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Heavy-flavour (HF) probes

X. Zhu et al, PLB 647 366 (2007)

= Heavy quarks are produced early 1L
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= Heavy quarks are (almost) conserved g | c
E s . :
m >> Togp (m~1.5 GeV, my,~5 GeV) ‘g; | g ]
= No flavour changing g K d ” |
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— Very little production or destruction in the sQGP bt
Rapp, Hees, ISBN:978-981-4293-28-0 1 10 0°  10° 10 10°

Total quark mass (MeV)
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Heavy-flavour (HF) probes

X. Zhu et al, PLB 647 366 (2007)
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« No flavour changing : 2
i - e | LR Ty
= Negligible thermal production T T R T e ey
— Very little production or destruction in the SQGP LIS O [P0 DO O PP
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Total quark mass (MeV)
= Transport through the whole system q
= Heavy quark kinematics in the sQGP " % e

Access to transport properties of the system
...exits the medium also at low momenta

Hadronization (fragmentation, coalescence) /

Heavy vs. light? Charm vs. bottom?
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Heavy-flavour (HF) probes

X. Zhu et al, PLB 647 366 (2007)

= Heavy quarks are produced early v | || Ll
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Total quark mass (MeV)
= Transport through the whole system q

* Heavy quark kinematics in the sQGP " &
= Access to transport properties of the system

= _..exits the medium also at low momenta
» Hadronization (fragmentation, coalescence) /

= Heavy vs. light? Charm vs. bottom?

Penetrating probes down to low momenta!



Zimanyi School '"19, Budapest R. Vértesi - Heavy Flavor in ALICE

Experimental access to open HF

= Heavy quarks (c,b) hadronize into mesons (D,B) or baryons (A....)
= These hadrons later decay weakly into light mesons

= Experimental access:
identification of decay products

Indirect: semi-
leptonic decay &
.

hadronic channel



Zimanyi School '"19, Budapest R. Vértesi - Heavy Flavor in ALICE

Experimental access to open HF

= Heavy quarks (c,b) hadronize into mesons (D,B) or baryons (A....)
= These hadrons later decay weakly into light mesons

= Experimental access:
identification of decay products

Indirect: semi-
leptonic decay 5

¢cb—>u  BR~11%
c,b—e BR~11% |,

' Direct:
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Experimental access to open HF

= Heavy quarks (c,b) hadronize into mesons (D,B) or baryons (A....)
= These hadrons later decay weakly into light mesons

= Experimental access:
identification of decay products

(]

Indirect: semi-
leptonic decay &

o

Direct:

hadronic channel

DO — K@+ BR ~ 3.9%

D**— DO (—-K-n")m* BR ~ 2.6%

Dt —- K-ntn* BR ~ 9.5%

D¢t — O(—K"K-)n* BR ~ 2.3%

A, — pKKint BR ~ 6.2%
— pK? BR ~ 1.6%
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Experimental access to open HF

= Heavy quarks (c,b) hadronize into mesons (D,B) or baryons (A....)
= These hadrons later decay weakly into light mesons

= Experimental access:

identification of decay products finding the location of the decay
(secondary vertex)

Indirect: semi-
leptonic decay

hadronic channel

Primary vertex

Lifetime of heavy quarks  ¢t(D) ~100-300 pum
ct(B) ~ 400-500 wm
Secondary vertex resolution <100 pm
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ALICE

—

I’W NS
: i /e

A dedicated heavy-ion experiment at the LHC, excellent PID
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ALICE

———— yyg ITS: charged-particle
7 A NP tracking, secondary vertex

: 3 = :‘n
Wi/ e b
. L///.Iﬁ i _

TPC: charged-particle
tracking, identification

- .

¥ —~
’

Muon spectrometer:
- forward: -4<y<-2.5
~ muon trigger and tracking

A dedicated heavy-ion experiment at the LHC, excellent PID

TOF: identification by
precise time of flight

n

central barrel: |#|<0.9
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Heavy quarks in pp collisions

= Yields: ",
Primary tests of pQCD models B Fragmentation

(non-perturbative)
= Heavy quarks: m ;, >> Aqcp
— Perturbative even at low momenta —— fo X,

-.\ /‘ X2 ’;4—
= Factorization: . A e
= Parton distribution function (PDF) (perturbative) ; .\ nDistribution
. . : ‘ in nucleon
Hard scattering )I:e_ynpr;la/r;)A(. (non-perturbative)
1 i I ||;max
. Fragmentatlon O : momentum transfer

th—)ﬂ = ,ﬁ;(-quz)@fb('waz)@ Gab—:-gq ® Dq—:-H(Zq’QQ)
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Heavy quarks in pp collisions

= Yields: . s
Primary tests of pQCD models & Fragmentation
= Heavy quarks: m ;, >> Aqcp A e
— Perturbative even at low momenta — fo X4
= Factorization: Ha[“d ";caner " 'fB ‘i
= Parton distribution function (PDF) (perturbative) Parton Distribution
= Hard scattering Feynman-x: | in nucleon

