiv:131255003v5
—— McGill-AMY -
--- GLV-CUJET

%k 6| can be extracted from
theoretical models, using data

(both RHIC and LHC) as : .‘
constraint |

ens

4T

for a quark jet of starting energy 10 GeV

1 [a T I _Au+Au at RHIC, E
N ) Pb+Pb at LHC
(12403 ) T=370 MeV, L \ JosPoaLiC,
1 { Lg+oy GeV/Imat g7 MeV, 0 o1 02 03 04 05
T (GeV)
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ALICE

Transport coefficient and energy loss

we dl
< AFE >~ / dww— x asCrgL?
0 dw
gluon volume density and

< AE >0 § X ieraction cross section density

* |In medium energy loss related to intrinsic medium parameters
* med!um energy deﬂSltY | . arXiv:1704.07800
* medium diffusion coetticient — MC@sHO, elastic k=15

-+ MC@sHQ, ela+rad K=0.8
c-quark T-matrix U-pot

20 c-quark T-matrix, F-pot
C—_1 Duke, AuAu, 90% CR
[——1 Duke, PbPb, 90% CR
E' 1 5 I?I Duke, illl&Pb, 9DO% CR 1
. c-quark lattice Ding et.a
* DS ext raCted from BayeSIan Cl;\‘] |l HQ lattice Banergee et.al
VA
model-to-data analysis S 10 ==
5
' Ll
85 1.0 5 20 25 3.0

T/T.
D. Caffarri - NIKHEF - Hard QCD Probes 9



ALICE

Observables

* Nuclear modification factor (Raa):
* Comparison of the spectra in pp and AA collisions
* if AA collisions would be a “simple” superposition of many pp
collisions Raa =1 Run () — 1 ) d2N 4 4 /dprdn
AM T N >~ 2N, /dprdn

* Similar ratio can be build comparing central and peripheral AA
collisions (Rcp)

* Azimuthal anisotropy (v2) :
* |nitial spatial anisotropy transferred to the
momentum anisotropy of particles.
dN Ny

T = g1+ 2vr cos(p — W1) + 2em(pr) cos[2(p — W) +..) SRS

D. Caffarri - NIKHEF - Hard QCD Probes 10



it ()

ALICE

A Large lon Collider Experiment - ALICE

Central barrel, B=0.5T, [n| < 0.9

Tracking, vertexing, PID, Calorimeters

A S S S S R N N B

_____
4 f

_ I . q
Muon spectrometer,
B=3Im,-4<n<-25

D. Caffarri - NIKHEF - Hard QCD Probes 11



High-pt hadron suppression - pp reference

1/N, 1/(2x p_) N/dp_ dn (GeV?c?)

MC / Data

T

T

— — — —
S 9 9 <
BN w N l;

— — — —
S 2 9 39
(o] ~ [e)] (6]

—
S
©

1.2

0.6~

0.8

T LI I T T 4
:Eg""‘ﬂ-, ALICE Preliminary E
L pp Vs =5.02 TeV -
- charged particles, | n1<0.8 -
3 "‘mll E
E “ E
E H.i.“‘l E
- ) .

Gy

E L_I E
3 ™ E
- - ]
3 I =
g na e
L e Data ) 4
SEENEREE EPOS LHC || -
E — PYTHIA 8 (Monash-2013) 3
- | 3
3 =
. I L L L ]
B T T T T T | T | T ]
— 1"L._ A

o et T
i N s
- || Data syst. uncert. .
|| Data syst.+stat. uncert. 5

111 | 1 | 1
1 10

P, (GeV/c)
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il (F)

ALICE

* Measure of the particle production in

pp collisions at /s = 5.02 TeV
* data collected in 2015
* 0.15 < p1 <40 GeV/c

* Comparison with Monte Carlo
generators show an agreement with

data within 20%

* |mportant results in pp collisions
to improve MC description.

12



Ni!\ief%
. ALICE
... but lot of work to measure a particle spectra

Int. J. Mod. Phys. A 29 (2014) 1430044
T T T T T T TorTTTT

%k Tracking efticiencies: [ ] S

% ~ 80% from 0.15 < pr < 20 GeV/cin e

pp collisions 2 :

: =06 Vs =7 TeV ]

* well reproduced in the Monte Carlo 5 | Ppis=aE -
% similar for Pb-Pb collisions, even if with %%~ —= atleast2ITShits (Data)

= ——s— atleast 2 ITS hits (MC) ]

higher multiplicity — strength of ALICE 02 ~—+— atleast1SPD it (Data) -
——o— atleast 1 SPD hit (MC)

1o B 1I B ‘H.‘(éOV/)

p, (GeVic

%k Momentum resolution: Sooel auce e

%k 0.8% precision on the momentum § ooral L T -

determination for tracks with pr ~1 GeV/c = #° - -

%k 1.8% for tracks with pr ~10 GeV/c e e

O 0.008 - e '*,*:*:;::5@‘?

al — p T Gl / PT 0.006 ;--mwﬂﬂ*"*** +++Egﬂﬂﬂu —;

pT 0_004:_ -.-_._g-o-ggﬂﬂﬂu _:

- o835 E

+ Efficiencies depending on particle species, secondaries, Oooiﬁ’illllllll

0 01 02 03 04 05 06 07 08 09 1
D. Caffarri - NIKHEF - Hard QCD Probes 1/pT((GeV/c)'1) 13



High-pt hadron suppression - Pb-Pb spectra

* Measure of the particle production in = 2roer o
Pb-Pb collisions at /s = 5.02 TeV O S gl g o
* Pb-Pb data collected in 2015 ° NG, cheresdpanides [7]<08 ]

* 0.15<pr <40 GeV/c
* for different centrality classes

102E
1074 E

10°%E

1078

0-5% x 10°
5-10% x 10*
10-20% x 10°
20-40% x 10°
40-60% x 10
60-80%
- pp-ref scaled by <TAA>

D. Caffarri - NIKHEF - Hard QCD Probes
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High-pt hadron suppression - Pb-Pb spectra

* Measure of the particle production in
Pb-Pb collisions at /s = 5.02 TeV
* Pb-Pb data collected in 2015
* 0.15<pr <40 GeV/c
* for different centrality classes

* Reduction of the particle yields in
Pb-Pb collisions with respect to pp
OoNnes

* larger decrease for central than
for peripheral collisions

*pp scaled by the number of binary nucleon nucleon collisions

D. Caffarri - NIKHEF - Hard QCD Probes

S~

&]

1010E '

e 0-5%x10° Ty
L 1]

+ 10-20% x 10°

v 20-40% x 10°

¢+ 40-60% x 10

+ 60-80%

- - pp-ref scaled by <TAA>

ALICE Preliminary
Pb-Pb s = 5.02 TeV
charged patrticles, | | < 0.8

5-10% x 10*




ALICE

High-pt hadron suppression - Raa

1072

107

107

1078

T

T T T TT] T e

!

f
¢
§

++

—. ALICE Preliminary
Pb-Pb |'sy, = 5.02 TeV
charged particles, | 7| < 0.8

L e

5-10% x 10*
4 10-20% x 10°
v 20-40% x 10?
¢ 40-60% x 10
+ 60-80%
pp-ref scaled by <TAA>

Pb-Pb

PP

T 10

S e ALICE Preliminary

8 1 pp Vs = 5.02 TeV

: charged particles, | n 1 <0.8 N
S 1

. coll
] R

= 10° %%

o

kel

g0 o

8 L

_.
2
L

JRALL INRELARLL INLELRLL IR BNLILALL IR BLAALLL IR IR L ““E”\ ]
-~
4

3
Z 10° =
10° 7 b
-
1077 * Data | . é
----- EPOS LHC |
107 — - PYTHIA 8 (Monash-2013)
=
10° |
F——————+++ —————++ +——]
o 12 N 1"--._ """""" h
© - - -
o . B
= | -
o 5
= 08l [ ] Data syst. uncert. 3
r [ ] Data syst.+stat. uncert. ]
0.67‘ Lol L M| L -

1 10
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ALICE

High-pt hadron suppression - Raa

I ALICE Preliminary Pb-Pb
1t | 0-5%

charged particles, | n| < 0.8

1[0 5-10%

0.8l filed gymbols: s, I
[ open gymbols: s, ]
£t ; ]
O
O D

- 10-20%

0 5 10 1520 2530 3540 0 5 10 15 20 25 30 35 40
P, (GeV/c)

P, (GeV/c)

D. Caffarri - NIKHEF - Hard QCD Probes

| * Nuclear modification factors for charged

hadrons:

* [Raa< 1 for more central collisions

* ~ factor 5 suppression at between
5<pr<10GeV/c

* ~ factor 3 suppression at 40 GeV/c

* suppression decreases (larger Raa)
for more peripheral events

16
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ALICE

High-pt hadron suppression - Raa

2 b . ceremnay 4 ¢ Nuclear modification factors for charged
Pb-Pb \'s,, = 5.02 TeV ] hadrons:
charged particles, | 1< 0.8 1 _
* [Raa< 1 for more central collisions
ol a e * ~ factor 5 suppression at between
5 e TL/ ; 5 < pr<10GeV/c
030 § 1, I,;;ff’//// L= * ~ factor 3 suppression at 40 GeV/c
N N Pl ] * suppression decreases (larger Raa)
e E for more peripheral events
i . (e ] Data 0-5% ( =4.5% norm unc.) -
0.1 —~ — - Djordjevic 0-5% ]
- e Majumder 0-5% ' ' '
O‘ * Charged particle suppression described
0 5 10 15 20 25 30 ;'5( G“e"w;‘f by models that include parton energy loss.
]

* |LHC Run2 opens the era of precision measurements where models and
experiments have similar precision. Important usage of data to constrain
theoretical models.

D. Caffarri - NIKHEF - Hard QCD Probes 16



ALICE

Jets

sk High-pr and virtuality partons are produced in initial hard scatterings:
* virtuality evolution through parton shower,
* hadronisation at Aqcp scale.

. o hard scattering
sk No unambiguous definition
of a jet:
* “collimated bunch of

hadrons”
* experimental access to
guarks and gluons

sk In pp collisions:
* calculable probes using pQCD,
* allow to study hadronisation and underlying event effects.

