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PHYSICS MOTIVATIONS

ALICE

Open heavy flavour in Pb-Pb collisions

« Heavy quarks experience the full evolution of the hot and dense medium produced in
ultra-relativistic heavy-ion collisions
e The modifications induced by the medium are translated to their final-state particles

— Excellent probes of the QGP medium

In particular, heavy quarks are expected to:

e p
» Participate to some extent to the _ . i S— i
collective motion inside the medium : % il e 6— Py

» Provide information on medium o ‘ ' v

transport properties ‘2-'
coordinate space: momentum space:
initial anisotropy final anisotropy

* Lose less energy w.r.t light quarks and
gluons due to different Casimir factor and

dead-cone effect
» Microscopic study of medium and
characterisation of energy loss probe I
mechanisms 7
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PHYSICS MOTIVATIONS

Quarkonium in Pb-Pb collisions

« J/W suppression in heavy-ion central collisions was
one of the first signatures of QGP production
(T.Matsui, H.Satz, PLB178 (1986) 416)

* With increasing energy density, two competing
mechanisms:

» Statistical regeneration: enhanced
quarkonium production via (re)combination
at hadronisation or during QGP (cc
multiplicity increases with energy density)

statistical regeneration

> Sequential melting: differences in the
quarkonium binding energies induce a
sequential melting of the various states for
increasing medium temperature

o

sequential suppression

J/Y Production Probability

* Interesting to probe suppression of higher
charmonium states, as W(2S) and beyond Energy Density

What about bottomonium states? Different radii,
no expected regeneration, ...
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PHYSICS MOTIVATIONS

The study of heavy flavours in small systems is also of great interest

p-Pb collisions
« Heavy-flavour production and kinematic properties can be modified by:

» Cold-nuclear-matter effects, like shadowing, gluon saturation/color glass
condensate, Cronin effect, possible energy loss mechanisms

» "Collective-like" effects (e.g. elliptic flow), resembling what observed in heavy-ion
collisions, which is ascribed to the hydrodynamic expansion of the system

2

T: - ALICE Preliminary § . o
& 10k Prompt D°, pp \s=13TeV = PP collisions
s | V<05 - . . :
= 10k -+ Test and set constraints on production mechanisms
© - 3 . .
g [ B » pQCD-based calculation describe reasonably well
£ f Ei | open charm and beauty production at the LHC
T Dot i E (see backup slides)
| [CJFONLL

» NRQCD+FONLL, color octet, color singlet, color
evaporation model for quarkonium

e ° Reference for studies in p-Pb and Pb-Pb collisions a
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HEAVY-FLAVOUR RECONSTRUCTION WITH ALICE
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Quarkonium

Central rapidity (|y| < 0.9):
» JJW > ete

Forward rapidity (2.5 < y < 4):
» J/W >yt
» WE2S) - prur
> Y(1S), Y(2S), Y(3S) > ptu-

Open heavy flavour

Charmed hadrons (|y| < 0.5)
¢ DO — Kt

« D"—> Dmt* —» Kmtrmt

e DY —> KTttmtt

e D, — ot - KK*rt*

o NS> pKmtt, Ac - pKO, KO, — 1ttt

e N> e*Av, N> pr

° (Zp,)zl—>etzve -5 TA
HF decay leptons

e ¢bhadrons — eX (ly|] < 0.9)

* ¢bhadrons » uX (2.5 <y < 4)
* b — eXvia impact parameter fit

Beauty-decay J/ (Jy| < 0.9)
* b hadrons = J/Y X, J/Y — ete

+ open heavy-flavour jets,

correlations, production vs
multiplicity/centrality
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OPEN HEAVY-FLAVOUR®
RESULTS
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HF PRODUCTION VS MULTIPLICITY
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* Yield of D mesons (|y|<0.5), HF-decay muons (2.5 < y < 4) and J/W¥ (Jy|] < 0.9) show
faster-than-linear increase with charged-particle multiplicity at central rapidity

» Feature not related to hadronisation, but rather to production process

* Observed a qualitative agreement with models assuming:
» Multi-parton interactions influencing HF production (PYTHIAS8, EPOS3 w/ hydro)

» Contributions of higher Fock-states (Kopeliovich et al.)
» Soft-particle saturation (Ferreiro: percolation, PYTHIA8: color reconnection)
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CHARMED BARYONS IN pp AND p-Pb E

arXiv:1712.09581 arXiv:1712.04242
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A./DO ratios in pp and p-Pb collisions are compatible within uncertainties
First = ° production measurement at LHC
Both A.*/D° and = /D ratios are higher than expectation from Monte Carlo
» Enhanced color reconnection configuration of PYTHIA 8 is closer to data
» Theory bands on = ° due to the uncertainty on the branching ratio =% — e*=v, °
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D-MESON R, AND Qc;

ALICE-PUBLIC-2017-008
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* Non-strange D meson R, is compatible with unity within uncertainties

» Described by models including cold nuclear-matter effects and, at low p;, by those
assuming QGP formation

» Better precision at low p; needed to draw firmer conclusions
* Hint for D-meson “central-to-peripheral” ratio (Qgp) > 1 with 1.56in 2 < p; < 8 GeV/c
» Need theory models for its interpretation a
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HEAVY-FLAVOUR ELECTRON v, IN p-Pb
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Azimuthal correlations of heavy-flavour decay electrons with charged particles in

0-20% p-Pb collisions

» 60-100% multiplicity class addressed to subtract jet contribution
Positive v, for heavy-flavour decay electrons (4.4c effect for 1.5 < p;# < 4 GeV/c)

» Strength of v, comparable with charged-particles measurement (though the
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Initial-state effects or final-state, collective effect?