P (non-perturbative)
I i I [|,max
- Fragmentatlon 0O : momentum transfer

th—)H = f::(xl’Qz)®fb(x2’Q2)® Uab—:vqc? ® Dq—:-H(Zq?QQ)

= Jets and correlations J
= Light and heavy: mass and color-dependent fragmentation | T%
= Contribution of gluon splitting ~ x// P

= Mesons and baryons f Po
» Tests of fragmentation models Nﬂ ™~

“trigger~ Particle
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Heavy quarks in pp collisions

Yields: i
Primary tests of pQCD models W Fragmentation

= Heavy quarks: m ;, >> Aqcp
— Perturbative even at low momenta — fA. X,

= Factorization:

" X2
Hard Scatter

= Parton distribution function (PDF) (perturbative) ;o Mok ution
= Hard scattering Feynman-x: ‘ in nucleon

(non-perturbative)

i Xi = PAH / pAH,max
. Fragmentatlon O : momentum transfer

th—)H = fsx(xl’Qz)®fb(x2’Q2)®Uab—ivqc? ®Dq—>H(Zq9Q2)
Jets and correlations

» Light and heavy: mass and color-dependent fragmentation | \/
= Contribution of gluon splitting N

Away Side

- _\l/ ”

%, —

Mesons and baryons X f .
» Tests of fragmentation models ner SN ]l x

D Teson as

Reference for p—A and A-A collisions (eg. R, Rx4) e b

|f8<—

13

(non-perturbative)
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Heavy quarks in pp collisions

Yields: ",
Primary tests of pQCD models W Fragmentation

(non-perturbative)
= Heavy quarks: m;, >> Agcp g
— Perturbative even at low momenta —— fAs X,

= Factorization:

\ l x: lfB e~
Hard _;catter : ol

= Parton distribution function (PDF) (perturbative) ;o onDistribution

= Hard scattering Feynman-x: | Z:»g:-(:ZStBrbative)
i Xi = PA|| / pAH,max

. Fragmentatlon O : momentum transfer

Oppon = 11,0 ® £,(x,,0°) ® O g @ DQ%H(ZQ,QQ)
Jets and correlations

= Light and heavy: m d color-dependent fragmentation , | ﬁ%
= Contribution of gluon spilit N vﬂ j

Eszter Frajna A

Mesons and baryons Wednesday 14:55 j e

» Tests of fragmentation models

Reference for p—A and A-A collisions (eg. R, Rx4) e b
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D (charmed) mesons in QCD vacuum

Eur.Phys.J. C79 (2019) no.5, 388

I E NNy ; 3 < SRBRE = T - 5 = 3 e 5
pp. [s=5.02TeV | < f5=502Tev 1 T -502TeV | o =502TeV -
= % PP i % 0] D+ pp, \s=5.02Te b ;q; 0l D + pp, \s=5.02 Te N
7 @ . Cc Fm E ok s
Prompt DY, 1yi<0.5 3 g Frompt D', 1j30.5 'Dé 10k 9 Prompt D', |y]<0.5 = g 10k Prompt D, |y|<0.5
—=— ALICE 3 = SN ALIGE B o - —=— ALIGE E = - i AELCE 3
[ FonuL 1 5 ] omvews, SACOT_"TT_E O 1k =B [ k; factorisation B4 [ amvrns, modt, . o
18 1 8 ¢ = 3
| B0 - ©10 == B 10
=== 1% ER I 5
—; 1072 =] 10
=t e ——
= 2.1% lumi, = 1.0% BR uncertainty not shown = 10 E 107
§ Il 1 1 1 1 1 L E = :-3_
i g e 23F
iy L g% SE 15E
zI“[Hlllli 11 e ey e — L1 ki e . _
= : = | TR T R - R R | R VI | UR: R
20 25 30 35 4] 5 10 15 20 25 30 35
p, (GeV/c) P, (GeV/c) p. (GeVic) p, (GeVic)
FONLL: JHEP 10 (2012) 137 GM-VFNS SACOT-m;: kT-factorization: GM-VFNS mod pR,F:
JHEP 05 (2018) PRD 98, no. 1 (2018)  JHEP 12 (2017); NPB925 (2017)

Vs=5.02 TeV pp: new, high-precision D, D**, D*, D,;* measurements
= DO down to low momenta (p>0): no topological cuts, only PID
= New reference for heavy-ion systems (p—Pb and Pb—PDb)

A detailed test of pQCD models
= Data well described by models based on factorization
» Data provide strong constraints for models
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HF decay