D. Caffarri - NIKHEF - Hard QCD Probes 17
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ALICE

Jets in ALICE

EMCAL.: Pb scintillator
sampling calorimeter
Inl<0.7,14< <1t
An=A¢p=0.014
Cluster Er > 300 MeV

Neutral constituent jets

\4

Full jet reconstruction

Inl <0.9, 0 < ¢ <2m .
ITS: Inner Tracking System (silicon) matching the r?eutral and
charged constituents

TPC: Time Projection Chamber >
Track pr > 150 MeV/c
Charged constituent jets (jetch)

18



Jets in pp collisions

R=0.2
Q 10_3 ; anti-kT, R =0.2, hi<0.5 ]
% ¥ ALICEpp Vs=2.76TeV:L =136 nb" 3
2 4L e |:| Systematic uncertainty B
£ = = =
g | ]
S 10° = _
- = =
Q. — =
% 10 E | NLO (N. Armesto) _
4 = [ ]NLO (G. Soyez) s
107 :_ ] NLO + Hadronization (G. Soyez) ? —
s 2T e =
© NN AN et G RRIIEIIERRR 3
B 1S T e ——
9 1£ I I NS = tf\‘\t;: [] N ] %
Z 05F i =
8 2F E
S 15[ E
" (0 K50 SKAIRRRRR, 3
B 1 (K % !X = w
= —
= 0.5 | | | | E
20 40 60 80 100 120

P, (GeV/c)

Ni!\ief %

ALICE

R = 04 ALICE, Phys. Lett. B 722 (2013) 262-272
< ' ' | ' ' ' | ' ' ' | ' ' ' | ' ' —
3 . R :
[ anti-k;, R = 0.4, nl<0.5
C10°E = 1S
5 = == # ALICEpp \s=276TeV:L =136 nb" =
O L ~al = [ ] Systematic uncertainty B
& 10 = == =
. = :

-5

T 10° === —
o = == =
% 10°® ; ] NLO (N. Armesto) — ] _;
o = |:'| NLO (G. Soyez) =
© — $_
107 — [£23 NLO + Hadronization (G. Soyez) .

© =— ! ! ! ! —=
© 2 =
o 15 F =3 —=
3 1 E. Tf—.—m/—.-*&‘& N | NANS N
Z 0.5F [ =
-S 2 — i
© = 3
e, 1.5 [

N
o

40 60 80 100 120

@
<
e8|

sk Good agreement between data and NLO calculations for both £#=0.2 and R=0.4

D. Caffarri -

NIKHEF - Hard QCD Probes

N. Armesto et al. based on Nucl. Phys. B507 (1997) 295-314
G. Soyez, Phys Lett B698 (2011) 59-62

R: jet resolution parameter, for cone algorithms is the cone radius

19



Jets in pp collisions

R=0.2
) 10_3 anti-k;, R = 0.2, nl<0.5 B
= -3
% # ALICEpp (s=276TeV:L_=13.6 nb" 3
Q8 anal = |:| Systematic uncertainty 7]
= 10° = ] =
o [ _
S 105 =
-0 E — =
(o - -
% 10 E | NLO (N. Armesto) —
% E [ ] NLO (G. Soyez) =
107 ~ [EX]NLO + Hadronization (G. Soyez) ¥ B
E 1.5 EE—« j\:/ X\ES) < \\ E \\ ; E\\ 7 \ﬁ\i}i \\ ﬁ\/ij 1 :/{X 1 _:
9 1 - RN BB .\1\—\-—\\\: N\ ! \) \\!\\ :t.*i *%
Z 05F =
S 2F E
S 1.5 E
~ - XXRHX, DO BEIBEETEET 3
o 1 E i
—l 1 3
= 0.5 , , , , 3
20 40 60 80 100 120

Py et (GeV/c)
2k Good agreement between data and NLO calculations for both £#=0.2 and R=0.4

N. Armesto et al. based on Nucl. Phys. B507 (1997) 295-314

ALICE

ALICE, Phys. Lett. B 722 (2013) 262-272

:"5 14 anti-k, nl<0.5
I - m ALICE pp \s=2.76 TeV
E - [ ] Systematic uncertainty
L12r LO (G. Soyez)
N NLO (G. Soyez)
S 1 NLO + Hadronization (G. Soyez)
a L
08 e
06: -\\/\\_—:f —— 777 N T////
_T Jm’*’_é*‘_// oy . O —
IR i T e = : I N
0.4—
0.2
O_I|||||||||||||||||||||||||||||||||||||||||
30 40 50 60 70 80 100
Tiet (GeV/c)

G. Soyez, Phys Lett B698 (2011) 59-62

sk Better agreement for both the spectra and the jet profile if hadronization effects
are taken into account in the calculations.

D. Caffarri - NIKHEF - Hard QCD Probes

19




Jets in Pb-Pb collisions

sk RHigh-pr and virtuality partons are produced in initial hard scatterings:
* virtuality evolution through parton snower,
* hadronisation at /\qcp scale.

hadronisation

D. Caffarri - NIKHEF - Hard QCD Probes 20



ALICE

Jets in Pb-Pb collisions

sk RHigh-pr and virtuality partons are produced in initial hard scatterings:
* virtuality evolution through parion shower,
* hadronisation at /\qcp scale. ; j

hard scattering v
sk Medium induced gluon
radiation

sk Via the parton interactions with

the medium, jets can be used to:

* study possible modified
fragmentation with respect to
the “vacuum” case (pp
collisions),

* probe jet and medium
properties.

D. Caffarri - NIKHEF - Hard QCD Probes



ALICE

Jets in Pb-Pb collisions

* In cone radiation: Out of cone radiation:
. JetR <1
* particles would be quenched

Inside the jet increasing his § ﬂﬁ
“area’: Jet brOadeﬂiﬂg In cone radiation:

3k Out of cone radiation: et broadening
* particles would be emitted
outside of the jet cone,
suggesting a Raajets < 1

D. Caffarri - NIKHEF - Hard QCD Probes 21



Jets in Pb-Pb collisions

* In cone radiation: Out of cone radiation:
. JetR <1
* particles would be quenched

Inside the jet increasing his § ﬂﬂi
“area’: Jet brOadeﬂiﬂg In cone radiation:

3k Out of cone radiation: Jet broadening
* particles would be emitted

outside of the jet cone, ALICE, Phys. Lett, B 745 (2015) 1

: . YaJEM: T. Renk , Phys Rev C 88 (2013) 014905

Suggestlng d RAA Jets < 1 L JEWEL: C.Zapp et al. JHEP 1303 (2013) 080
&

L ALICE Pb-Pb |5y,=2.76 TeV | Antik R=0.2 n<05 A5 Gevie

+ Data 10 - 30% |:|Correlated uncertainty

===« JEWEL

3k Energy lost from the interaction
of the parton within the medium
not recovered within R = 0.3.

- =='YaJEM

3k Raa not precise enough to
distinguish between the two
models

D. Caffarri - NIKHEF - Hard QCD Probes 0 50 100 50 100




Baier, Dokshitzer, Mueller, Peigne®, Schiff, NPB 483 (1997) 291.
Zakharov, JTEPL 63 (1996) 952. .ii f
Salgado, Wiedemann, PRD 68(2003) 014008. N'/\e
ALICE

Charge dependence of the energy loss

* Medium modeled with static scattering centers
* Coherent gluon wave function accumulate kT due to multiple
scatterings =» the gluon decoheres and it is radiated.

path length L Radiated gluon energy distrib:

M
\4

d/ w,/w formw<w,
w— < a Ch
dw (w,/w)* forw=w,
i'“ e = = _— — ”’,
§27 ] G, Casmr Factor: 4/8 for a, 8 for 9 “
= 2 ', BDMPS {R=<0) » oc e e
% 78 = q. cale of the radiated energy
R=40000 "

R =w,L Constraint: kt< w

< k2 > [Iransport coefficient related to the
A\ medium characteristics and to
AR the gluon density

D. Caffarri - NIKHEF - Hard QCD Probes W/ e, 22




... and mass dependence

2k Gluon radiation of heavy quarks is suppressed due to the introduction of

a mass term in the propagator:
Gluonsstrahlung probability

* Dead cone effect 1
o
¥ —‘ﬁ 0> +(mqy/ Ey)' T
_ poaai [ Q’ ~Q
Q >
3k Energy distribution of radiated gluons is i i RO 2
suppressed by an angle-dependent 0o— =o— x|l+|=H] =
: ; dolyeyy  dO|yeur E, | 6
factor: heavy quarks might lose less
energy in the medium ? S I B B B,
Dokshitzer, Knhoze, Troyan, JPG 17 (1991) 1602. i — Gharm dN/dy = 1750
Dokshitzer and Kharzeev, PLB 519 (2001) 199. 0.8 — Botton dN jdy = 1750 —

= = Charm ng:'dy = 2900
— - Bottom dN_idy = 2900 |

? E'M_ B (m.~5Gev)
AE(light) >AE(c) > AE(b) = Raa (1) < Raa(D) < Raa (B) =il s

b
*'-"'q-———_—-_-'--"-—

Wicks, Gyulassy, “Last Call for LHC Predictions” workshop, 2007
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ALICE

Heavy-quark production mechanisms

3k Heavy-quark (c, b) pair production mechanisms:

. '\ - u @ NLO: _
@ LO: . T u D g — Q+ Q gluon splitting
g+g — g + % d Q* — Q + Q flavour excitation
q+q ~ Q+

g C

Flavor Excitation (“FEX”) Gluon Splitting (”(li)SP”)
g b g

Eb %b
9 Y

9 9

2§ e

2k Formation of the heavy-quark pair in a QQ (quarkonium) bound state related to

long distance scales ~1/mq®? — non-perturbative approach needed (NRQCD)
Prog.Part.Nucl.Phys.47:141-201,2001

3k Color-singlet fragmentation 3k Color-octet fragmentation
g+g — [cc[’S1] + gg] + ¢ g+g — cc[*S19] + g

>t e

D. Caffarri - NIKHEF - Hard QCD Probes 24
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ALICE
Open heavy-flavour reconstruction in ALICE

D mesons DO — K- 11 Br3.88 + 0.05%)
Dt = K 1T BR9.13 + 0.19%)
Dt = DO 1t gre7.7 + 0.05%)
Dst = ¢ it = K- Kt

(BR 2.28 + 0.12%)

In| < 0.9

ITS: tracking, vertexing
TPC: tracking, PID
TOF: K-ID

2K Topological selections
and PID selections used
to reduce the
combinatorial
background

25
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o)l -(YQLC‘)- inti
pointing 1'1_]L 8;‘:-11‘.[1”'

0
b D reconstructed momentum

secondary vertex -

Invariant mass analysis
mainly based on:

3k secondary vertex reconstruction
3%k Kaon identification

D. Caffarri - NIKHEF - Hard QCD Probes

Counts - background / (4 MeV/c?)

><I‘I |03 T

- |III|IIII|IIII|IIII|IIII
— ALICE Preliminary
- 0-10% Pb-Pb, |s, = 5.02 TeV
u = (1.867 = 0.002) GeV/c?
_ 2
o=12MeV/c D° —> Kot

S(30) = 13544 = 19T0 and charge conj.