F. Colamaria — Jets and Heavy Flavour Workshop

3 4 5

6
(GeV/c)

Santa Fe, 29/01/2018




< [ ALICE Preliminary

D-MESON R,, RESULTS
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Strong D-meson suppression in central Pb-Pb collisions (factor =5 at 6-10 GeV/c)

» Similar suppression at 5.02 TeV and 2.76 TeV: predicted by models as a
balancing effect between denser medium and harder charm quark spectrum

Hint for Rya(D,*) > Raa(non-strange D) in lower p; range

» Due to hadronisation via coalescence in a strangeness-rich environment? 0
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e Charm quarks participate to collective motion in the medium Q
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D-MESON R,, AND v, VS MODELS
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Models with diffusion coefficient 2nD(T) in the range 1.5-7 at T_ with a corresponding
thermalisation time T ,,,m~ 3-14 fm/c describe better the v, values and trend

A simultaneous description of complementary observables (R,, and v,) over a wide p;
range is a challenging task: measurements allow us to set strong constraints to models

» Wide variety of models available, including different effects (radiative, collisional
energy loss, coalescence, realistic initial conditions and medium evolution). a
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HF LEPTONS R,, RESULTS U
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« Strong (and similar) suppression of heavy-flavor decay leptons at central and
forward rapidity in Pb-Pb collisions

* Beauty is the main component from p; > 5 GeV/c
» Indication of beauty suppression at high p;

e Hints of Ry, < 1 from 3 GeV/c also from beauty electrons, identified via the analysis
the electron impact parameter distribution
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ADDRESSING HF JETS
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PHYSICS MOTIVATIONS - HF JETS

Heavy-flavour jets (with b, c content)

® StUdy m0d|f|cat|on Of the heavy‘quark Jets in vacuum Jets in medium

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

fragmentation (via D-, B-tagged jets)

* Retrieve information on the energy lost in the
medium by heavy quarks (via angular correlations)

“w\[l/4" Enhancement of
low-pr particles

% +/// Quenchin
Ny “etects:

» Peak yields modifications (/,,) to address jet
quenching

» Jet structure modification (particle multiplicity,
opening angle, intra-jet p; distribution)

Vitev et al., PLB 726 (2013) 25|1 «  Comparison of b- and inclusive-jet R,, to probe

T ol i adielons; LHE A28 Y . mass effects on medium-induced energy loss
1k -
IS effects, radiative Edossand ) Model by Vitev et al.:
z M5 9"2' partn shower eneray desbton B v Mass effects relevant for p<75 GeV/c, dead-cone
=, 0.6 - effect enters in play
o aal v" Measurements vs opening radius R to characterise
sl — E;::,j;:HOfOE ) energy dissipatio.n .and quantify contribution of
I ] radiative and collisional energy loss
050 T00 150 300 250 300 °
Py [GeV]
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D-MESON JETS IN pp AND p-Pb
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D-jet spectrum measured from p; = 5 GeV/c to 30 GeV/c; tagging via full reconstruction
of D mesons via hadronic decay channels

Data described by POWHEG+PYTHIA6 (Perugia 2011 tune) simulations within
uncertainties (theory uncertainties are larger than data)

Sensitivity to fragmentation function; evaluation of D-jet R, currently ongoing
Closer access to parton kinematics, allows the study of charm-jet structure

F. Colamaria — Jets and Heavy Flavour Workshop Santa Fe, 29/01/2018




HF ELECTRON CORRELATIONS IN Pb-Pb
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o E backup), interesting to have predictions
8 T2 a8 T3 88 T4 45 s from models °
p 2 (GeV/c)
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QUARKONIUM RESULTS =

F. Colamaria — Jets and Heavy Flavour Workshop Santa Fe, 29/01/2018




J/¥ PRODUCTION MODIFICATION IN p-Pb

ALICE, JHEP 02 (2014) 073, ALICE-PUBLIC-2017-001

g g 14 ALICE Prelimi
> - ALICE, inclusive Jiy — i S I reliminary
@ 1 of V= g - Inclusive J/y — i, p-Pb |s,,, = 8.16 TeV

II
.......................................................... | =
[

A
I| -
0.8 4.46<ycys<-2.96 % 0.8 %%
0.6 0.6 :_ EPS0SNLO + CEM (R. Vogt)

2.03 <yCMS<3-53 i nCTEQ15 (J. Lansberg et al.)

1 }--

0.4 04 — CGC + NRQCD (R. Venugopalan et al.)
C ® p-Pb |5, = 5.02 TeV (JHEP 02 (2014) 073) - CGC + CEM (B. Ducloue et al.)
0.2+ 0.2 Energy loss (F. Arleo et al.)
i ® p-Pb \sy, =8.16 TeV (preliminary) =L Transport (hot + cold nuclear effects) (P. Zhuang et al.)
0 | L1 11 I 1111 | L1 11 | 1 1 1 1 I 1111 | L1 11 I L1l | L1 1| | L1 11 O [ - --l cnmuvTrs (E FeIrrEImJ l l J I l l
N T T T T T N T N U ———)
5 4 3 2 -1 0 1 2 3 4 5 5 4 -3 2 -1 0 1 2 3 4 5
y cms )4
cms

o Clear J/W suppression at forward-y, R, compatible
with unity at backward-y

- o

e Similar Rp, at Vsyy = 5.02 and 8.16 TeV (despite slightly

different Bjorken-x coverage)

» Models based on shadowing and/or energy loss describe —
well data (large uncertainties, especially from shadowing)
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Rpr

J/W¥ VS Y(25)

ALICE-PUBLIC-2017-001

1.8
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1.8
[ ALICE, inclusive J/y, w(2S) — p'w
1.6~ p-Pb s, =8.16TeV,2.03 < ¥, <353
1 4 . @ Jy (ALICE-PUB-2017-001) CGC+ICEM, Y. Ma et al (arXiv:1707.07266)
. ® y(28) (preliminary) " uw [ wis)
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O = | |
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O:I! IJIllJIIllJJllll]llll']ll']lll!]]lll
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1.8¢

L
o
I:EQ L ALICE, inclusive J/y, y(25) - u'w
1.6 p-Pb s, =8.16 TeV
1 4 L @ Jiy (ALICE-PUBLIC-2017-001) Comovers (E. Ferreiro, Phys.Lett. B749(2015), 98)
T ® y(28) (preliminary) == Jiy - = y(28)
1 2 - CGC+ICEM (Y .Ma et al, arXiv:1707.07266)
: [ law w(25)
R = S — I
0.8
o ..
0.4 :_ ﬁ
0.2F
U_IIIIIIIII|IIIIIIIII|III|IIII|IIII|IIIIIIIII|IIII

2 4 0 1 2 3 4 5
yCms

Ropp (/W) > Rpp, (W(25)), especially at backward-y

> Stronger W(2S) suppression unexpected, since
at LHC energies formation time > crossing time

-5 -4 -3

Models including final-state effects are in fair
agreement with data for both mesons