R. Vértesi - Heavy Flavor in ALICE

electrons and muons

g ALICE Preliminary s - SR SEA AR I ST BN R R S A
_3 1 -— [l - + H B
@D’ 10 = 55, 15~ 5 TaV. Il <08 : % 1OB; \ ALICE, pp, \s =5.02 TeV, p*«cbin25<y <4 .
‘.g C ] o N 1
= 10 3 |10k JHEP 09 (2019) 008 E
blT E = = Bt =
o L ~ = k= - 1
°l8 105k ~ S 10°F E
Q. = = a B =
ko B [ it ti s = =
N 10 o A0rE .
E e bo(c—o)e = E 3
C a b—o(c—)e, pp 7 TeV scaled (Phys.Lett B763 (2016) 507-509) ] -8 5 ]
1077 - FONLL (JHEP 05 (1998) 007) = 104 E_ : _§
; additional 2.1% normalisation uncertainty (not shown) é E ,:\.‘Q: E
I ind nanisanan s st o itod o 10°F = wiecbFONLL S .
z 9 F — — pfec, FONLL : E
é 102 ;_ ------- LL:{—E, FONLL -...__.--...__"--.... il J
§ § 2.1% normalization uncertainty not included '"""h':-'i"--__“:-._.‘., %
g 2'5 M R PREITIRE SN NPT T N SN T TN T TR S M PR PR PR _2
2F 3
Q 15F L
R B B I L LU I I 8 1F W—O—‘
141 ALICE Preliminary & 0.5F E
jab: PP, \'s = 5.02 TeV, |y| < 0.8 7 %2 4 6 & 10 12 14 16 18 20
o & ] p_ (GeV/e)
T 1+ b—=(c>)el/ cb -8, [cb —e-arXiv:ioto.09110] ] T
Ko [ -
S [ ----FONLL (JHEP 05 (1998) 007) ] .
3 °°F E = FONLL pQCD describes beauty
o 06F .
- electrons and beauty/charm ratio
o 04fF
b = Agreement for electrons at mid-
o b rapidity and muons at 2.5<y<4

16
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D- tagged and b tagged Jets

T
ALICE Prellminary

O =
,__JHEP 1908 (2019) 133 _ P ; -
— E g £ charged jets, anti-ky, A = 0.4, lrf%| <05 ) 3 ;
= = 2 with D°, 2 < 36G V/c
s ? ALICE 6, \f_ 7 TeV E DEgmfz <o . bt E %‘ 10 3 ALICE Preliminary =
% H Charged Jets, Anti-k;, R=0.4 7 *ls I HHE B POWHEGPYTAEE ] o} a pp, Vs = 5.02 TeV 5
S [ , 7 | <05 E ° L_J8¥st une. (theory) 2 4o+ Charged b jets, Anti-k,, R=0.4, |n_|<0.5
o 1072 E | L jel 0 = 104 IC. ® =] .g, E jet E_
£ E 5 with D P> 3 GeVic E E E =~ = =
T2 E ] i — 5o F 3
o5 | : 7 TeV A3TeV, = sk _ <
bls E10°L o e o g b-jets E
g E R . 5 3
S E & 1 £'% — i P
© ol — ' 107 o 3
i 05961520 25 30 35 40 (és v é)o = Syt ke, (Data) o
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10 = [G]POWHEG hvq + PYTHIA 6 § s o o neR ‘ ‘ ‘ = . —— POWHEG+PYTHIAB hvg, with CT14nlo _
© [ POWHEG dijet + PYTHIA 6 1 § " smaee E E syt Unc. (Theory, Sosle variations) 3
B = charge d; ets, anti-k;, B =0.3, |7f |<0.6 = - -
o = I e g 1O,anhn 3<p <36GeVic ™ _ i =
T o5 5 . Da E g 2E
e 2 e G '\-'g 2” a Syst. unc. (data) _ ﬁ 1.8
o SIS CAUTE o POWHEG+PYTHIAS J o ;‘E’
s LR S = H [ Syst. unc. (theory) 4 o (O
1T 4 P 104 = = T 9
05R}-2-|-2 , E E— 3 o= 8:§
s "BTeV = b4
3 1 B 0 pc%S (GeV/ca)( z ek R E 0==% 20 30 40 50 60 70 0 % W1FU
T.jet 2 ;(‘ | 3 pl.cHE VG
Z 15E
D-tagged jetsi i | * = !
“ ospd E
%40 15 20 25 30 35 40 45 50
pT.cmal (GeV/c)

= D-jets are jets tagged with the reconstruction of D® mesons at 5, 7 and 13 TeV

* b-jets tagged based on impact parameter
= POWHEG(HVQ)+PYTHIAG6(Perugial1) describes both adequately

= Strongly restricts models
=> unique opportunity to study flavor-dependent jet properties

Reference for nuclear modification
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Baryon- to -meson ratio: A /DO, =.9/DO