1< p, < 2 GeV/c

| WH s

||||||||II|I
II|IIII|IIII|IIII|IIII|I—|—

TTT T 11
_._
_._
[ —
_._
_‘_

s |
—_———

B —

— —
_‘_
I~ o
_‘_
_._
_‘_
—
L1

—_
©
(&)
N
N
~ Okt
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ALICE
Open heavy-flavour reconstruction in ALICE

%k Displaced vertex topology:
* tracking and vertexing precision crucial
for heavy flavour analysis
* Inner Tracking System with 6 silicon
detector layers: two pixel layers at 3.9

e -4 ¥ “ y
pointing angle elx-sir.[in )

JKY ' [_j)_ﬂig_ht, line—, _ —_'_‘:‘:‘: _“‘___\\-Dreconstructed momentum Cm an d 7 Cm
i — K JHEP 09 (2012) 112
T secondary vertex
d ,E~200:uuu . T T ]
= 180F Pb-Pb,\/s\, = 2.76 TeV, min. bias
: - 2 140F =
Invariant mass analysis € o °Daa E
. . éo - 0 Simulation with residual misalignment J
malnly based On © 100:_5 ° (only id. pions for pt<QGeV/c)
80F "o, E
% secondary vertex reconstruction T E
%k Kaon identification 20 R PP
P, (GeV/c)

2%k Impact parameter resolution ~ 60pum
D. Caffarri - NIKHEF - Hard QCD Probes for pt =1 GeV/c 26



ALICE

Open heavy-flavour reconstruction in ALICE

pointing angle 6

poInt

— 0
lj)flight line—, __--- > "D reconstructed momentum

secondary vertex

Invariant mass analysis
mainly based on:

2%k secondary vertex reconstruction
3%k Kaon identification

D. Caffarri - NIKHEF - Hard QCD Probes

3%k Kaons are identified via:
* the energy loss deposit in the TPC
(0.6 < p < 0.8 GeV/c 20 cut)
* the velocity measurement in the
TOF (p < 2 GeV/c 30 cut)

JHEP 09 (2012) 112

/UT 20000_ T { 2 :J‘:[ T LU B L L e L | 1
o - = .
5 15000 Pb-Pb, (s, =2.76 TeV - o
' — . .
5 10000F 0-20% centrality =
S E 1= 107
fﬁ 5000:— E ?
8 - == =g ]
o oK ————m———— — =
6 : 47100
w -5000F |-
c Tk .
- C 184 10™
-10000F E
2 - .
@ 15000/ E| Py
= - £ _

_20000_1 1 1 [ R ceo b v by 0 Tl

0 0.5 1 1.5 2 2.5 3

_ (GeV/c
3%k Background reduction f)y a factor

3 for central Pb-Pb collisions 26
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ALICE
Open heavy-flavour reconstruction in ALICE

Electrons from heavy-flavour hadron decays

D,B, Ac,... = e+X

In| < 0.9

ITS: tracking, vertexing
TPC: tracking, PID

TOF, TRD, EMCAL: e-ID

(B wdl
P .
[ — o=
== = & =

8,k Background subtraction

‘ based on cocktail
method and removal of
Dalitz decay and photon
conversion

D. Caffarri - NIKHEF - Hard QCD Probes 27



it ()

ALICE
Open heavy-flavour reconstruction in ALICE

Muons from heavy-flavour hadron decays
D,B, A,... = u+X

3%k Muon spectrometer:
U-ID via tracks matched
with the trigger system

" Absorber #« -4<n<-25

(T

o
i B o \

3%k Background coming
from K and mt decays
estimated with Pythia
MC simulations (pp

L collisions) and data-

Tracking T : St "
Stations N9ger s1ations tuned MC cocktail (p-Pb

T# and Pb-Pb collisions).

D. Caffarri - NIKHEF - Hard QCD Probes 27



ALICE

Quarkonia reconstruction in ALICE

J/p = ete

In| < 0.9
ITS: tracking
TPC: tracking, PID

3k Signal extraction
obtained after
background
subtraction, estimated
using event mixing, like
sign, different fits
techniques.

2%k Acceptance down to
pt = 0.

D. Caffarri - NIKHEF - Hard QCD Probes 28
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ALICE

Quarkonia reconstruction in ALICE

J/p = ptu Pp2S) = ptu Y = uty -4 <n< -2.5

3%k Di-muons triggered
sample (oty > 0.5 - 1
GeV/c).

%k p-ID via tracks matched
with the trigger system.

%k Signal extracted with
invariant mass fit

&4 procedure.

3k Acceptance down to
pt = 0.

D. Caffarri - NIKHEF - Hard QCD Probes 28



HF and quarkonia production in pp collisions

3k Test of the theoretical approaches for open heavy-flavor and quarkonium

production in pp collisions. % pQCD based calculations are compatible

with D-meson data.
* FONLL (JHEP 05 1998) 007 )
* Fixed-Order-Next-To-Leading-Log

Prompt D°, lyl<0.5
—=— ALICE

10 =
s N calculations.
s = E * data systematically in the lower side
Dol . of the theoretical uncertainty bands.
- ]
102 —

FEPEEFEERTIT T T 11T

Eur.Phys.J. C77 (2017) 550

D. Caffarri - NIKHEF - Hard QCD Probes 29



HF and quarkonia production in pp collisions

3k Test of the theoretical approaches for open heavy-flavor and quarkonium

production in pp collisions. % pQCD based calculations are compatible

*.‘f 5 T with D-meson data.

8 % v PP, 18=7 TeV - * FONLL ( JHEP 05 1998) 007 )

ER Prompt D°, yl<0.5 * Fixed-Order-Next-To-Leading-Log
3 2 B e calculations.

S TEL L @E N * data systematically in the lower side
6 T © . of the theoretical uncertainty bands.
ol e E * GM-VFNS ( Phys Rev D71 (2005) 014018 )

o2l R * In(pTt2/m?) absorbed in c-quark PDF

;3'5°/°|“.m."’.i.1{90/? BR uncertainty notshown ; * data systematically in the lower side

g ol | of the theoretical uncertainty bands.
. E
0 30 35
[ (GeV/c)

D. Caffarri - NIKHEF - Hard QCD Probes 29



HF and quarkonia production in pp collisions

3k Test of the theoretical approaches for open heavy-flavor and quarkonium

production in pp collisions.

©
)
8"’> S FTTTTTTTTTTTT R e
O 8 i pp, Vs=7 TeV
= > e
~ O o 10
_’g s 6 ¢ Prompt D°, lyl<0.5
—~ 0 - N
.8I % 5 10 —-— ALICE
Fo~ E N
S &< F - LO k, fact
L 2 T =
© B Q 1= —
Q © =
ol = ¢
B F ==
0"010‘15—
1 = E

+ 3.5% lumi, = 1.0% BR uncertainty not shown

Data_

Data
NRN_\/ENIQ

[¥
_....I...r;...I....I....I....I._- Cond o sl ol il

D. Caffarri - NIKHEF - Hard QCD Probes

3k pQCD based calculations are compatible
with D-meson data.

% FONLL (JHEP 05 1998) 007 )
* Fixed-Order-Next-To-Leading-Log
calculations.
* data systematically in the lower side
of the theoretical uncertainty bands.
* GM-VFNS (Phys Rev D71 (2005) 014018)
* In(p12/m?) absorbed in c-quark PDF
* data systematically in the lower side
of the theoretical uncertainty bands.

% kT factorization
(Phys Rev D79 (2009) 034009)

* calculation based on kT factorization
Instead of collinear one

* compatible results with data for
pr< 2 GeV/c and pr > 10 GeV/Cc =



ALICE

HF and quarkonia production in pp collisions

3k Test of the theoretical approaches for open heavy-flavor and quarkonium

production in pp collisions.

Eur. Phys. J. C 77 (2017) 392

::\\ T I | | T | I I I I | I I I I | | | | I |
O 10t —o— ALICE,L_=3.2pb" +3.4% -
% - | ] Systematic uncertainty
S oo [ NRQCD, Y-Q. Ma et al., (prompt J/y) a
;\'{ » [ 1 NRQCD + CGC, Y-Q. Ma et al., (prompt J/y)3
= 1 i [ | FONLL, M. Cacciari et al. (J/w-from-b) -
2 107 g E
©
|_
3107 ¢
~—
L
O 10—3 L
107 ¢ _
10°5 _ pp Vs =13 TeV, inclusive J/y, 2.5<y<4, BR uncert.: 0.6% _
g | | | | | | | | | | | | | | | | | | | | | | | | I | | | | g
0 5 10 15 20 25 30
P, (GeV/c)

NRQCD: Ma, Wang and Chao, PRL 106 (2011) 040202
NRQCD+CGC: Ma and Venugopalan, PRL 113 (2014) 192301
FONLL: Cacciari et al, JHEP 1210 (2012) 137

D. Caffarri - NIKHEF - Hard QCD Probes

1 % NRQCD

2k coupled with CGC description of
the proton at low-pr

sk at low-pT, small contribution from
non-prompt J/P (< 10%)

3k at high-pT non-prompt J/Y
constitute a sizable contribution to
the inclusive cross section

30



HF and quarkonia production in pp collisions

3k Test of the theoretical approaches for open heavy-flavor and quarkonium
production in pp collisions.

Eur. Phys. J. C 77 (2017) 392

Srop  emeeltswasse 4 %k NRQCD
8 M, TNanveMeaa ey %k coupled with CGC description of
g E.: \E NESEEEMC%C, Y-Q. Ma/el;Ja/l., (fpromk;)))t J/\|l)§ the proton a-t |OW_pT
—_ 1071 & + . Cacciari et al., (J/y-from- - . .
S N i Jkat low-pT, small contribution from
S10° ¢ ) E non-prompt J/P (< 10%)
© L i .
6107 L e . 3k at high-pT non-prompt J/i)
- ~ constitute a sizable contribution to
1075 E_ pp Vs = 13 TeV, inclusive J/y, 2.5<y<4, BR uncert.: 0.6% _ the InC|USIVe Cross SeCtlon
E e e e e by e e

0 5 10 15 20 2

o (cevio. % summing NRQCD and FONLL, good
NRQCD: Ma, Wang and Chao, PRL 106 (2011) 040202 agreement with the data over the 1ull

NRQCD+CGC: Ma and Venugopalan, PRL 113 (2014) 192301 OT range
FONLL: Cacciari et al, JHEP 1210 (2012) 137
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Open HF production in Pb-Pb collisions

%k Measurement of D-meson production in Pb-Pb collisions at /snn = 5.02 TeV
2%k compared with pp collisions scaled by the number of binary collisions.

—h

o
AL
(£ 1]

ALICE Preliminary D° meson
\'Syn = 5.02 TeV lyl<0.5

pe”

dN/dp._ |
3
AL LR II””"Im"””"l JRRLLLL ILLLLLL

® 0-10% Pb-Pb

mpp |s-scaled reference x <T ,,>

- O pp pT-extrapoIated reference x <T ,,>

e
’
v

—_—i—

—.—_

_-_
-4
10 y
Systematic uncertainties @
1 0—5 ‘:| Data E
B feed-down
+ 1.0% BR systematic uncertainty not shown
1 0—6 + 5.2% normalization uncertainty on pp reference not shown

0 5 10 15 20 25 30 35 40 45 50
p. (GeV/e)
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ALICE

Open HF production in Pb-Pb collisions

%k Measurement of D-meson production in Pb-Pb collisions at /snn = 5.02 TeV
2k compared with pp collisions scaled by the number of binary collisions.