> Ma and Venugopalan: soft color exchanges
between hadronising cc pair and comovers

> Ferreiro: “classical” comover models, break-up
cross section tuned on low energy results°

F. Colamaria — Jets and Heavy Flavour Workshop
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BOTTOMONIUM PRODUCTION IN p-Pb

@_ 1.4F- ALICE p-Pb (s = 5.02 TeV, inclusive Y(1S)—p'w, p, >0 ﬁ-__ 14 ALICE p-Pb sy = 5.02 TeV, inclusive Y(1S)—u'w, p, >0
c - L (446<y  <-296)=58nb", Ljy(203<y,  <3.53)=50nb" ' Ly (446 <y <-296)=58nb", L, (203<y__<353)=5.0nb"
1.2 1.2
1 TR \\\\ | S -
D
0.8F + 6y ‘,;{:Wj{ < 0.8F \
:_ i 4 4 7, 7 : “ Z//
0.6: (/v_é 0-6: L /// // 7/////
0.4F [N GEM+EPS09 NLO (Vogt, arXiv:1301.3395 and priv.comm.) 04~ [ cac (Fuii etal, aniv:1o04.2221)
[ Eloss (Arleo et al., JHEP 1303 (2013) 122): H 2—2+EPS09 LO (Ferreiro et al., Eur. Phys. J. C (2013) 73:2427):
0.2 _ ELoss 0.2 K85 Shadowing
[ [Z22Z7777] ELoss + EPS09 NLO - EMC
0_ | | | | [ I | | O_Illlllltllltjll\lllIIII[ILJII\}\IIIIIIIIJIJl

-4 -3 -2 =1 0 1 2 3

< sl
o -

|
4
ycms
ALICE, Phys. Lett. B 740 (2015) 105
p-Pb ]js_NN =5.02 TeV, inclusive T(1S)—u'yw

» Model predictions describe the
measured R, at forward-y and tend to v ALCE
underestimate the suppressionat [ S i
backward-y

e ALICE and LHCb results are compatible
within (large) uncertainties

e ALICE Run2 results, with better
precision, coming soon
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J/W¥ ELLIPTIC FLOW IN p-Pb

ALICE, arXiv:1709.06807 - ALICE, arXiv:1709.05260

i‘“ |- —— ALICE p-Pb ® |5 =5.02TeV i B \s_=502TeV
= (0-20%)-(40-100%) VOM 2.03<y"¥<3.53 [ -4.48<y"V<-2.96
C v)"{2,sub), 1.5<|An|<5.0 8
o[- :
’ ca @ : J:'Hm
N O [
E $ Global syst. uncertainty 7% i Global syst. uncertainty 5%
§>N | —e— ALICE Pb-Pb ¢ \(s,,=8.16 TeV L + \s,,=8.16 TeV
02 V5, =5.02 TeV, 5-20% VOM 2.03¢y""<3.63 N 4As<y™<296
r vy Y EPL An|>1.1 ' ‘ F ' '
o M Py . Azimuthal correlations
' E;’ $ T El@ B ® of forward/backward
0—--- P S I = L = S 1 o L L L
5 '& : J/Y and charged
: Global syst. uncertainty 5% Global syst. uncertainty 5% . . . .
et B b SRR particles at mid-rapidity
p," (GeVic) p." (GeVic)
e p; <3 GeV/c — v, compatible with 0 (as from expectation of no recombination)
3 < p; <6 GeV/c — Evidence of positive v,
 Total significance (forward+backward, Vsyy = 5.02 + Vsy = 8.16 TeV) about 50
e Values comparable to the measurements in central Pb-Pb collisions

»> Common mechanism for the onset of J/Y v, ?

F. Colamaria — Jets and Heavy Flavour Workshop

Santa Fe, 29/01/2018




J/W¥ NUCLEAR MODIFICATION FACTOR IN Pb-Pb .

ﬁ _Ii!IIIJIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIII-
Ay 14 Inclusive J/y — p*p E
' ® ALICE, Po-Pb |5, =5.02TeV,25<y <4,p_<8GeVi/c ]
10k ® ALICE, Po-Pb\s,, =276 TeV,25<y <4, pT<8GeWc
W, DO PHENIX Au-Au|s,=02TeV,1.2<ly|<2.2,p_>0GeVic
1
osbll ) ALICE, forw-y, 5.02 TeV 1
C Lit ] [ee] [l
0.6f HI@EIEI"III.E]EIEI
0 N3 H B ALICE, forw-y, 2.76 TeV
I B & 2 B ]
02F pHENIX, forw-y, 02TeV = @ B ]
O-'IIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIq
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(N,

ALIC
ALICE, PLB 766 (2017) 212

: T T T I T T T | T T T | T T T | T T T I T T T :
8F ALICE, Pb-Pb | 5, = 5.02 TeV, 0-20% 3
2 ® v uww25<y<d (PLBTEE(017),212)
- B Jy—e'e |y <0.9 (Preliminary) .
- H ALICE, mid-y, 5.02 TeV *
" E
3 e ALICE, forw-y, 5.02 TeV ]
- !|E| . f
» ] -
- - ]
- R
Ll ! ! L1 ]

0 2 4 6 8 10 12
p_ (GeV/c)

o J/W suppression at Vsy = 5.02 TeV similar to that at Vs = 2.76 TeV

* Rpa trend vs multiplicity flattens beyond (N, ) ~

50, differently from PHENIX

results at lower energy — substantial contribution from recombination

 Increased suppression at low p; for forward-y measurement with respect to mid-
rapidity results

F. Colamaria — Jets and Heavy Flavour Workshop
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J/W¥ NUCLEAR MODIFICATION FACTOR IN Pb-Pb .