= I [ |
E 1.2 AL|CE Prellmmary Multiplicity classes: || < 1.0 |
+ = ,Vs=13TeV, 0.5 Data: . p—
<o - PP i dN,,/dn: [ min—max], mean - :‘COIDO
B Syst. from data —8— [ 14- 7.5], 39 i ©
sy
1 [ Syst. from B feed-down —&— [ 8.4-24.3],137 1 R 107 LB i T TR A L TR A L s | E| © \02
B —db— [24.5-45.8], 28.1 o % ALICE Preliminary » Data 3 o3 g
B | ; 91 &
A OIDO _ = pp, Vs =5.02 TeV 777 PYTHIAS Monash2013 default 4 © @ <
0.8 c PYTHIAB (dN,/d7 mean): — &o 5 d T
= Monash: Mode?2: " 1 10 lv| <0.5 S PYTHIAS Mode 2 = 0ol
: B 3 82%o
B H -_— 37 B a8 . % = gt
- | 3 - — - ~ S
0.6 —12.0 Ry 129 | .>m 41 68 ©
L == 279 278 4 1 492 °<-6
+ 5 oo
L JHEP 08 (2015) 003 - %‘J \ TTRTT] 2
P iplic it i T .0'.0.‘.00'000.0.: ' I I
0.4 5 B S svounc on Bt I g // % Sy 1 S5
— ] & 10 / 74 8.9
L H =>=
I
0.2 - Eak
i I oQxT
I ' ¥ e e 10°5 > 4 6 8
0 I 1 | | I | | 1 | I 1 | | [ | ] L1 | L I | | P | |
0 5 10 15 20 25 P, (GeV/c)
P, (GeV/c)

= =.9DO0 as well as A;*/D0are underestimated by models based on ee
collisions: Does charm hadronization depend on collision system?

= PYTHIAS8 with string formation beyond leading colour approximation?
Christiansen, Skands, JHEP 1508 (2015) 003

» Feed-down from augmented set of charm-baryon states?
He, Rapp, 1902.08889

= Detailed measurement of charm baryons provide valuable input for theoretical
understanding of HF fragmentation
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Probability Density

theory / data

iy
=}

ALICE Preliminary
pp, V5 =13 TeV
charged jets, anti-k;, R = 0.4, |7 | <05

with D°, 2 < P, <7 GeVic
5< Pieviia® 7 GeVie

P W W
m o o

o
o

5 h

CoJ - Daa
& ] Syst. unc. (data)

b
[$)]

&
Ill[”lwllfill”llHII[\IH[IIH'IHI

0.0 [ Syst. unc. (theory)

|

HI

o POWHEG+PYTHIA6

HIIIII‘\II\‘IIF

:

OO0O t ==
ochbomoNEmHD
Ty T

06 07 08 09

D0 2.7 Gevic

Fragmentation of D mesons
* Comparison to model POWHEG hvg CT10NLO + PYTHIAG

Probability Density

theory / data

R. Vértesi - Heavy Flavor in ALICE

Charm fragmentatlon

|I\II1IIH|IHI‘IIII|HH[IH

I}IIHIIH

ALICE Prehmmary =
pp, fs =13 TeV

charged jets, anti-k;, R = 0.4, \rf‘::)l <05
with D°, 3 < P, <36 GeVic

15 < Bica - 50 GeV/c

-
« Data lié

Syst. unc. (data)
o POWHEG+PYTHIAG

[ Syst. unc. (theory)

05 06 0.7 0.8 09 E

D0 3.36 GeV/c

ch _

Z)

» Softer fragmentation in data for low p;
* Model consistent with data at higher p;

PD " Pchjet
Pchjet " Pchjet

19
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Charm fragmentation

20

= 40— 5_ 5 — T T T | T T T T | T T T T | T T T T | T T T T I T —]
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O £ chagedjets, antiky, R = 04,13 <05 S L 2lgargs;ed jots Zmu«T R =04, 1" <05 ] % L A: (and charge conj.) in charged jets with 0.4 < z§" < 1 i
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o 2.0 ¢ o 0O E = i
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E = 05 = ,
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= }S' i S— (‘) = ‘é‘ A-:g ................... d) i l l ? | .Q - g : I\ I =
§ op T — ——— T R == 1E } | T —]
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« Fragmentation of D mesons T T Pajer - Pebjet
* Comparison to model POWHEG hvg CT10NLO + PYTHIAG
» Softer fragmentation in data for low p;
* Model consistent with data at higher p;

+ A.tagged jets at 13 TeV - first measurement at the LHC
 EXxciting prospects for high luminosity LHC run
« Comparison to models seems to favor PYTHIA with softer settings
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p-Pb collisions: CNM effects?

= Nuclear modification

* PDF modification:
(anti)shadowing, gluon saturation

= Energy loss in cold nuclear matter
(CNM)

* kr-broadening
Baseline for hot nuclear effects

~ o~
NORN

1.69 GeV?)

S
Co

~
QI—III|III[II|II IIIIlIIlIYI
©

(x,0’

Pb

8
S
N

R
S 8
()

10* 107 102 10" 1

S
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p-Pb collisions: CNM effects?

= Nuclear modification
= PDF modification:

(anti)shadowing, gluon saturation

< 12F

1 % C
* Energy loss in cold nuclear matter ¢

(CNM)

. Q06 1

* kr-broadening £ g
. b N ]
Baseline for hot nuclear effects 02 :
010' B |1“0"’ 10 10 10’ I“I

22

= Multiplicity-dependence?
» Any hot droplets?