/G 10 __IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII——

S e, ALICE Preliminary D°meson 3

8 1 -8 \s, =5.02TeV lyl<0.5 T

= @ E

D ® 0-10% Pb-Pb E

i\?. 1()‘1 =— “e B pp |s-scaled reference x <T ,\\> = _ _ _
_2" E O pp pT-extrapo|ated reference x <TAA>§ * RedUCthn Of the erIdS |n Pb_Pb
Q 102k 1 collisions with respect to pp collisions
O = =
= ; - scaled ones

T 10°F E

107 E

- Systematic uncertainties @ 3

_5 : [ | Data 0 _:

10 S B feed-down S

[ +1.0%BR systematic uncertainty not shown i

1 0—6 — + 5.2% normalization uncertainty on pp reference not shown —

—llllIllllIllllIllllIllllllllllllllllllllllllIllll—

0O 5 10 15 20 25 30 35 40 45 50
p. (GeV/e)
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Open HF production in Pb-Pb collisions

* First D-meson Raa measurement at
LHC by ALICE, published in 2012.

D. Caffarri - NIKHEF - Hard QCD Probes

hﬁiﬂief(:::)

D 2:| T T | T T | L | | T |:
Q4 al ALICE B
1.8F -
E L 0-20% centrality ;
o 161 Pb-Pb,\s,,, =2.76 TeV ]
2140 Average D°, D*, D™, lyl<0.5 A
o T .
] NLO(MNR) with EPS09 shad. 1
1.2 —
L =
0.8 =
0.6 =
0.4F HH : =
I m | -
0.2 tHt—H . =
O:I 1 | | 1 1 1 | | | | | | | 1 1 | | 1 1 1 | | | | 1 1 | | 1 | I:

0O 2 4 6 8 10 12 14 _16 18
P, (GeV/c)
JHEP 9 (2012) 112

ALICE
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ALICE
Open HF production in Pb-Pb collisions
* First D-meson Raa measurement at
LHC by ALICE, published in 2012. & 277777 it
* More precise measurements with 1.8 0-10%Pb-Pb, (5,,=5.02TeV 7
Run?2 data and improved kinematic 1.6 VIS E
reach. 1.4~ « Average D°, D*, D** ]
120 -
1_} """""""""""""""""" Filled markers: pp rescaled reference _f
0.8?H Open markers: pp p_-extrapolated reference —f
o.ai— H —
0.4- ; ﬁ =
02 ‘fegst & -
%5 10 15 20 25 30 35 40 45 50
P, (GeV/c)

ALICE-PUB 2017 005
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ALICE

Open HF production in Pb-Pb collisions

* First D-meson Baa measurement at

LHC by ALICE, published in 2012. 2
* More precise measurements with 1.8
Run2 data and improved kinematic 1.6
reach. 1.4
* Strong suppression observed: 1.2
* -~ factor 5 for pt- 10 GeV/c 1
* ~ for pt ~ 30 GeV/c 0.8
0.6

0.4

0.2

0

D. Caffarri - NIKHEF - Hard QCD Probes

ALICE Preliminary
0-10% Pb-Pb, \s,, = 5.02 TeV
lyl<0.5

e Average D°, D*, D*

Filled markers: pp resciiled reference
Open markers: pp pT-extrz'.poIated reference

=

, i
Bgs H—ﬂ——ﬂ— H I

III|III|III|III|II*II|III|III|III|III

O 5 10 15 20 25 30 35 40 45 50

P, (GeV/c)

ALICE-PUB 2017 005
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Open HF production in Pb-Pb collisions

* First D-meson Baa measurement at

LHC by ALICE, published in 2012. = 2T LG Pratrmrany T :
* More precise measurements with 1.8 Pb-Pb, |5 =5.02 TeV E
Run2 data and improved kinematic 1.6 AverageDn DL bR YIos -
reach. 14p - s E
* Strong suppression observed: 1.2 ° ;
* -~ factor 5 for pr - 10 GeV/c L . ;
* ~ factor 3 for pr - 30 GeV/c OBHEHHHHM @
* stronger suppression for more 06 I “+ :
central events 0.41- HBBBJ& % =
0.2F  ®888-8 & i maners: po roscaied eferonce

L Open markers: PP P, -extrapolated reference'
OIIII|IIII|IIII|IIII|IIII|IIII| ||||||||| |IIII|IIII

0O 5 10 15 20 25 30 35 40 45 50
P, (GeV/c)

ALICE-PUB 2017 005
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ALICE

Open HF production in Pb-Pb collisions

* First D-meson Baa measurement at

LHC by ALICE, published in 2012. P S I :

* More precise measurements with < 18" 0-10% Pb- PbAL\'CfE 276 ToV

RUHQ data aﬂd impr()ved klﬂematIC 1_6:— o Average D°, D*, D*", lyl<0.5 -

B o with pp p_-extrapolated reference

reaCh. 1_4:_ m Charged E)grticles, nl<0.8 _:

* Strong suppression observed: 1.2  Tesapone s .

* - factor 5 for pt - 10 GeV/c A e

* ~ factor 3 for pt - 30 GeV/c 0.8 E

* stronger suppression for more o_ef—'+ E

central events OANi& ﬁ,Jﬁ[H U

. . . 0.2 Bo e *iHL &

* At high-pt similar suppression for - "?Li?li L ]
O ||||||||||||||||||||||||||||||||

D mesons and pions 0O 5 10 15 20 25 30 35 40
% Af| y p. (GeV/c)
t low-pt uncertainties are too JHEP 03 (2016) 081
large to conclude on possible
energy loss mass effect
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Charm vs light quarks

t)
AE(light) >AE(c) > AE(b) = Raa (n) < Raa (D) < Raa (B)

* At high-pt similar suppression for D S /PbpbAL'CFE ooy
mesons and pions 16 oo os
* Described by models that consider: 14 :8EZ£323E?JE‘L’,'TE.!B‘.Z"'B E
* mass and color dependence of the B il e oA
energy loss : E

* different momentum spectra for light, E

heavy quarks and gluons

: : - o5f? -
* harder fragmentatK)n funCthn fOr b bvn b bonn Lo Lo Lonn Loy
. O 5 10 15 20 25 30 35 40
charm than for light quarks and p, (GeVic)
Djordjevic, Djordjevic, PRL 112 (2014) 042302
gluons
T AE>AE, s 2AE, 'Fragmentation c—0 '[ Distortion due to
Raa(9)<Raa(uds)sRpa(€) °°7  Raa(D)=Rpa(C) 081 fragmentation
061 <067 <0 aa(h)=Rpa(uds)>R,4(9)
2
o4l S % 04} D-_ % 04}
021 o _ - i.- 021 _ . 02+
ol, :"'I""d.lﬁl-ldl gl | 04 ) ) } ' } On _'—e'—’e ) ' '
0 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

D. Caffarri - NIKHEF - Hard QCD Probes E(GeV) E(GeV) E(GeV)




Charm vs Beauty quarks

ALICE

t)

AE(light) >AE(c) > AE(b) = Raa (1) < Raa (D) < Raa (B)

* ALICE D-mesons results compared
with CMS non-prompt J/P in a
similar kinematic range:

* central rapidity region
* Band D mesons < pr> -10 GeV/c

* |Indication of larger suppression
for D mesons than B mesons
* Raa(B) > Raa (D)

D. Caffarri - NIKHEF - Hard QCD Probes

<1.4

<

C

1.2

0.8

0.6

0.4

0.2

0

JHEP 11 (2015) 205

Pb-Pb, \ s\, =2.76 TeV
7 (ALICE) 8<p_<16 GeV/c, lyl<0.8

D mesons (ALICE) 8<p <16 GeV/c, lyl<0.5

Non-prompt J/ip (CMS)
6. 5<p <30 GeV/c, lyl<1.2 EPJC 77 (2017) 252

A
]
e

empty ) filled boxes: (un)correlated syst. uncert.

| *) 50-100% for non-prompt J/y

50-80%" |§|
40-50%
30-40% 5 300, (& IF'
10-20%
n* shifted by +10 in (N 2 -10%

0

50

100

150 200 250 300 350 400
(N ot

‘
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ALICE
Charm vs Beauty quarks
?
AE(light) >AE(c) > AE(b) =» Raa (1) < Raa (D) < Raa (B)
* ALICE D-mesons results compared ~_;,JHEP 11 (2019 205
with CMS non-prompt J/ in a @ | Pb-Pb, sy =276 TeV :
similar kinematic range: 12 0 Nomaompta Gy oY

6.5<pT<30 GeV/c, lyl<1.2 EPJC 77 (2017) 252
(empty) filled boxes: (un)correlated syst. uncert.

* central rapidity region
* Band D mesons < pr> -10 GeV/c

Djordjevic et al. Phys.Lett.B 737 (2014) 298 _

B - = D mesons .
- — = Non-prompt J/yp .
0.8—I4 K e Non-prompt J/y with ¢ quark energy loss —
* Indication of larger suppression - JH\ |
for D mesons than B mesons I Q\\:ﬂ::@:::ﬂ:\\ ]
*k Raa (B) > Raa (D) 0.4 50-80% \\\ ....................... ~—_T
: T\ \\\\ .................... H :
: 40-50% T\\ R PP
0.2 30-40% " 20-30% '\\\\l“::__
* Models that include mass - (50-100% for nor-prompt 1y ST
L 111 | L1 11 | I .| | I | L 111 | I | L 111 | L 111
dependence of the energy loss % 50 100 150 200 250 300 350400
quantify a difference in the Raa of (Noar

D and B mesons
D. Caffarri - NIKHEF - Hard QCD Probes




About p-A collisions

* The observed suppression might come from effects related to the cold
nuclear matter? Modification of the partons distributions in the nuclei

09 |- - | HI1 PDF 2000

>

* Bjorken x probed with HF production at Q=10 GeV*

the LHC < 102 (usually called small-x)

08 | | ZEUS-S PDF

* Strong rise of the gluons density in the

nucleus for this regime (factor A3 ~ 6). os | N\ 0009
* QCD regime where gluons are dense and 03 B xS(:0.05)
“extended”, they can overlap — o b

Saturation

Bjorken x is the fraction of momentum of the nucleon carried by a parton
D. Caffarri - NIKHEF - Hard QCD Probes 35



ALICE

About p-A collisions

* The observed suppression might come from effects related to the cold
nuclear matter? Modification of the partons distributions in the nuclei

* Shadowing: parton densities in nuclei are depleted with respect to free
partons (“low-x gluon fusion”).

xGalx, Q3 = A xg(x, @4 R&" (x, Q9

14F %
12 L
1) A
0.8
0.6

* Most of the low-x data are In
non-perturbative range

—— This work. EPS09LO Tor
.—-- EKS08

Rx.Q%=1.69 GeV?)