ALIC
g _I T I rrr I T I IIIIIIIII ] T I IIIIIII g 2 :'I T | LU [ LU [ L [ LI [ LB [ LI [ LI I L I TTT 'I:
T 14t AL'CE Pb_Pb Sy = 502 Tev @ 1.8 ALICE Preliminary, Pb-Pb | s = 5.02 TeV, 0-90% -
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12F . 25<y<4,03<p.<8 GeVic 16 E
r T ] H + o ]
g - 14F Inclusive J/iy — e*e’, |y| < 0.9 ]
1 . .
1.2 =

0.8F

] N » # B I
C 4 Data

0.6 : 0.8 r Transport (TM1, Du and Rapp)
r 0.6 C Transport (TM2, Zhou et al.)
0.4F N ]
[ Transport, p_> 0.3 GeV/c ('meﬁﬁn_d—ﬁa_pﬁ)_ B — ] 0.4 F E __
0.2 — - Transport (TKAE, Zhou et al.) — C
I Statistical hadronization (Andronic et al.) : 0.2 N =
| Co-movers (Ferreiro) F
0IIIIIIIIIIIIIIIIIIIIIIIIIIIll]lIlll IIIIIIII 0~IIII|IJII|IJII|IIII|IIII|IIII[IIJI[IIIJIIII]IIIII—
0 50 100 150 200 250 300 350 400 450 0 1 2 3 4 5 6 7 8 9 10
(Npan) P; (GeV/c)

Statistical hadronisation: J/W produced at chemical freeze-out according to their statistical weight

Transport models: Based on thermal rate equation with continuous J/W dissociation and
regeneration in QGP and hadronic phase

Comover model: J/W dissociated via parton-hadron interactions + regeneration contribution

» All models describe the data fairly well (some tension with TM2 at mid-rapidity), but are
affected by large uncertainties associated to charm cross section and shadowing
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J/W¥ ELLIPTIC FLOW IN Pb-Pb
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ALICE, PRL 119, 242301 (2017)
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Positive v, signal observed for different centralities and p; ranges

> Low-p; v, fairly reproduced including a strong J/W regeneration component

> High-p; v, underestimated (prompt J/W from CMS also show positive v,)

different kinematics)

> Is J/W and D-meson elliptic flow inherited from thermalized charm quarks?

F. Colamaria — Jets and Heavy Flavour Workshop

Comparison with open charm gives larger values for D-meson v, at low p; (but

Santa Fe, 29/01/2018
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BOTTOMONIUM PRODUCTION IN Pb-Pb E

< C < C
D:{ - Q:“ - ALICE Preliminary, Pb-Pb \[SN =5.02 TeV
120 ALICE Preliminary, Pb-Pb | s, = 5.02 TeV 1oL
| | i i w, 2. =110% i
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L without regeneration I 7] without regeneration
0.8 — ---- feed-down: (1P,2P) 27% and (2S5,3S) 11% 08 . 9 .
r . — feed-down: (1P,2P) 37% and (2S,3S) 12% i | with regeneration
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» Strong Y(1S) suppression in most central collisions
> No transverse momentum dependence within uncertainties

e Transport and anisotropic hydrodynamical models qualitatively reproduce the data
> No need of significant contribution from regeneration to describe data

o Ra(Y(2S))/Raa(Y(1S)) ratio: 0.26 £ 0.12(stat) £ 0.06(syst)

> Hint of sequential Y suppression a
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PERSPECTIVES AFTER THE UPGRADE

With the ALICE upgrade (LS2), we move from observation to precision era:

Extension of p; ranges (D and B mesons down to 0)

Striking improvement data precision on currently accessible observables

New observables available: beauty mesons and baryons, higher W and Y states, non-prompt

J/¥ and separation of muons from c and b at forward-y with Muon Forward Tracker, ...

(heavy-flavour correlations and jets, studies vs multiplicity/centrality, ...)

< 2_|||
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0.8
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0.43‘ &
0.20
[

< 4f L L B B N B B
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(stat. only) 23092013

0

Significance

L B B B RN B I B
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Large boost for beauty physics and for more differential HF observables in all systems
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CONCLUSIONS

« ALICE produced a large set of interesting (and some surprising!) results in the heavy-flavour
sector during Run1 and Run2

« Open heavy-flavour
» N, =0 baryon production underestimated by models — Is charm hadronisation
correctly understood?
» D-meson R,p, compatible with unity (small CNM/QGP effects), but hint for Qcp > 1
» Positive v, of HF decay electrons via e-h correlations — Collective effects in p-Pb?

> Significant D-meson suppression, hint for Ry,(D,*) > Raa(D°,D*,D**) — Hadronisation via
coalescence?

» Significant charm flow observed in Pb-Pb: hint for v,(D) < v,(t*) below 4 GeV/c

e Quarkonium

» J/W Rp, can be described by cold nucler matter effects

» Strong W(2S) suppression in p-Pb — Due to final-state effects?

» Significant J/W v, at intermediate p; for both p-Pb and Pb-Pb — Common mechanism?
» J/W R, described by interplay of suppression and recombination mechanisms

» Hint for sequential suppression of bottomonium states in Pb-Pb

« After the ALICE Upgrade, improved precision on current measurements and access to a ne
broad set of observables to characterise the QGP properties — Stay tuned!
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BACKUP SLIDES
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CROSS SECTIONS IN pp COLLISIONS

*5“103;"' A I I I I M = B oy 1 T AR RN A A MM A T T T
T F ALICE Preliminary & 2 ALICE Preliminary 103 F
% 0 % | % 108k u* « HF, FONLL
o 10°E PromptD", pp \s=13TeV = © 10751 pp,1s=13TeV,|y|<08 = = " F h' FonLL
E 3 = E m = - u* « charm,
g - Iyl < 05 . g 10_2 :L| i +C,b - (e' + e*)f2 _: §107 - u* « beauty, FOMLL
S ERC i [ JFONLLe,b e § Fiook il cara
= 1 ol . ] -
S i 4 10 ER
L = I , 1 o
107" +-stat. unc. — = 10 E B T e— ok
£ [Jsyst. unc. 3 5% normalisation uncertainty not shown ] § ALIGE Pralminary
10—2:—F0N]‘L —“‘—L-—; 10_EE.<..| MEPEP IPPEPETE PR ANRRTEE EPAPRAr 13— 0% ZDI‘S-BT.eVI.Elscy“:d . includ j
§ ) 3 - 3 E_ T T T T T T T _E i % normalization uncertainty not included
Febiot ouloviw ki Lo SUURTOURT: B | S5 N
wj w 1.5 = r'ﬁ:.:':':’:'':::'E"'E‘:-acl:lun:uf.‘—:—: % 2
|2 1 8 odt . B
2l =28 8% 3 e
0 5 10 15 20 25 30 _ 35 0 05 T Ts 2 es 8 9S4 ST e
p, (GeV/c) P, (GeV/c) T
e D-meson and HF decay lepton cross sections vs pr measured for several energies
(Vs = 2.76,5.02, 7, 8, 13 TeV)
» DO cross section down to p; =0
» Excellent constrain for charm and beauty production over a wide rapidity interval
e All measurements are consistent with pQCD calculations e
F. Colamaria — Jets and Heavy Flavour Workshop Santa Fe, 29/01/2018




A.* MEASUREMENTS IN | PP AND p- Pb

pp, \S = 7TeV ]
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N\ py-differential cross section from p; > 1 (2) GeV/c in pp (p-Pb) collisions

A+ production cross section higher than pQCD calculations in pp and p-Pb Q

collisions: is charm hadronisation correctly described?