= Origin of collectivity in small systems?
» Disentangle initial and final state effects
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R. Vértesi - Heavy Flavor in ALICE

HFE in p-Pb collisions

3 | LI B | I LI | LI I I LI B I LI I | LI I LI LI L I I L | 1 |
L p-Pb, |5, = 5.02 TeV ALICE
25 Fbec = (e’ +e)2, -1.06 < Yos <014
=l -= Minimum bias trigger (PLB 754(2016)81)
- - Trigger E gy > 7 GeV
2r -+ Trigger E S > 11 GeV -
i .Normalisation uncertainty arXv:1910.14399
. C PRC 916 (2015) 064905
& 1.5 -
m L
[ . l 2-' it MY s
i =
i 7 Incoherent multiple scattering ]
0.5 ¥ Coherent scattering + CNM energy loss —
. FONLL + EPS09NLO shadowing ]
i = Blast wave calculation i
0 L1 E 1 1 | L1 ’ L1 [ L1 | L1 L I L1 | Ll | L1 L I L1 1 | L
0 2 4 6 8 10 12 14 16 18 20

P (GeV/c)

T T T T T T T T T T T T

3 ® ALICEbgc —(e" +e )2
e PHENIXb.c - (8" + &}z 0-20% 20-40%
2.5 m  ALICE charged particles
=
2
&
?E. 1.:5 S I
= T
G el =
ALICE
PP, | 5y, = 502 TeV
1.06 < < 014
OB Ran
3
25 40-60% 60-100% (ALICE)
a BO-88% (PHENIX)
<
o 2
= |
n: 1.5 A
g I + L I it ]
=3 e
© a===2k. B
0.5

 normalisation uncertainty

1 1 L L 1

0 1 L I 1
2 4 € 8 10 12 14 16 2 4 & B8
p. (GeV/c)

= HFE production in p-Pb collisions:
No modification w.r.t. pp collisions within uncertainties

= Q,p, consistent with unity at all centralities
= More radial flow in PHENIX d—Au than at the LHC ?

1 L 1
10 12 14 16

p. (GeVic)

PHENIX: PRL109 24 (2012) 242301
Kang et al:PLB 740(2015)23

23

Sharma et al: PRC 80(2009) 054902

FONLL: JHEP 9805(1998)007
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b-tagged jets

S 107 ALICE Preliminary
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= b-tagged jet cross section and R, measured for 10 <p; <100 GeV/c
» Tagging based on reconstructed secondary vertex

= Data is well described by POWHEG simulatons within uncertainties
" R p, consistent with unity within uncertainties in the measured p; range
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Asymuthal anisotropy in p-Pb

PRL 122, 072301
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= Collectivity of HFE and HFM in small systems
c,b—e at mid-rapidity, c,b—pu forward/
= Values of e and u v, comparable with each other within uncertainties
» Low-p;: comparable to charged hadrons
» Mid-p: about half the charged hadron v,
» Tendency of smaller p-going than Pb-going v,
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Heavy ions: hot nuclear effects

= Nuclear modification
1 dN AA / de

N coll> dV, PP / dpr
= Collisional energy loss

= Energy loss via gluon radiation p*p Avh
= Dead cone effect — expected mass ordering:
AE>AE >AE>AE, —? Ry \"<R, " <R,,"
= Color charge effect (HF is mostly quarks <=> gluon contribution in LF)
= Change of fragmentation: Baryons, jets

fi=]
]
p
o '\E E

Raa(pr) = <

&8

26
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Heavy ions: hot nuclear effects

= Nuclear modification
1 dN AA / de

N, coll> dV, pp/ dpr
= Collisional energy loss
= Energy loss via gluon radiation pp A
= Dead cone effect — expected mass ordering:

AE>AE >AE>AE, —? Ry \"<R, " <R,,"
= Color charge effect (HF is mostly quarks <=> gluon contribution in LF)
= Change of fragmentation: Baryons, jets

= Collectivity: strongly coupled medium => substantial v,

d*N 1 d°N .
E— = — <1+2ZUnCOS(n(<p—\IIR))>
n=1

d3p 2w prdprdy

Raa(pr) = <

Un = (cos(n(p — ¥r)))
= Does heavy flavour flow?

* |n what stage does it pick up flow? |
= Does it thermalize with the medium? X
= Do heavy quarks coalesce with flowing light quarks?
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Pb-Pb: Suppression

of charm

<25 . < 220 :
@ - ALICE Preliminary ; @ 5 ALICE Preliminary E
o[ 0-10% Pb-Pb, 5., =5.02 TeV, ly| < 0.5 o] 1gE FR-Ph, \/S_nsu =5.02 TeV =
T —e— A i 1.6:— Average D", D¥, D**, |y|<0.5 E
- —=— Average D’ D', D" 4 - » 0-10% ]
{5 ——0; N 1.4F 30-50% =
- charged particles, |y | < 0.8, JHEP 1811 (2018) 13 1 1.2F * 60-80% JHEP 10 (2018) 174 =
- b grenin i 1t
1 S SO it

1 I
2
N

central

P, (GeV/c)

» DO measurements down to p~0

IIII]IIIKlIIII|IIJII\III|LIII|IIi\IIIILlIiII-
10 15 20 25 30 35 40 45 50

arXivi1804.09083 p_ (GeV/e)

= High-p,. Suppression pattern similar to light flavor
= Mass ordering? Expected AE>AE, but observe Ry\" = RxP

= Low-p;: Charm suppression is significantly weaker than light flavor

= Coalescence of light and charm quarks?