* Difficult to constrain the 04 | —m0Q0) ]
pQCD calculations 33'4 kB —
* Large uncertainties on e e
RGA (X, QZ) see e.g. Eskola et al. JHEP0904(2009)065
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Control experiments

.\/
Nl.'e
X

{)

ALICE

3 No high-pT suppression is
observed in pA collisions.

2k This is actually observed for
2k High-pt hadrons

D. Caffarri - NIKHEF - Hard QCD Probes

O 2 4 6 8

charged particles

ALICE, charged particles
~ @ p-Pb \s, =5.02TeV, NSD,In_1<03

- = Pb-Pb \s,,=2.76 TeV, 05°/ocentrallnl<08
A Pb-Pb \s,, =2.76 TeV, 70-80% central, | n|<0.8

(]

Ce ]

C @& |

@ ]

@ ]

]

(@]

m

= =N '

M= ==

E§E+

e

=

II|III|III|III|III|III|III|III|III|II

O
II..].[I[I|:||EIIEIIEIIEI

10 12 14 16 18 20
p_ (GeV/c)

@
<)
L )

ALICE, PRL110 (2013) 082302

36



ALICE

Control experiments
3 No high-pT suppression is
observed in pA collisions.

2k This is actually observed for
2k High-pt hadrons

2k Jets Phys. Lett. B 749 (2015) 68-81
12} 2_|"'|"'|"'|"'|"'|_2||||||||||||||| L L B B B
) B . L
5%1.8F ALICE p-Pb |5 =5.02 TeV 1 | g ALICE Pb-Pb {5y, = 5.02 TeV % ggfrzleaf;‘gi”a'“ty
c - Charged jets, anti-k, I"labl <0.5 ] -
1.6 . Reference: Scaled pp jets 7 TeV E 1'6:_Anti-kT R=0.2 |7 _|<0.7 pd> 5 GeVie
1.4F o _ 1 1.4—=— {5, = 5.02 TeV ALICE 0-10 % (Ch Jet, R=0.2 pp:Data)
3 22_ IGlobal normalization uncertainty 1 4 o 8wy =502 TeV ALICE 0-10 % (Ch Jet, R=0.2 pp:POWHEG)

1 _+\/sN 276TeVALICE010%(FuIIJet R=0.2)

L —— |5y = 2.76 TeV ATLAS 0-10 % (Full Jet, R=0.4)

—h
|
l
|
!
'i
b b b b b b b b b

- C PRL 114 (2015) 072302
0.6F ] 0.6 _
0.4} 1 0af — )
0.2F Resolution parameter R = 0.2 - 0'2;_ ALICE Preliminary
| P R U R SR I T N T/ N R VT
D. Caffarti - NIKHEF - Hard QCD ot~ 40 60 80 100( Ge\1l/2c(; Py (Gz;//c)
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Control experiments

3 No high-pT suppression is
observed in pA collisions.

2k This is actually observed for
2k High-pt hadrons
sk Jets
sk Heavy flavor production

D. Caffarri - NIKHEF - Hard QCD Probes

D mesons

| - 2_I T | T T | T T | T T | T T | T T | T 1T | T I_
O - ]
© 1.8 ALICE Average D°, D', D** i
Z Pb-Pb, \'s,,, = 2.76 TeV, lyl<0.5 ]
- 16__ e 0-10% ]
(@) B o with pp pT-extrap. reference ]
.(% 1 4__ m 30-50% ]
o F o p-Pb, \s\ =5.02TeV, -0.96 <y __ <0.04 i
'-g 1.2:—_ ] H —:
C LA N

e 1w HHH """"""""""""""""""""" -
S O a8 -
52(18:_ _ ’
S 061 | ‘ -
22()4: ;ﬂHH —{k— ] .
0.2~ DUfg ; & i | 3

_I 111 | I | I | | I | | I | I | | L 111 | 111 I_

(b 5 10 15 20 25 30 35 40

p. (GeV/c)
JHEP 03 (2016) 081
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Control experiments

ALICE

3 No high-pT suppression is
observed in pA collisions.

2k This is actually observed for
2k High-pt hadrons
sk Jets
sk Heavy flavor production

% The suppression of high-pT
hadrons, jets and D mesons
observed in central AA

collisions comes from a final-

state effect(*).

—h

—
N A O 0 M

—

Nuclear modification factor
© o o —
Ill-hllloj m
| | : . = 1

o
N

OO

D mesons

ALICE Average D°, D*, D*"
Pb-Pb, \s,, =2.76 TeV, lyl<0.5
e 0-10%
o with pp pT-extrap. reference
m 30-50%
o p-Pb, sy, =5.02 TeV, -0.96 <y__ <0.04

1 —.()— 1
—=>—"1
2
C=>—1
———1
|

)
E—E-—E——E—

s ¢

5 10

(*) not the case for quarkonia as we will see later
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Quarkonia suppression in Pb-Pb collisions |

2k J/U suppression proposed as QGP
signature by Matsui and Satz in 1986.
Matsui, Satz, PLB178 (1986) 416
2 In the plasma phase the interaction
ootential is expected to be screened
peyond the Debye length Ap (analogous
to the e.m. Debye screening).

3k Charmonium and bottomonium states
with distance > A\p will not bind,
expected suppressed production.

2 \p and therefore which -onium states
will be suppressed, depends on the
temperature

D. Caffarri - NIKHEF - Hard QCD Probes

V()

vacuum

(fm)

&°0'6
0.5
0.4
0.3
0.2

0.1 |

o
9]
[ ] O
. o r |
medium

T T I T T T I T T
¥ (0.59 fm)

W (0.56 fm) _

o Debye length from lottice QCD .

K y 9 -:

J / ”&[/(0,29 frm) B

g é%, T (0.13 tm) ]
/90, E

0_||||||||||||||||||
1 1.5 2 2.5

1 | 1 1 1 1 I 1 11 1 I 1 1 1 1 I 1
3 3.5 4 4.5
rr

Digal,Petrecki,Satz PRD 64(2001) 0940150 °
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ALICE

... but also maybe regeneration

2k Uncorrelated ¢ quarks from the medium Em‘ti T
could bind at the hadronization of the O >
' A PHENIX
system and form charmonium. X oo ,
w8 = 'Y 3
3k At RHIC and LHGC, large number of charm L S
: : C 02 K .
pairs produced in central collisions : :
OPP OPP
N cc ;; AN o — 1600 10 S0 |
O, 65 mb Eol Sl
10 107 10° s (éoe“v)
SPS  RHIC 200 LHC 2.76 JHEP1207 (2012) 191
20 GeV GeV TeV
Nee/
e <01 10 -100

2k Do we have indication that charm quarks take part in the
evolution of the system? Thermalization”

P. Braun-Muzinger and J. Stachel, Phys. Lett. B490(2000) 196
D. Caffarri - NIKHEF - Hard QCD Probes R. Thews et al, PhySReVCG3054905(2001) 38



ALICE

J/P Raa at Jsnn = 5.02 TeV

Phys. Lett. B 766 (2017) 212-224

% At the low-pr (o1 > 0) : B e
* Constant suppression vs centrality 2 ® Uy o' I<08, p, >0 GoVie Prlminan)

| Jy — u'n25<y<4.0,0< p. < 8 GeV/c (arXiv:1606.08197)

4 H

@@HEE'@EEB@@@ED@

1

0.8

0.6

0.4

0.2

e

0 50 100 150 200 250 300 350 400
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J/P Raa at Jsnn = 5.02 TeV

%k At the low-pt (o1 > 0) :
* Constant suppression vs centrality
* The suppression is smaller than
what was observed at lower energy
experiments:
* predicted signatures for
regeneration!

D. Caffarri - NIKHEF - Hard QCD Probes

Phys. Lett. B 766 (2017) 212:224

LI I IIIIIIIIIIIIIIIIIIII I IIIIIIII
Inclusive J/l]) wru

® ALICE, Pb-Pb \s, =5.02TeV,25<y <4, P, < 8 GeV/c

m ALICE, Pb-Pb \Syw =276 TeV, 2.5 <y <4, pT <8 GeV/c

O PHENIX, Au-Au\s, =0.2TeV, 1.2< lyl <2.2, pT >0 GeV/c

hn
hlﬂ @ o ]
| @ ® i
0.4 .
EI s :
0.2 B B g " -
O L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I :
0 50 100 150 200 250 300 350 400
<Npart>
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J/P Raa at Jsnn = 5.02 TeV

Phys. Lett. B 766 (2017) 212-224
L A A

< 20T T
* At the IOW_pT (pT >. O) : . D:<1.8§— ALICE, Pb-Pb |'sy, = 5.02 TeV, 0-20% —
* Constant suppression vs centrality  16- o oo 25eyed PLETE RO 2
* The suppression is smaller than 4 H v eehicos Frelmna) E
1.2 —
what yvas observed at lower energy i e
experiments: 08 g @
* predicted signatures for 06 $
regeneration! o "s g b
) O(illléllldlfllléllléll|1|0|||12
Xk At high-pr: p_ (GeVrc)
* J/ suppressed of a factor ~4 for
pt>5 GeV/c

D. Caffarri - NIKHEF - Hard QCD Probes 39



ALICE

J/P Raa at /s = 5.02 TeV

%k At the low-pr (p7 > 0) : S
* Constant suppression vs centrality  1sf -
* The suppression is smaller than tapyy  neusedu et i<os E

what was observed at lower energy PN o I
experiments: o.si N\ S Tamcport (1, Du et Fopp) -
* predicted signature for gi T T mmmeens
regeneration! ; S S
% At hiah 0012345678p(8ew1)o
Ign-pPr. T
* J/P suppressed of a factor ~4 for
pt>5 GeV/c

3 Models that includes regeneration
at low-pt reproduce the data.

D. Caffarri - NIKHEF - Hard QCD Probes 39



...but not only J/p

2k P(2S) is even more suppressed than
: Phys. Lett. B 766 (2017) 212-224
J/P for semi central and central | 2o e O B IO DTN P12

COl | | Si ONS T 48 — ALICE inclusive JAp, (2S), Pb-Pb Y5 = 5.02 TeV, 2.5<y<4, 0<p <8 GeV/c —
. . 1.6 =
* more statistic Is needed to draw .t 4(25) (Preliminary E
. . . 15 —— Jhyp (arXiv:1606.08197) ]
quantltatlve COHC'USIOH | an Upper limits include global uncertainties i
1t
0.8
- []
0.6:—[] mmmmm m @™ m 0 my© m
0.4F E
0.2 m E
O : 1 1 1 1 | 1 ¥ 1 1 | 1 1 1 1 | ’ 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | :
0 50 100 150 200 250 300 350 400

‘pa@
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...but not only J/p

3k P(2S) is even more suppressed than

J/P for semi central and central

collisions.