F. Colamaria — Jets and Heavy Flavour Workshop
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D-MESON R ,,,
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* Similar Rpy, trend for D;* and non-strange D mesons

 Non-strange D meson R, is compatible with unity within uncertainties

» Described by models including Cold Nuclear-Matter effects, as well as by those

predicting QGP formation (at least at low p;)

Better precision at low p; needed to draw firmer conclusions
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D.*/D* RATIO IN ALL SYSTEMS
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Hints of larger Ds+/D+ ratios at larger multiplicity below 8 GeV/c
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D-MESON Qppb VS CENTRALITY

0 2.5 T | L | LI I | | L | I_ D_ [T | | L | LI I | | L | LI | | T _]
C:n'- - ALICE Prellmlnary Prompt D mesons - Oo 2_ ALICE Prellmlnary ¢ Average D°, D*, D** _:
_ p-Pb, \ Syn = 5.02 TeV Average D°, D, D** | 1_3__ p—Pb, |\ 5 = 5.02 TeV = Charged particles ~ —
o 096<y <004 _ 5 E
- —=— 0-10% ZN energy 1 16 C ]
- ——60-100% ZN energy - 1.4 —1 —
1.5— — 1o H ]
i Hﬂ H ‘H’ ] i S B r:
1__ Eﬁﬂﬁﬁ_ﬂ—ﬂ .................................................................................... I[ 08 _:
- ] 0.6 -
05— — 0.4 -
- . - Central: -10% ZN energy .
i ] 0.2 Peripheral: 60-100% ZN energy -
0 i L1l | l 111 1 l L1 1 | I 11 11 l 111 | l L1 1 l 111 1 l L l_ 0 : L1l | l 111 1 l L1 1 | I 11 11 l 111 | l L1 1 l 111 1 l L l:
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
P, (GeV/e) P, (GeV/e)

« D-meson Qpy, in 0-10% and 60-100% compatible with unity and within each other
* Hint for D-meson “central-to-peripheral” ratio (Qcp) >0 with 1.50in 2<pT<8 GeV/c
» Need theory models for its interpretation
* Very similar values and trend w.r.t. charged pion QCP
> Initial-state effect? Mass effect? Radial flow? a
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D-h CORRELATIONS IN p-Pb VS MC
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Correlation distributions and their p; trend well described by PYTHIA6,8 & POWHEG
® p-Pb results in agreement with those measured in pp at 7 TeV
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e-h CORRELATIONS IN p-Pb (LOW p,)
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e HFe-h azimuthal correlation distributions in
p-Pb, for different centralities (VOA
estimator), for 1.5 < p;(e) < 6 GeV/c and 0.3
< pr(assoc) < 2 GeV/c

e 0-20% centrality class shows an
enhancement around Ag = 0,1t w.r.t. 60-100,
pointing toward elliptic flow modulation also
for particles from HF quarks
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e-h CORRELATIONS IN p-Pb AND Pb-Pb (HIGH p,)

HFe-h distributions for p-Pb and Pb-Pb (0-20%) at 5.02 TeV, for 4 < p;# < 12 GeV/c
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o After baseline subtraction, hints of near-side enhancements at low p;ss°¢

» No sensitivity for away side studies with current statistics
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h-h CORRELATIONS in Pb-Pb (HIGH pT)

Parton energy loss and jet quenching via high py & :_ « Pb-Pb, | 5,-5.02 TeV (0-20% central) -
hadron-hadron correlations in Pb-Pb G f OO\ Swmo 02 eV (E0s0% contral)
s OF ALICE Preliminary 3

Away-side suppression at high p; S5E e-h in Pb-Pb 4~:pm<|12?e\ﬂc E
. . - . ol n < -

» Large in-medium energy loss due to surface bias 4 + Aol <0.8 E
3t 3

Near-side peak enhancement, potential interplay of: o= ¢ Jl'. H ‘.+ =
» Modification to quark/gluon ratio M  — E
» Bias in parton p; spectrum due to energy loss %
. . 1 1.5 2 25 3 3.5 4 4.5 5

» Modified parton fragmentation p 355 (GeV/c)
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Similar results from in extended p; range via m°-hadron correlations -
» Enhancement of low-p; track in away-side peak - Redistribution of lost energy
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D-MESON R,
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 Indication of Rys(B) > Rya(D)

» Different suppression and centrality dependence expected from models with
quark-mass dependent energy loss (AE, > AE 4 > AE. > AEy)

« Similar D meson and pion R,, expected from dead-cone/Casimir factor effects +
different charm and gluon/light quark spectrum slope and fragmentation

M. Djordjevic, PRL112 (2014) 042302 @
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D-MESON R,, - MODELS

MC@sHQ+EPOS2: PR C89 (2014) 014905
Coll+Rad Eloss, recombination, EPOS-expansion

PHSD: PR C92 (2015) 1, 014910, PR C93 (2016) 3, 034906 POWLANG HTL: EPJ C/71 (2011) 1666; JP G38 (2011) 124144

Parton-Hadron-String Dynamics transport, coalescence

Xu, Cao, Bass: PR C88 (2013) 044907

Langevin with Coll+Rad Eloss, recombination+hydro

SCETM,G NLO: arXiv: 1610.02043

Soft Collinear Effective Theory, Bjorken expansion
Djorkevic: PR C92 (2015) 024918

Coll+Rad Eloss, recombination, finite-size hydro

Y.Xu et al, arXiv:1704.07800 (2017)