28



Zimanyi School '"19, Budapest

R. Vértesi -

Heavy Flavor in ALICE

Pb- Pb Suppressmn of D mesons
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= High-p,. Suppression pattern similar to light flavor

Mass ordering? Expected AE>AE_ but observe R "= R,,P
Different fragmentation, p-slopes, color charge effects level out ordering

= Low-p;: Charm suppression is significantly weaker than light flavor

= Coalescence of light and charm quarks?

= Several models give good description, low discrimination power

29
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Prompt and non-prompt D mesons

| | T T T 1 ] r 1 1 T | a1 1 1 _I
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* Non-prompt D mesons: access to beauty suppression in Pb—Pb collisions
* Intermediate p: non-prompt DO is less suppressed than prompt D?
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Prompt and non-prompt D mesons
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* Non-prompt D mesons: access to beauty suppression in Pb—Pb collisions
* Intermediate p: non-prompt DO is less suppressed than prompt D?

« Calculations including flavour-dependent energy loss describe it
» Ratio helps cancel some of the model and data uncertainties
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Charm and Beauty: HF decay electrons

< 1.8 I IS

i ™ ALICE Prellmlnary E
" [0-10% Pb-Pb, |5, = 5.02 TeV !
1.4 - g
i “-cb—e b{—=c)j—e i
1oL arXiv:1910.09110 [nuck-ex] o [7]<08 ]
) i o |1f|<06 ]
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04F Tl tld [y j :
r il oy + ; ]
0.2 # |T
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0 5 10 15 20 25
P, (GeV/c)

= Significant (c,b)—e suppression in Pb—PDb collisions from medium to high p;
= Note: Results in p—Pb collisions are consistent with unity

= Separated beauty-decay electrons hint a weaker b-quark suppression
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Charm and Beauty: HF decay electrons
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= Significant (c,b)—e suppression in Pb—Pb collisions from medium to high p;
= Note: Results in p—Pb collisions are consistent with unity

= Separated beauty-decay electrons hint a weaker b-quark suppression

= Models describe both (c,b)—e and b(—c)—e within uncertainties
» Difference understood by quark-mass dependent energy loss
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Production of A, in Pb-Pb collisions
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« Charged baryon/meson ratio A,/D,
* mid-p;: tendency of moderate increase from pp to central Pb—Pb collisions
* Models include recombination follow the same trend as data

 Hint of baryon to meson enhancement
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Heavy-flavor azimuthal anisotropy
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= D mesons flow: A significant v, of D mesons is observed at the LHC
= D-meson v, is qualitatively similar to charged partice v, at Vsyy=5.02 TeV

= Heavy-flavor decay electrons flow: Significant v, observed at the LHC
= HFE v, at Vsxy=2.76 TeV and Vsxx=5.02 TeV agree within uncertainties
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Azimuthal anisotropy of D: and Rxa
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JHEP 1810 (2018) 174

MC@sHQ+EPOS, PRC 89 (2014) 014905

Models: TAMU, PLB 735 (2014) 445
POWLANG, EPJ C75 (2015)

BAMPS, PRC 84 (2011) 024908
PSHD, PRC 93 (2016) 034906

LBT, arXiv:1703.00822

D mesons flow: A significant v, of D mesons is observed at the LHC
= D-meson v, is qualitatively similar to charged particle v, at Vsyn=5.02 TeV

Models in which charm picks up flow via recombination or collisional
energy loss do better in reproducing R, , and v, simultaneously

R, and v, together provide strong constraints on models

36



Zimanyi School '"19, Budapest R. Vértesi - Heavy Flavor in ALICE 37

Azimuthal anisotropy of HFE: c vs. b
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JHEP 1609 (2016) 028
= HFE: significant v, of both the charm and beauty contributions

» Several models describe HFE v, (charm and beauty contributions)
= Separated beauty-decay electron contribution to the v, qualitatively similar
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Summary

QCD vacuum: pp collisions at Vs=5.02, 7, 8 and 13 TeV
= D-meson, HFE, HFM spectra adequately described by pQCD models
» HF-tagged jets: information about fragmentation, model development
» Charmed baryons: Unexpected enhancement, recent model explanation
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Summary

QCD vacuum: pp collisions at Vs=5.02, 7, 8 and 13 TeV
= D-meson, HFE, HFM spectra adequately described by pQCD models
» HF-tagged jets: information about fragmentation, model development
» Charmed baryons: Unexpected enhancement, recent model explanation

Nuclear modification in p—Pb collisions at Vsyx=5.02 TeV
* Nuclear modification: R, , consistent with unity at mid-rapidity
= Mesons, HFE as well as b-tagged jets
= Centrality-dependence of D-production similar to that of hadrons
= Collectivity: substantial HF v, in small systems: final state effect?
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Summary

QCD vacuum: pp collisions at Vs=5.02, 7, 8 and 13 TeV
= D-meson, HFE, HFM spectra adequately described by pQCD models
» HF-tagged jets: information about fragmentation, model development
» Charmed baryons: Unexpected enhancement, recent model explanation

Nuclear modification in p—Pb collisions at Vsyx=5.02 TeV
* Nuclear modification: R, , consistent with unity at mid-rapidity
= Mesons, HFE as well as b-tagged jets
= Centrality-dependence of D-production similar to that of hadrons
= Collectivity. substantial HF v, in small systems: final state effect?