* more statistic is needed to draw a
guantitative conclusion

3k Strong suppression of the Y(1S)
state. More statistic is heeded to
draw a quantitative conclusion

D. Caffarri - NIKHEF - Hard QCD Probes

<
<
c

1.2

1

0.8

ALICE Preliminary, Pb-Pb |s,, =5.02 TeV

m Inclusive Y(1S) = u'n,25<y<4,0< p.<12GeV/c global sys.= + 10%
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...but not only J/p

2k P(2S) is even more suppressed than
J/P for semi central and central
collisions.
* more statistic is needed to draw a
guantitative conclusion

sk Strong suppression of the Y(1S) e
state. more statistic is needed to 1
draw a quantitative conclusion o8

3k Stronger suppression of the Y(2S) 0.
state than the Y(1S)

3k also here more statistics is
needed to improve the results

D. Caffarri - NIKHEF - Hard QCD Probes

ALICE

2

ALICE Preliminary, Pb-Pb \|'s,, =5.02 TeV

— —@— Inclusive Y(1S), Y(2S), 0 < p, < 15 GeV/c, 2.5 <y < 4, centrality 0-90%

0 50 100 150 200 250 300 350 400

<Npart>

<)
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ALICE

Does charm also flow?

2k Azimuthal anisotropy of particle production related to collective
expansion of the medium.

2k Charm quark is a hard probe, can the medium be so strongly
interacting to make charm become part of the medium??

ellipsoidal collision zone

dN N,
P 2—72(1 + 201 cos(p — V1) + 2va(pr) cos[2(p — V)| + ...)

D. Caffarri - NIKHEF - Hard QCD Probes 41




Ni!\ief %

ALICE

Does charm also flow?

1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
ALICE 20 - 40% Pb-Pb, \f’sT,N =5.02 TeV
Inclusive JAp
¢re’e, lyl <0.9, v,{EP, An =0}
Oun,25<y<4, v,{EP, An=1.1}

- global syst : 1%

2k Azimuthal anisotropy of particle
production related to collective
expansion of the medium. o1

v, {EP}

3k Charm quark is a hard probe, 0.05

o
TTTT[TT T T[T T[T T[ITITT
|
|
EI_,T-L__I

N R |
.

III|!|‘_LJIIII|IIII|IIII|IIII

. i8
can the medium be so strongly A
interacting to make charm 005 3 s vi<as ) incusive i o roweolective. 3
become par’[ of the medium? g Primordial . 2y s primordal g non-collectlveg
% 2 4 68 8 10 12
P, (GeV/c)
3k Study of flow of hadrons with Submitted to PRL, arXiv:170905260
charm:
FJN 3k J/U vo2 > 0 for intermediate pr

2k Models that include thermalization of charm quarks
and J/ regeneration can describe the data
3k Primordial J/U v2 is expected to be very small

D. Caffarri - NIKHEF - Hard QCD Probes 42



Ni!\ief %

ALICE

Does charm also flow?

. . . ~ 0.25 u u u —TT —T —T—
3k Azimuthal anisotropy of particle & = F ALCEPoPb, s, =5.02Tev gobaisyst: = 1%
oroduction related to collective = °2f [%]] E
expansion of the medium. 015 [@ B
2k Charm quark is a hard probe, E @ E
can the medium e so strongly : @ g
interacting to make charm PE W cisve sty wne, Prompt D°, D D' average,
. ) — vA{EP, An=1.1},25<y <4 v,{EP, |An|=0.9}, |y|<0.8 ]
become part of the medium® 0051 45.00% %40-60% O 30-50%, arivi1707.01005 ™
_0_1_...?O-.4O./°.|...1...1...1..._
. 0 2 4 6 8 10 12
3k Study of flow of hadrons with . (GeVic)

charm:
H J
3k D mesons

D. Caffarri - NIKHEF - Hard QCD Probes

Submitted to PRL, arXiv:170905260
2k D mesons vz > O for intermediate pr
2k Another confirmation that charm is slowed down
IN the medium.
3k Recombination of charm and light quarks might
generate an higher v2 than for J/{
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ALICE

Quarkonia in p-Pb collisions

3k Data collected in two configurations:
* p-Pb:
p going through the muon arm (forward direction)
X investigated: 2x10™ < x < 9x10™
* Pb-p:
Pb going though the muon arm (backward direction)
X investigated: 6x10“ < x < 3x1073

2.03<yvs<3.53 -4.46<yus<-2.96

D. Caffarri - NIKHEF - Hard QCD Probes 43
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ALICE

J/P in p-Pb collisions

3k J/Y production is more affected by &
cold nuclear matter effects than open il
heavy flavour: 'l S |

ALICE, inclusive Jhp — u*uw

2k at forward rapidity the J/{ production 0-62-

is suppressed by about 20% 0.4f P going
. . i ® p-Pb |s,, =5.02 TeV (JHEP 02 (2014) 073
3k not visible difference between 02
Jsw=5.02 and 8.16 TeV Ottt it

ycms
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J/P in p-Pb collisions

Ni!\ief %

ALICE

2k J/U production is more affected by £50 woe
cold nuclear matter effects than open 1o T
heavy flavour: af P goINg
1.21— . g l;l -
5k at forward rapidity the J/{ production  os: EE—E P
is suppressed by about 20% ! R —
2k not visible difference between 02} ® PP o = 816TeV (reiminay)
\/SNN — 502 and 81 6 Tev ] 2200| | Iél | Iélll | I€|3| | Iél | I1|OI | I1|2| | I1|4I | I1|6| H1|8|H20
2k suppression in the p-going direction 8 Pb going H
driven by low-pT J/U 14 .
3k Pb-going direction Rpa~1 constant vs gk il L H -
POT o.siﬂ :
g:i;: ® p-Pb s, =5.02 TeV (JHEP 02 (2014) 073)
0ok ® p-Pb |s,, =8.16 TeV (preliminary)
D. Caffarti - NIKHEF - Hard QCD Probes 0(;' S AT e 0 12 14 16 18 20

P (GeV/c)
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ALICE

J/P in p-Pb collisions

2k J/U production is more affected by
cold nuclear matter effects than open

heavy flavour:

o 1.4 —
o1 . ALICE Preliminary

o - Inclusive J/y — p*u’, p-Pb ys,,=8.16 TeV
2k at forward rapidity the J/U production "2t o

IS suppressed by about 20% N e ——
3k not visible difference between 08
Jsnv=5.02 and 8.16 TeV 06 %
- | EPSO9NLO + CEM (R. Vogt)
04 - CGC + NRQCD (R. Venugopalan et al.)

CGC + CEM (B. Ducloue et al.)

2k suppression in the p-going direction  ,,I = cwoyes s

—~ == Transport (hot + cold nuclear effects) (P. Zhuang et al.)

driven by low-pt J/Y T e L

. . . 0—5 -4 - -2 - 0 1 2 3 4 5

3k Pb-going direction Rpa~1 constant vs Vo
PT

sk J/ results compatible with models that
iINclude Initial cold nuclear matter effects

D. Caffarri - NIKHEF - Hard QCD Probes 44
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ALICE

Quarkonia in p-Pb collisions
sk P(2S) state even more suppressed & 12 ALcE B

than J/. In particular in the Pb- LAE pPoiacsreTer

oing direction. 120
s o ]
3k only initial state cold nuclear ool —=—
matter effects are not enough to 04 o Uy cEpuBLIC 017 o
explain the suppression at R

backward rapidity. Yo

p-Pb |5y, = 5.02 TeV, inclusive Y(1S)—u'u

v ALICE

%k Y(1S) seems to be affected in the : T Ao
same way by cold nuclear matter """"""""""""""""""""""""""""""""" U """"" -
effects at both forward and |

backward rapidity : +
0.4~
02}
D. Caffarri - NIKHEF - Hard QCD Probes oL~ '4 = '3 = '2 = '_'1' = '(')' : ; — ;'_, . é SER M
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ALICE

Summary

D. Caffarri - NIKHEF - Hard QCD Probes 46



ALICE

Summary

Too difficult to make one... let’s try with a

biased selection of take home messages

D. Caffarri - NIKHEF - Hard QCD Probes 46



il (F)

ALICE

Summary

>k Hard probes are a very good tool to investigate the QGP:

D. Caffarri - NIKHEF - Hard QCD Probes 46



Nl.'ef

Summary

>k Hard probes are a very good tool to investigate the QGP:

%k High-pT particles are suppressed also at pT > 20 GeV/c
* Compatible with models that include gluon radiative energy loss
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ALICE

Summary

2k Hard probes are a very good tool to investigate the QGP:

%k High-pT particles are suppressed also at pT > 20 GeV/c
* Compatible with models that include gluon radiative energy loss

%k Jets indicate that radiated energy is emitted at large angle,
not inside the cone
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ALICE

Summary

2k Hard probes are a very good tool to investigate the QGP:

%k High-pT particles are suppressed also at pT > 20 GeV/c
* Compatible with models that include gluon radiative energy loss

%k Jets indicate that radiated energy is emitted at large angle,
not inside the cone

>k D mesons are:
2k as suppressed as pions, but different fragmentation is important!
2k more suppressed than J/P from B hadrons @ mass dependence
of the partonic energy loss
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ALICE

Summary

2k Hard probes are a very good tool to investigate the QGP:

%k High-pT particles are suppressed also at pT > 20 GeV/c
* Compatible with models that include gluon radiative energy loss

%k Jets indicate that radiated energy is emitted at large angle,
not inside the cone

>k D mesons are:
2k as suppressed as pions, but different fragmentation is important!
2k more suppressed than J/P from B hadrons @ mass dependence
of the partonic energy loss

%k J/P seems to:
%k be suppressed at high-pT, regenerated at low-pT
sk flow — indication that charm take part of the medium expansion
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ALICE

Summary

2k Hard probes are a very good tool to investigate the QGP:

2k more suppressed than J/P from B hadrons @ mass dependence
of the partonic energy loss

%k J/P seems to:
%k be suppressed at high-pT, regenerated at low-pT
sk flow — indication that charm take part of the medium expansion
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ALICE

Summary

Thanks for your attention!

Hoping you are still alive/awake!
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Sack up slides
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ALICE

Observables

I

— PP

B e

* At high collisions energies, hard probes production cross
section is proportional to the number of possible hard
scattering, I.e. to the number of nucleon-nucleon collisions.

* Difference from this scaling are related to or hot nuclear
matter effects.

D. Caffarri - NIKHEF - Hard QCD Probes 48



Jets in pp collisions

R=0.2
; J: ! ! | ! ! ! | ! ! ! | | | —
Q ’ 0_3 anti-k;, R = 0.2, nl<0.5 n
% # ALICEpp Vs=276TeV:L _=13.6nb" = 1
a aal 5+ [ | Systematic uncertainty N
10 g_ - ~\ _§ —~
g 107 ¢ - 1=
~ - 1 © 0.8
B 105 - a
- = 3 =
(o) — 1 &
% 10 ENLO (N. Armesto) — E 0.6
& § "]NLO (G. Soyez) 1 N
[ EZINLO + Hadronization (G. Soyez) 3 o
10 E_ . | . . . | . . . | ! = I
© oF [ ' ' ' ' — x 0.4
® NN E o S s 1 &
T 1.5 SR R A AR R T Z
C 1EWwN] W |8 | & % [
Z 05F T3 5 02
S 2 J:__ ' s
3 1.5 =
- RKS, PROTOTOTON RTTITeTees =
—l 1 3
= 0.5 , , , , 3
20 40 60 80 100 120

D. Caffarri - NIKHEF - Hard QCD Probes

Py et (GeV/c)
3k Good agreement between data and NLO calculations for both R=0.2 and R=0.4

N. Armesto et al. based on Nucl. Phys. B507 (1997) 295-314
G. Soyez, Phys Lett B698 (2011) 59-62

3k Recent calculation based on NNLO+LLgincluding UE and hadronization effects
seems to be in better agreement than just NNLO calculations.