25
— MC@sHQ, elastic K=1.5
==+ MC@sHQ, ela+rad K=0.8
c-quark T-matrix U-pot
20 c-quark T-matrix, F-pot
=2 Duke, AuAu, 90% CR
= Duke, PbPb, 90% CR
1 E I Duke, Au&Pb, 90% CR
E'l: ¢ c-quark lattice Ding et.al
~ i1 HQ lattice Banergee et.al
)
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° 1N,
i I IEIEISD
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/‘_/,_.‘
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i o
Temperature dependence of the spatial
diffusion coefficient Ds2nT

Langevin transport, Coll Eloss, recombination, hydrodynamics
AdS/CFT: JHEP 1411 (2014) 017; PR D91 (2015) 8, 085019;
Ads/CFT correspondence, Langevin Eloss + fluctuations, hydro
BAMPS: JP G 38 (2011) 124152; PL B 717 (2012) 430
Boltzmann transport, Coll. Eloss, expansion

TAMU: PL B735 (2014) 445-450

Transport, Coll. Eloss, resonant scatt. and coalescence+hydro
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EVENT SHAPE ENGINEERING

D L T I Ll
= " ALICE Preliminar - - ]
= y 0.6 ALICE Preliminary . 60% smallq"
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— . ane TPC oo _TPC E - : , . :
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Centrality (%) P, (GeV/c)

c ity quantified by g o . -
vent eccentricity quantified by g, Significant separation of D-meson v, in

10, | M & events with large and small g, :
©=pr %7 gmsz‘”"’ Qe = gsmz% > Charm quarks sensitive to the light-
(@) =1+(M-1)(v;=8) . hadron bulk collectivity and event-by-
event initial condition fluctuations
Study the charm-quark coupling to the bulk by
measuring v, at different g, values @
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HEAVY FLAVOUR LEPTON v,

ALICE, JHEP 09 (2016) 028
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oasET — E * Positive v, of HF electrons in semi-central 20-
0.1E +% Lo £ 40% Pb-Pb collisions at 2.76 TeV.
0.05 = . .
05_* ) 1 ¢ Expected increase of v, from central to semi-
005 - E central collisions.
0.1 | | P I | B ..
o 2 4 6 8 10 12 14 e Similarv,at Vsyy =2.76 and 5 TeV
P, (GeV/c)

F. Colamaria — Jets and Heavy Flavour Workshop Santa Fe, 29/01/2018




dy) (ub/(GeV/c))

J/¥ PRODUCTION IN pp

e ALICE, LimI: 3.2pb’ 1'3.4% .
[ ] Systematic uncertainty 3
[ NRQCD, Y-Q. Ma et al., (prompt J/y)
&[] NRQCD + CGC, Y-Q. Ma et al., (prompt J/y)3
\D FONLL, M. Cacciari et al. (J/y-from-b) :

pp Vs = 13 TeV, inclusive J/y, 2.5<y<4, BR uncert.: 06%_
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] Systematic uncertainty E
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+ FONLL M. Cacciari et al., (J/y-from-b) E
g [1NRQCD + CGC, Y-Q. Ma et al., (prompt J/y)
+ FONLL M. Cacciari et al., (J/y-from-b)

Y

pp \s = 13 TeV, inclusive J/y, 2.5<y<4, BR uncert.: 0.6% _

E 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 J 1 1 1 1 g
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ALICE, EPJC 77 (2017) 392

« Constrain to production models + reference for Pb-Pb studies

* Good description of data by models

» Low p;: NRQCD coupled to a CGC description of the proton reproduces data
(small contribution from non-prompt J/)

» High p+: sizable contribution from non-prompt J/ from B-decays, taken into

account via FONLL

F. Colamaria — Jets and Heavy Flavour Workshop

Santa Fe, 29/01/2018




J/¥Y PRODUCTION VS MULTIPLICITY IN pp
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- (Monas ) y ] [ v RS 8<p, <11GeVic | N
10/ [ Kopeliovich et al. 1/ 3 1B 4 == 11<p <200GeVe S | { ]
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* Observed a qualitative agreement with models assuming:
» Multi-parton effects in J/Qproduction (PYTHIA8, EPOS3 w/ hydro)
» Contributions of higher Fock-states (Kopeliovichet al.)
» Soft particle saturation (Ferreiro: percolation, PYTHIAS8: color reconnection)
* PYTHIA predicts a hierarchy of self-normalized yields with p; at high multiplicity
» Not possible to claim anything on this feature with current uncertainties G
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BOTTOMONIUM PRODUCTION IN pp

ALICE, EPJC 76 (2016) 184 - LHCb, JHEP 11 (2015) 103

— LS LI B N RN S R . 1 I I ’_a" _""I""1""['"'I'"'I""I""l""l"_"l"“_
§ pp Vs = 8 TeV, inclusive Y'(18S), 2.5<y<4 £ 120[-ALICE #Y(1S) #Y(2S) «Y(3S), L _=1.23 pb' +5% ]
) e e 1 &  [LHCb 4Y(1S) *1(28) +Y(3S) L =2f"+1.2% |
- > e y § 100 - [ Systematic uncertainty 8
< 1 i BR systematic uncertainty not shown !
> = s ' 80 [ .
-CUL'_ F —m—— 1 [ %Eﬂ m$ |
o LE"“ o ]
“-‘-...6' 1F —-I-— 60 % i
% ] [ % E =8 TeV |
e ALICE, L_ = 1.23 pb” + 5% - ao0f- in 1 Gev) -

=~ LHCb, L_'=21b"+1.2% I | K B PONE .

(] Systematic uncertainty ] 20 . IR o "'-*_F,EE*;" o

BR systematic uncertainty not shown i ]

10—1 L L ' l lyl ' l 1 L A l L ly s E I L . i I L i 0 -l lﬁlﬁllﬁlﬁ ekt l el l - l |- l - E |- ;l l-
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P, (GeVlc) y

» Simultaneous measurement of Y(1S), Y(2S) and Y(3S) states at forward rapidity
e Cross section for 2.5 <y <4, p: < 12 GeV/c

> Oyqs) = 71 % 6(stat) £ 7(syst) nb

> Oyps) = 26 + 5(stat) £ 4(syst) nb

> Oygs) = 9 * 4(stat) £ 1(syst) nb
e Results are in agreement with LHCb measurements within 1.20 °
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J/¥ PRODUCTION MODIFICATION IN p-Pb