Medium effects in Pb—Pb collisions at Vsyx=5.02 TeV
= Energy loss: No ordering in high-p, suppression: R, ,"~R, ,
Ordering at lower p; ranges : R, ,b7¢ >R, \be—e
= Collectivity and coalescence:
* R,, atlow p,. hints coalescence with the flowing medium
 Significant azimuthal anisothropy — v, & R,, constrain models
 A.: HF Baryon over meson enhancement hinted by data
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Summary

QCD vacuum: pp collisions at Vs=5.02, 7, 8 and 13 TeV
= D-meson, HFE, HFM spectra adequately described by pQCD models
» HF-tagged jets: information about fragmentation, model development
» Charmed baryons: Unexpected enhancement, recent model explanation

Nuclear modification in p—Pb collisions at Vsyx=5.02 TeV
* Nuclear modification: R, , consistent with unity at mid-rapidity
= Mesons, HFE as well as b-tagged jets
= Centrality-dependence of D-production similar to that of hadrons
= Collectivity: substantial HF v, in small systems: final state effect?

Medium effects in Pb—Pb collisions at Vsyx=5.02 TeV
= Energy loss: No ordering in high-p, suppression: R, ,"~R, ,
Ordering at lower p; ranges : R, ,b7¢ >R, \be—e
= Collectivity and coalescence:
* R,, atlow p,. hints coalescence with the flowing medium
 Significant azimuthal anisothropy — v, & R, constrain models
 A.: HF Baryon over meson enhancement hinted by data

Run-3 upgrade: ~100x stats; precision beauty measurements
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Physics reach after LS2 (2019-20)

Current, 0.1nb ™! Upgrade, 10nb !
Observable p%‘i“ statistical pe statistical

(GeV/c)  uncertainty  (GeV/c) uncertainty

Heavy Flavour

D meson Raa 1 10% 0 0.3%
Ds meson Raa 4 15 % =2 3%
D meson from B Raa 3 30% 2 1%
J/1 from B Raa 1.5 15% (ogeint) 1 5%
BT yield not accessible 3 10 %
Ac Raa not accessible 2 15 %
A /DO ratio not accessible 2 15%
Ay yield not accessible 7 20%
D meson vy (v9 = 0.2) 1 10 % 0 0.2%
Ds meson v (vy = 0.2) not accessible < 2 8%
D from B v (ve = 0.05) not accessible 2 8%
J /1 from B ve (v2 = 0.05) not accessible 1 60 %
A vo (v =0.15) not accessible 3 20 %
Dielectrons
Temperature (intermediate mass) not accessible 10 %
Elliptic flow (v2 = 0.1) [4] not accessible 10 %
Low-mass spectral function [4] not accessible .23 20 %
Hypernuclei
AH yield 2 18 % 2 L7%

ALICE ITS upgrade TDR
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ITS performance

= Semiconducting technology
= Resolves secondary vertex

heavy quark lifetimes: cz(D) ~100-300 pm

c7(B) ~400-500 pum

Secondary vertex resolution: ~ 100 pm
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Distribution of electron track DCA
(distance of closest approach to
primary vertex).

MC template fitting allows for
statistical separation of charm and
beauty contributions.
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Secondary vertex

Impact parameter
R

Primary vertex

Probability density (c?/GeV)

Raw data / Fit
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b-jet tagging performance

Secondary vertex method

= L,, : projection of decay length
on the (x,y) plane

= L,J/o.,,: significance of L,,

" O, . Secondary vertex dispersion
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2.3% lumi, + 2.5% BR uncertainty not shown
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ALICE Preliminary, pp, \s=5 TeV
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R. Vértesi - Heavy Flavor in ALICE

D mesons at different energies (pp)

I ¥ T
pp. Vs=7 TeV

Prompt D, |y|<0.5
—s=— ALICE

[] FONLL

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

el el e Lo by e ) b ol
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arXiv:1702.00766

D-meson production cross section
Down to p; =0 for D% at 7 TeV

pQCD calculations describe the data within uncertainties
data uncertainties much lower than theoretical one
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lyl<0.5 7

r
"+ stat. unc. =
£ [Jsyst. unc. T ]
[ [[] FONLL N
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C oy g gl g g Bypg il pog o 151
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D-meson ylelds VS. multlpllc:lty (pp)

ALICE pp \S = 7TeV

¢ Average D°, D*, D** meson |y|<0.5, 2<p <4 GeV/c
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* Production vs. multiplicity of D mesons and muons steeper than linear