.\/
Nl.'ef
X

M. Dasgupta et al. JHEP 1606 (2016) 057

ratio of inclusive jets at R=0.2 and 0.4

(B

ALICE

I I I
pp, 2.76:TeV, CT10 - :

ly|] <O. 5 anti-k¢ aIg

L ALICE data +—+—1 .
NLO X (NP corr.)

NNLOg X (NP corr.) 1

(NNLO+LLR) x (NP corr.) E~13 |
| | | |

20

40 60 80
pt [GeV]

100

120
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HF and quarkonia production in pp collisions

3k Test of the theoretical approaches for open heavy-flavor and quarkonium
production in pp collisions.

""""""" " pisrTev | ¥ pQCD based calculations are compatible with

o . = D-meson data.

Prompt D, lyl<0.5 3

2 B —— ALICE N * FONLL ( JHEP 05 1998) 007 )

S F F —FONE * Fixed-Order-Next-To-Leading-Log

g = = calculations.

Lol ] * Fit of the moment of the fragmentation
functions with Kartelishivili form

107 —— * major improvement at high momentum

|+ 3.5% lumi, = 1.0% BR uncertainty not shown

* data systematically in the lower side of the
theoretical uncertainty bands.

Eur.Phys.J. C77 (2017) 550
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Nl.'ef —

ALICE

HF and quarkonia production in pp collisions

3%k Test of the theoretical approaches for open heavy-flavor and quarkonium
production in pp collisions.

i = o is7tev | F PQCD based calculations are compatible with
© 10°8 i = D-meson data.
S E Prompt D°, lyl<0.5 7
2 . ALICE B % GM-VENS ( Phys Rev D71 (2005) 014018)
= 10¢ E .
S [ Jom-vrns - * General-Mass variable flavour number
g E E scheme
L.l - * pr>>m (calculations start from 3 GeV/c)
O E =—_— = 5/ o ,
- —— : * In(pt2/m*) absorbed in c-quark PDF
10‘22— W
PRI ] % data systematically in the lower side of the
SiE 2 theoretical uncertainty bands.
e
0 5 10 15 20 25 30 35
p_ (GeV/c)

Eur.Phys.J). C77 (2017) 550
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HF and quarkonia production in pp collisions

3%k Test of the theoretical approaches for open heavy-flavor and quarkonium

production in pp collisions.

) E
o 10° :yl IE
(_g - Prompt D°, lyl<0.5 =
= 10 [ e —=— ALICE ]
-~ E B LO k; fact E
> F = .
o =i N
o E
B F s -
o107 =
= 3
107 + :
Ei 3.5% lumi, = 1.0% BR uncertainty not shown E

Eur.Phys.J. C77 (2017) 550

D. Caffarri - NIKHEF - Hard QCD Probes

3k pQCD based calculations are compatible with
D-meson data.

* kTt factorization
(Phys Rev D79 (2009) 034009)

* |Leading Order calculation based on kr
factorization instead of collinear one.

* Uncertainty on the charm mass taken
into account (low-pT)

* updated gluons PDF used

* compatible results with data for pt< 2 GeV/c
and pt > 10 GeV/c
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Photons Raa

2k We can immagine the QGP as a source
of thermal radiation, if this state of matter
IS In equilibrium.

Number of generated photons
(logarithmic scale) (Brightness of light)

Light corresponding
\ tothetemperature
of the QGP

@
2k From the slope of the spectrum of the
emitted direct photons we can extract I i
the temperature of the QGP reiemenerayfeoprenon
:% 10:_ [e ]ALICE h
e 0-20% Pb-Pb |s,, = 2.76 TeV
2k Direct y measurement very difficult S5 ;""’) :
due to high background, in o A _()F ‘
particular at low-pr e | TammbsEaT e
10% E E
%k Low-pt Y measurement of the WEE&
temperature of the source of the : )
medium slope parameter: !
T =304 + 51stat+syst MeV Ty — %""5""l"”‘l‘"'{é\'/')
p, (Ge /c
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Photons Raa

2k We can immagine the QGP as a source
of thermal radiation, if this state of matter
IS In equilibrium.

2k From the slope of the spectrum of the
emitted direct photons we can extract
the temperature of the QGP

sk Direct y measurement very difficult
due to high background, in
particular at low-pr

2k High-pt y transparent to the strong
interaction of the medium.

3k No difference Wlth respect to oo

collisions
D. Caffarri - NIKHEF - Hard QCD Probes

RAA

Number of generated photons
(logarithmic scale) (Brightness of light)

10

l

\ ]

ight corresponding
to the temperature
of the QGP

Photon energy (color of light)

Light \6

QGP

T T T T T T T T |
—— 0-20% Pb-Pb s, = 2.76 TeV
[e]ALICE y

pp reference:
+ (n)PDF: CTEQ6.1M/EPS09,

Rel. error JETPHOX

| FF: BFG2
- nPDF: EPS09, FF: BFG2

> 3 4 5 6780910
p_ (GeV/c)
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HF leptons measurements

3k Open Heavy-flavour Rppb
measurements compatible with unity
within uncertainties for backward,
central and forward rapidity.

3k Open heavy-flavour production
results are described by models that
include Cold Nuclear Matter effects.

3k Strong suppression of HF leptons in
central Pb-Pb collisions,

3k Similar suppression for muons and
electrons even at different rapidity

D. Caffarri - NIKHEF - Hard QCD Probes

III|III|III|III
" ALICE  cb—(I’ +1)/2

[ = e Rpp, {5)=5.02TeV,-1.065<y < 0.135 ]

III|III|III|III|I
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p. (GeV/c)
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Ni!\ief %

D mesons and Non-prompt J/{ Raa: theoretical models ALICE

<(1.4||||||||||||||||||||||||||||||||||||| 2(1.4llll|llll|l||||||||||||||||"""""
< I | — —]
@ | Pb-Pb,\s, =276 TeV . S Pb Pb, \s\y =2.76 TeV 2
1.2~ A = (ALICE) 8<p <16 GeV/c, lyl<0.8 — 1.2 ﬁmesons (A;'Cfé;;pp<1l6 GeV/ ? y1<0.5 —
- . ~ ) on-prompt JAp reliminary .
| m Dmesons (ALICE) 8<p <16 GeV/c, lyl<0.5 i - 6.5<p_<30 GeV/c, lyl<1.2 CMS-PAS-HIN-12-014 -
1— (empty) filled boxes: (un)correlated syst. uncert. N 1— (empty) filled boxes: (un)correlated syst. uncert. -
- _ - Djordjevic et al. Phys.Lett.B 737 (2014) 298 _
i Djordjevic et al. Phys.Lett.B 737 (2014) 298 | B — = D mesons i
L eeeees T . - — = NOon-prompt J/1 .
0.8 — — D mesons _ 0.8 H ...... Non-prompt J/p with ¢ quark energy loss —
L — — — ]
0.6 = 0.6/ ;;?;::H:\ _ =
W i L SN, M= ——— -
- 50-80% a2 N | 50-8 =z e, —~— ==
4 §#.>>\ ] 0.4— ~ \.Q'Q-..... ......... ]
B Q"'....\\ I B \....\"'n. ...."'-- B
| e, Tag,, Sy — ~— ., 0 ua " —
) . e, ...\'-.,...:.\ — o F\ N-& ............
- 40-50% ) R :\\\ — — 40-50% ) \E\:‘.%"""‘" -
0.2 30-40% L 00 B g 0.2 30-40% 54 300, -
10-20% ] . . 10-20% "]
_ n* shifted by +10in (N__ ) ° 0-10% | ~ ()80-100% for non-prompt J/y ° 0-10%
O||||||||||||||||||||||||||||||||||||||| 0|||||||||||||||||||||||||||||||||||||||
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
<Npart> <Npart>
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D mesons and Non-prompt J/{ Raa: theoretical models ALICE

§1.4_||||||||||||||||||||||||||||| T T ||||_ }1.4 ||||||||||IIII|IIII|||||||||| — ——
iy i Pb-Pb, \/ SNN =2.76 TeV i Ay B Pb'Pb, ‘/SNN — 276 TeV i
1.2~ ™ Dmesons (ALICE) 8<p <16 GeV/c, lyl<0.5 — 1o W Dmesons (ALICE) 8<p <16 GeV/c, lyl<0.5 N

= @ Non-prompt JAp (CMS Preliminary) .
- 6.5<p_<30 GeV/c, lyl<1.2 CMS-PAS-HIN-12-014 .

- (emptg) filled boxes: (un)correlated syst. uncert. N

- @ Non-prompt JAp (CMS Preliminary) -
- 6.5<p_<30 GeV/c, lyl<1.2 CMS-PAS-HIN-12-014 —

B (emptg) filled boxes: (un)correlated syst. uncert. .

B TAMU elastic  Phys.LettB 735 (2014) 445 7 - MC @sHQ+EPQOS2 Phys.Rev.C 89 (2014) 014905
- = D mesons -

= = Non-prompt J/yy N i :: Bomn-e:rcc))rr]rS]pt Jy |
------ Non-prompt J/y with ¢ quark energy |OSS—_ 0.8 \\H\ Non-prompt J/p with ¢ quark energy loss —

: - ~~ i

_ - Y >~ B}

=8 1 os- || H ~—— -
*... .T.... ==ﬂ | — ‘\ H \\\s ]

NN e, el === i - 50-80%* "\ EI |

NS T — i -

\:===§:------.......:E ] 04— H\.'N\ E ]

- H e = = = = ] | .-.h ]

- 40-50% ¥ . i 40-50% W —— -

- e B L - o T T, ]

0'2 B * 30-40% 20-30% 1 Ooo/o m | 0.2 __ 30-40% 20-30% e : __

: ] (I )I 5I0-|1 CTO I/o Ifolr r|1oln-lprlorlnplt :J/T) L1 | | | | | L1 1 IO_l‘I IOCI)/°| | : : (*) 50-100% for non-prompt J/lp 1 0-200/0 0'1 OO/O —
G50 T00 50" 500 250 300 G0 400 Ofer i asse e s 4 0o