8 2.2¢ o 221
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0.4 [ EPSO9NLO + CEM (R. Vogt) 0.4 ~1nCTEQ15 (J. Lansberg et al.)
r [ |nCTEQ15 (J. Lansberg et al) ; | CGC + NRQCD (R. Venugopalan et al.)
0.2 :_ — Transport (hot + cold effects) (P. Zhuang et al.) 02 — CGC + CEM (B. Ducloue et al.)
) ST A A AN TR T A LT TR ot o flecke) P Zang o)
0 2 4 6 8 10 12 14 16 18 20 %2774 6 8 10 12 14 16 18 2
,O_l_ (GBV!’C) p-r (GGV/C)

» Extended p; coverage up to 20 GeV/c

* Rpp, increases with p; at forward y, weaker momentum dependence at backward y
e Good description of the p; trend be models, though theory uncertainties still
prevent a more quantitative comparison a
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J/¥ PRODUCTION VS MULTIPLICITY IN p-Pb

31 0:| T TT | T T 171 [ LI I TTTT | TTTd I TTT 1 l LI TTTT | I I:
g QF- ALICE p-Pb |5 = 5.02 TeV 3 -
= _ = s,
) 8:_ Inclusive J/y 3 —
S, _F *203<y_ <353, p-going direction é T ARTE y
g 75 w446 < Y s < 2:96, Pb-going direction ! = i
D 6 ¢ 137 < Yoy <043 =
55 ALICE,arXiv:1704.00274 E3E al
i3 s 3 ——
- - A 3
2 =y — Forward
: . j —
1;_ a2 * - * 3.1 % normalisation unc. not shown —;
O:I 1 'I | 111 | | I | l 111 1 | | T | 1111 | | - | | | | 111 I:
9 05 1 15 2 25 4 3o 4 @49 ALICE, PLB 776 (2018) 91-104
dN,/dn/ (chh/dﬂ) ' ( )

* Multiplicity dependent measurement (up to 1% most central events)
* Increase of the self-normalized J/y yield with charged particle multiplicity
» Mid-y and backward-y: behaviour similar to pp
» Forward-y direction: saturation at high multiplicities (Bjorken-x range in the

domain of shadowing / saturation) °
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A
J/W¥ NUCLEAR MODIFICATION FACTOR IN Pb-Pb E

R B e o L B S w e e e e <« [T T 7 7 7]
EC§1 4 - ALICE Preliminary, inclusive Jiy — ", Pb-Pb s, = 5.02 TeV, 2.5 < y < 41 CC‘(1 7 - ALICE Preliminary, inclusive J/y — p*w’, Pb-Pb \s,,,=5.02 TeV, 25 < y < 44
E e 03<p <2GeVic Transport (TM1, Du and Rapp) E C $ 020% Transport (TM1, Du and Rapp) :
12 ® 2<p <5GeVic 5525 15 Gevre - 12 ¢ 2040% E90-20% -
n ® 5 <DT < 8 GeV/ic C5< pT <8 GeVie 7] : [ 120-40% ]
" e B<p <12GeVic C18<p! <12 GeVie o ¢ 40-90% [140-90%

e SRR R R e E
0.8 C (3 1 = H 3
8 = 0.8 - -
AN T @ ® @ : BB 9 “ 0 ¥ ;
06 = ® s 0.6 - L E [’ [ E
.E * E - s 5 & § o :
0.4 ™ ] 0.4 E =
C lied ] - B @ =
02| - 02 0] _
N o /PR PP | - ] ] ey ] - o P | . ] ] P | — ]
551.5 = = = e 18 - — 3
.y . . o8 0B :
. Y — *-! . - 08 TS PO SR =

S S .
0 50 100 150 200 250 300 350 401 0 2 4 6 8 10 12
(N ? p, (GeV/c)

e Ru Vs p; for different centrality bins (and viceversa) at Vs, = 5.02 TeV
» Striking features observed:

> Raa Vs centrality flattish in 0 < p; < 2 GeV/c (large contribution from
regeneration)

> ~80% suppression for central events at p; = 10 GeV/c
» Excellent precision opens up the way for disentangling among the models @
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Raa(W(2S))/R, (Jy)

o

R.. OF W(2S)

— —h — —
[ T S = B =
T [Trr I roT

LN I B B R B B S B B N N B B I B B T | |

— ALICE inclusive J/y, w(2S), Pb-Pb |s,,, = 5.02 TeV, 2.5<y<4, 0<pT~:8 GeVic

——— y(2S) (Preliminary)
—— Jhy (arXiv:1606.08197)
Upper limits include global uncertainties
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Jy, y(2S), Pb-Pb {5 = 5.02 TeV

ALICE, 3<pT<8 GeV/c, 2.5<y<4.0, Inclusive (Preliminary) _
CMS, 3<pr<30 GeV/c, 1.6<y<2.4, Prompt only (arXiv:1611.01438) Cent.

Upper limits include global uncertainties 0-90%
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part

W(2S) measurement in Pb-Pb
affected by large uncertainties
(due to low S/B)

Larger suppression than for
the J/W, both in central and
semi-central collisions

Good agreement with CMS
results

F. Colamaria — Jets and Heavy Flavour Workshop

Santa Fe, 29/01/2018




PERSPECTIVES FOR b-JET STUDIES

Beauty jets

=% tracks

b jet

b hadron

impact
parameter

econdary
vertex

xy
rimary vertex

i do_.

ight jet a

- - L p
\ight jet

http://bartosik.pp.ua/hep_sketches/btagging

3 approaches:

* Single-track selection based on distance-to-

closest approach (DCA)

« Secondary vertex reconstruction +
rectangular selections to identify displaced

topology

« Single track, secondary vertices,
constituent, selection based on Machine-

Analysis ongoing in pp
and p-Pb

Expected first
measurements in all
systems with run 2 data
Precise measurements
inrun 3
Complementary to CMS
if low-pT reach ~15-20
GeV/c