= Same trend for non-prompt (B—)J/¥Y as well as prompt J/W yields

— No strong flavour dependence

— Enhancement is likely to be related to cc, bb production processes,
is not strongly influenced by hadronisation
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Yields vs. multlpllc:lty N p Pb models
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multiplicity at mid-rapidity multiplicity at backward rapidity
(Pb-going): test auto-correlations

= Multiplicity at mid-rapidity: similar enhancement in p-Pb and pp collisions
= Multiplicity at backward rapidity: linear-like, less rapid increase in p-Pb coll.
= EPOS with hydro evolution: qualitatively good description in both cases
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D-h azimuthal correlations
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Charged hadron — D-meson correlations in azimuthal angle

No significant difference between correlations in p-Pb and pp collisions
after baseline subtraction

Near side peak fit parameters (yield, width, baseline) typically described by
simulations ( , POWHEG+PY®, ) within uncertainties
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CNM effects in p-Pb collisions?
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= D-meson production in p-Pb collisions:
No modification w.r.t. pp collisions within uncertainties

* No indication of CNM effects from intermediate to high p;
» Data described by several models containing CNM effects
= Hint of Qcp > 1 for central collisions (1.50 at 3<pT< 8 GeV/c)

= similar to light hadrons
= Radial flow? Initial or final-state effect?
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Hot effects in p-Pb collisions?

ALICE Preliminary
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R. Vértesi - Heavy Flavor in ALICE
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D-meson production in p-Pb collisions:

No modification w.r.t. pp collisions within uncertainties
* No indication of CNM effects from intermediate to high p;
» Data described by several models containing CNM effects

= A model including small-volume QGP formation
also describes data (but not favored by)

51

ALICE
p-Pb, {5y = 5.02 TeV
096 <y <004
5 Prompt D mesens
._i Syst. on dhdp_
Bl ssonT,,)
&  Charged particles
Syst, on diidp_
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CNM effects - Forward, backward

M -qoi M :

(forward) (backward)
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= Heavy-flavour decay muons probe the nPDFs at different x values

= Forward production is consistent with no nuclear modification

= Hint of an enhancement of HF muons at backward rapidity at low p;
= Measurements described by models within uncertainties
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Flavour/mass dependence - hadrons

peripheral central
f(( 1 .4 _l T TT | T TT | L | T T ‘ T T ‘ T T ] T T T ‘ T T T ]
- Pb-Pb, \sy\=2.76 TeV 1
1.2~ A =*(ALICE) 8<p <16 GeV/c, ly|<0.8 —
K m D mesons (ALICE) 8<p <16 GeV/c, |y|<0.5 ]
1— (empty) filled boxes: (un)correlated syst. uncert. -
0.8/ -
0.6 -
0.4/ .
- 40-50% ERTT— i
0.2~ 80-40% 50309, F\\\ T~
L 10-20% ==
| w* shifted by +10 in (N ) 0-10% |
1111 | | | | | | I I | ‘ 1111 ‘ 1111 J L 111 ‘ L 111

00 50 100 150 200 250 300 350 400

N ot

h ~ D
RAA RAA

{1_4II!I|III!|IIII|IIII|IIII|IIIIIIII|!II.'

<T
s Pb-Pb, | S = 2.76 TeV

peripheral

central

1.2 m D mesons (ALICE) 8<pT<16 GeV/e, |y|<0.5
' @ Non-prompt Jhy (CMS)
6.5<p_<30 GeV/c, |y|<1.2 EPJC 77 (2017) 252
’ (empty) filled boxes: (un)correlated syst. uncert.
= Djordjevic et al. PhysLettB 737 (2014) 298
- - = D mesons -
E = = Non-prompt J/y
0.8 W e Non-prompt J/y with ¢ quark energy Ioss—
0.6 W ~=f~— B -
- oo e T - P -
¢ \QQ'.::_;_ ............ '“":H::.'""---..__ ]
[ 50-80%" e ~~itse., e, e = |
0.4+ i e E ]
" D g i
B 40-50% ~ ,‘u -------- J
I ;i =~ M,
0.2 ) 30-40% 50 209, E -~ -
: (*) 50-100% for non-prompt J/y 10-20% 0-10% |
0 L 111 | L1 11 | Ll L1 | 1111 | 1111 | 1111 ] L1l 1 | L1 11
0 50 100 150 200 250 300 350 400

D-meson suppression at high p; consistent with pions

Understanding: different fragmentation, p-spectrum shape, color charge effects
level out expected ordering

B—J/y suppression at high pt is weaker (note the |y| range)

Model understanding: different parton masses cause different energy loss in
similar kinematic range

Model: Djordjevic, PLB 737 (2014) 298

ALICE: JHEP 1511 (2015) 205
CMS: EPJ C77 (2017) no.4, 252
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Coalescence of strange and charm
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= Strangeness enhancement expected to show up in coalescence

= Hint of a weaker Dg suppression than for non-strange D mesons
» No evidence of centrality-dependence

» Consistent with a strangeness-enhancement scenario with coalescence