N
< part> <Npart>
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. . ALICE
HF comparison with models
Simultaneous measurement/description of vo and Raa
— understanding of heavy quark transport coefficients of the medium
JHEP 1603 (2016) 081 JHEP 1603 (2016) 081 Phys. Rev. C. 90, 034904 (2014)
}1.4—§I T T | T T T | IA\II_II(IglEI T TT | T T T | T T T | T T T | T 1T H ;1.4_'%‘ T | T T | T T | T T | T T | T T | T T | T T | T T | T |_ >N _I T T | T T T | 1T | 1T | T T T | 1T | 1T | T T T | I_
:( : ‘ - ALICE - B + Nt 30'500/0, Pb-Pb i
@ [ 0-10% Pb-Pb, |5,y = 2.76 TeV 1 .- 30-50% Pb-Pb, |5, = 2.76 TeV 104" giﬁr?&%éﬂg AVErA%e g =276 TeV
1 2f‘ oAyerage D°, D*, D** lyl<0.5 - 1.2 a o Average D°, D', D, lyl<0.5 o El:lszst: o dedonm NN E
,I .I O with pp pT-extrap. reference : : ] : O 3__ B
1_P “““““““““““““““““““ AU elaste R TAMY olasic I ]
EHA - ao, Qin, bass _ L - ao, Qin, Bass _ u ]
B WHDG rad-+coll ] B WHDG rad+coll i - ' 3
0.8k ﬁ -+ MC@SHQLEPOS 7 o08E 4 e, MC@sHQ+EPOS | 0.2 ]
i . B | 08 —ocpoate o E el -
j.. o Eﬁlé/lgs el.+rad ] I B X BA'\S"PS el.+rad ] L Lo gt .
0.6 I: ¢ Joedllm - T e = Bl 1 B N E
e 1K LR i - SRR :
0.41 ] 041: ‘ ........ + 0_& ................................................................................................... —
-E] R~ _.-cC s R r N ] B WHDG rad+coll s
S S PSR - /‘ 4 i ] . — . POWLANG in-medium had. ] ]
0.2 “HRg o Bl T Lo 020 | -0.1-.. MC@SHQ+EPOS ... PHSD .
- .::‘EL ......... <\ S i - - = " -.-.- Cao, Qin, Bass ---. BAMPS el. ]
LR N T BT ] C .- TAMUelastic . BAMPS el.+rad. |
% 5 10 15 20 25 30 35 40 2 2 6 8 10 12 14 16 18 2 0 2 4 6 8 10 12 14 16

p_ (GeVic) p_ (GeVic) p_ (GeVrc)

does not include radiative energy loss and overestimate the Raa
— Radiative energy loss needed to describe the Raa in central collisions
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. . ALICE
HF comparison with models
Simultaneous measurement/description of vo and Raa
— understanding of heavy quark transport coefficients of the medium
JHEP 1603 (2016) 081 JHEP 1603 (2016) 081 Phys. Rev. C. 90, 034904 (2014)
}1_4—§||||||||||A|L|I(|3|E|||||||||||||||||||||||4—;1_4_,52,,|,,,l,,,l,,,|,,,l,,,l,,,l,,,l,,,l,,,_>(\j R e
:( : ‘ - ALICE - B + *+ 30'500/0, Pb'Pb ]
@ [ 0-10% Pb-Pb, |5,y = 2.76 TeV 1 [. 30-50% Pb-Pb, |5, = 2.76 TeV 104" giﬁr?r:%étg BVEra%e s =276 TeV
1 2f‘ oAyerage D°, D*, D** lyl<0.5 - 1.2 a e Average D°, D*, D**, Iy1<0.5 - El:lszst: o e down NN E
_I .I O with pp pT-extrap. reference : : ] : O 3__ B
L CTTTAMG eiasic T E e 7 1
L[ - Cao, Qin, Bass _ L v Cao, Qin, Bass _ = -
£ el e N EREREL | oa ] -
08 itk e | . _,. PR sHQ+ | L[ K . ]
At . BTG 1 08 e I S o :
’ . BAVPS el +rad ] I S X BAMES el.+rad i - ST AT ]
06 : :‘% 7; - 06_.:.11' .............. - 01—_ aj; \ _,/tl-ll./".’./'au-,‘,,::-_‘:~ o ]
i e 1] L ] & :
0.41 ] 041: T Erssgarisae 47 0_& .................................................................................................... —
1 R - PRSERE U B i - WHDG rad+coll :
- M R T A ’ . /‘ _ B _ . — . POWLANG in-medium had. il i
0.2 “HAg o adfperm ol T Lo 020 | -0.1-.. MC@SHQ+EPOS ... PHSD .
- .::‘EL ......... <\ S i - . " -.-.- Cao, Qin, Bass ---. BAMPS el. ]
R A A A T R ST T T C - TAMUelastic . BAMPS el.+rad.
® 5 10 15 20 25 30 35 40 B 2 4 6 8 1012 1416182 0 2 4 6 8 10 12 14 16

p_ (GeVic) p_ (GeVic) p_ (GeVrc)

WHDG does not include an expanding medium and underestimate vo.
: , MC@sHQ include both collisional energy loss in an

expanding medium and recombination — better agreement with v2 data
M.Nahrgang et al., PRC 89 (2014)
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. . ALICE
HF comparison with models
Simultaneous measurement/description of vo and Raa
— understanding of heavy quark transport coefficients of the medium
JHEP 1603 (2016) 081 JHEP 1603 (2016) 081 JHEP 1603 (2016) 081
;:1.4_—*"%""|'"'|""|'"'|""|""|"H—_ 1.2 § I
o 010%pb. PbALF 276 ToV 1t 0-10% Pb-Pb, {5 =276 TeV  ALICE - 2 7L 0-10%PbPb, (5, =276TeV  ALICE |
25+ Average 0, D' " iyl : 1_.Chd ........ | |08 ............................... I o;:E 4: © R 0 S (<0 5)
. O with -extrap. reference i - e argea pions, ni<0. = B D ch N
1_— """""" p ppr """"""""" S t 0 8‘_ o Charged particles, nl<0.8 ] : ? Raa(lyl<0.5)/Fiza(i<0.8) i
I WHDG radscol | [ - CUJET 30 : : e CUJET 3.0 :
0.8 —— Vitev, Rad+dissoc - Djordjevic . 3-_ Djordjevic _-
- —— Vitev, Rad 4 0.6——— Vitev rad - - —— Vitev rad i
0.6 \ === CUJET3.0 ] - WHDG rad+coll il - —— Vitev rad+dissoc -
B ] B Jé[_%:- . WHDG rad+coll ]
: 0.4 NE: et i i
0.4/t L ' i i
:_ - : ERY i Sk | Qe e .-...-............'E_:
0.2: _H__E_ ] i i
N N N N B Loal i ] o) W Lo b b b Lo i
%510 15 20 25 80 35 40 B 5 10 18 20 25 30 35 A b5 10 15 20 25 30 c§5w40
p.. (GeVic) p. (GeVic) p; (GeV/c)
Only and CUJET 3.0 models can describe the two Raa (pt>5 GeV/c).

—they both include radiative and collisional energy loss.

J. Xu et al.,arXiv:1508.00552
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Heavy quarks in p-Pb collisions

In p-Pb collisions, heavy-quark production affected by high gluon denS|ty
regime at the LHC that can be implemented via: /N

modified PDF in case of partons bound in nuclei.
Ry

Color Glass Condensate. »
McLerran,Venugopalan PRD49 (1994) 2233, N% 12
Fujii-Watanabe, arXiv:1308.1258 5? 10 Eoooeen oo SO
2 08 k.-
T 06 [ = This work, EPS09LO ]
‘S F -—-EKS98 i
~ 04 - HKNO7(LO) —
f; 0.2 | —- EPS08 T
& oo L ——aDS@O0)
10" 10° 107 100 10 ]
€T T q
Coherent energy loSS: see e.g. Eskola et al. JHEP0904(2009)065

Gluon radiation expected in scatterings of an incoming parton with a
compact and colorful system of partons.  areo, peigné, sami, pross (2011) 12

Comover interactions: :
Quarkonium dissociation due to interactions with the comoving parton :

medium that then associate again in the bound state.

Capella, Ferreiro, Kaidalov, PRL85 (2000) 2080-2083

~Cep,
~_Cls //
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Other cold nuclear matter effects

Colour Glass Condensate:
Effective theory used to approximate the saturation regime.
Based on the high density of gluons that don’t change their
position rapidly.

McLerran,Venugopalan PRD49 (1994) 2233, Fujii-Watanabe, arXiv:1308.1258

kT broadening:
partons can reduce their transverse momentum due to multiple
soft collisions before the hard scattering occurs.

M. Lev and B. Petersson, Z. Phys. C 21 (1983) 155., X. N. Wang, Phys. Rev. C 61 (2000) 064910.

Parton energy loss:
recent calculations based on the possibility that cc pair are also
affected by energy loss in pPb due to the high energy density
reached at LHC energies.

F. Arleo, S. Peigne, T. Sami, Phys. Rev. D 83 (2011) 114036.
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HF muons in pp collisions

—
o
©

T

—_
(@)
<]

—
o
)

do" "F/dp_ (pb/GeV/c)
=

10°

10*

10°

10

2.5

1.5

0.5

Data/FONLL
N

u* < HF, FONLL
u* <= charm, FONLL

\ B = < beauty, FONLL

.‘.
+ ¢ data

ALICE Preliminary
pp, Vs=8 TeV, 2.5<y <4

3% normalization uncertainty not included

Fpeteh gt
M8 00 g0 47 2T 0 S PSSP S S Y

-

T R AR

.......................................

o

da"~ "F/dy (pb)

Data/FONLL

107

ALICE Preliminary u* < HF, FONLL
pp, Vs=8 TeV

u* < HF, 2<p_<20 GeV/c —+ data

3% normalization uncertainty not included

¢

¢

¢

¢

2k multi-differential (pr - y) HF muons cross section in pp collisions.

%k good agreement with FONLL calculations
sk data can provides constrain to models!
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Charmed baryons

- — T T < C | | T
Cl: PP, \s=7TeV - > i - ALICE Preliminary |
S 02 M Ae — 0] B pp, Vs =7 TeV .
) = o combination of 3 o) 1 = lvl < 0.5 =
g - - pK t*, ng and e'v A analyses_ = - }: s — ]
o - lyl <0.5 . > n 4$* (Bp=) B, €EVe ]
3‘|_ 10 g_ S —1e— —— data _g _81_ B $ 7
% E §§§§ R GM-VENS E (\E 10_1 E_ _E
- e POWHEG - = - —$— :
5‘ ne L PYTHIAG | 0 i ]
B = = [ - =
o - ALICE . o
© B Preliminary _ OTO 107 = = 3.5% lumi. uncertainty not shown $ 3
10‘15— + 3.5% lumi. uncertainty not shown = g_-]’ O_ é — 21 — é — _8
- L - m
u | | m p_ (GeV/c)
010 = —E__m_““—m— = T
st F ® E
© ; - — ' —
W 1 bl - 3k First measurement of Z° pr
- - differential cross section in pp
w 1 O o
slE - _ collisions at LHC (BR unknown)
D : i ARRRN RN ] u u u n
SRR — A S E 2k A pr differential cross section in
o 5 10 underestimated by NLO

p. (GeVic) calculations
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