_4
o P
N s

Mistagging efficiency

=
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Learning based classification
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DATA SAMPLES

w

* Collision Vsnn (TeV) Year Trigger Lim Results
pp 2.76 2011 Min_ Bias 0.9 nb-1 n
pp 2.76 2011 Muon 19 nb" =
pp 5.02 2015 Min.Bias 2 nbt /
pp 5.02 2015 Muon 50 nb-(SL) ,100 nb-'(SH) 7
pp 7 2010 Min_Bias 5 nb B/
pp Fi 2010 Muon 16.5 nb" =
pp 8 2012 Muon 2 nb1 v
pp 18 2016 Min.Bias 3 nb-1 7/

p-Pb 502 2013 Min_Bias 47 ub ﬂ /
p-Pb 5.02 2013 Muon 5nb-! (p-Pb), 5 nb-' (Pb-p) =
p-Pb 502 2013 Electron 1.6 nb1(p-Pb), 1.1 nb' (Pb-p) Vd
p-Pb 502 2016 Min_ Bias 292 b1 /
p-Pb 8.16 2016 Muon ~8 nb-1 (p-Pb), 9 nb-' (Pb-p) o
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PHYSICS MOTIVATIONS - HF JETS

Heavy-flavour jets (with b, c content)

« Tight connection with HF correlations Jets in vacuum Jets in medium

(some shared goals, alternate approach): iz L ——_.
v Spatial distribution of energy lostin |
the medium by heavy quarks "'-.._ ¢! Giisnakis e
v Modification of heavy-quark \y SecET> ""-‘vf"?nhamemgmof
N/ low-pr particles

fragmentation (via D-,B-tagged jets)

« Study of di-jet imbalance useful also in the HF sector
v" Further motivation: address NLO contribution to heavy-quark production

g8 — T T | | I
@ ATLAS Preliminary | <2.8 1

anti-k, A = 0.4 jets, {s,, = 5.02 TeV . . .
S — » Comparison of b-jet Ry, with
A f inclusive jet to investigate mass
e e effect on medium-induced
e f energy loss
‘?00 200 300 400 500 600 n g[OGOeV]
ATLAS-CONF-2017-009 !
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PHYSICS MOTIVATIONS - HF JETS

Model by Vitev et al., radiative energy loss + collisional parton shower energy dissipation
v Mass effects relevant for p;<75 GeV/c, dead-cone effect enters in play
v Measurements vs opening radius R to characterise energy dissipation and possibly
separate collisional and radiative energy loss
v" Energy loss in gluon splitting cases: b-pair seen by medium as massive gluon?

. . i l., PLB 726 (2013) 251
What about c-jets? Some studies by Cao et al. 1.2 V.'te,v e.t a, — .6,( 0 3,) .5

(Phys. Rev. C 93 (2016) 024912) but no [ =20 :

collisional parton shower energy dissipation

quantitative predictions for charm jets ’%“ BBl Mt sk
2, 3
L 06 _
l .2 L] I T I T I L I L I T é: = .
) Central Pb+Pb collisions, LHC s"=2.76 TeV . o 041 - betR=07
1 _ g .— bjetR=04 A
0.2 Radiative E-loss — bjetR=02 —
B IS effects, radiative E-loss and 7 B 7
. 0.8 collisional parton shower energy dissipation — 0
2] L med - i
o g =2 1
~:{ 0.6 _ = =
m< B di 0‘8 -_
04 é 0.6 _
- — bet,R=0.2 - _
L o 04
0.2 — lightjet, R=0.2 - - Radiative E-loss and -
02 —
0

0 1 I L l 1 I 1 I 1 l 1 ; I I I . I : I : I I
0 50 160 I (550 v 200 250 300 0 50 100 150 200 250 300
p; [GeV] p; [GeV]

F. Colamaria — Jets and Heavy Flavour Workshop Santa Fe, 29/01/2018




PHYSICS MOTIVATIONS - CORRELATIONS

Study of hard probes correlations in PbPb provide Near Trigger
additional information w.r.t. single particle observables side part'ce
* Probe QGP effects on hard partons via modifications 1" Eﬂ?w
of correlation pattern w.r.t. vacuum —W e GQQ/ -
v" Peak yields modifications (l,,) to address jet A |
. « K. Underlying
quenching ﬁfgf % event
v" Jet structure modification (particle multiplicity, @Away
side

opening angle, intra-jet p; distribution)

 Investigate redistribution of parton energy loss i Syt sbtaced |
0.6 =

(spatially and in momentum) o 1 Pb-Pb0-5% centrality
0.4 o Pb-Pb 60-90% centrality —
* Put constrain on models describing energy loss, in i g

combination with single particle Ry,

« Study of collective effects — also in small systems! 8<py"es=r <15 GeV/c, A<p, "< <6 GeV/c  Ag (rad)
(not discussed here) ALICE, PRL 108,
092301 (2012)
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PHYSICS MOTIVATIONS - CORRELATIONS

In particular, for heavy-flavour correlations

« Disentangle radiative and collisional in-
medium energy loss

10 I T I
coll, K = 1.5 :
coll4rad, K = 0.8 [4=10] GeV ===

- [1 =4] GeV'==="]
l 3 [Ll]' - ‘l‘il] GeV ====

. 10-1 | —_— - .
<] I _ b ]
T g2 [ €, 0— 20% i °
': : .u—_,:h ]
=z | A (a) |
® 10 F > AT A =
o ..'(.f r-"__ A l\ -
10-4 F /0 NN i
ol - - i il -
- J.-'!f i [ ] \ A
- . i LI b
l“_;', ] £ 1 | i Y |
() | 2 3 l 5 (s
Ao

M. Nahrgang et al., Phys. Rev. C 90 (2014) 024907

Flavor Creation (“F%R”} Flavor Excitation (“FEX”)
g g b

9 b 9 9
Gléjon Splitting ("(.gSP")

g g

Studies in small systems crucial not
only as a reference for Pb-Pb:
v" HF quark production mechanisms
v HF quark fragmentation into jets
v Charm/beauty separation
v" Collective effects in high-
multiplicity environment
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CENTRALITY ESTIMATION IN p-Pb

* Looser correlation between N, vs impact parameter, and multiplicity vs N, in
p-Pb collisions impairs centrality evaluation based on charged-particle multiplicity

p-Pb Pb-Pb .
tv[trtr|rrrr10_2 I B D R R VAN T I Iy e e B ) e S R e S - 1
5 Glauber-MC 5 L Glauber-MC i 1
J e S Fi00S20y FPD fow - 276 Tev B « Centrality selection

10° based on the energy
deposited by slow

10°* nucleons from the Pb

' nucleus remnant

minimizes the biases on

the centrality estimate

10° i
300
2 10* i
- 200

5 F -5
10 100 10

* Hybrid method used to

2 LU L B R B AL A B R 10? 2 LTI S PGP v R LB OB R T 107 .
S - Glauber-MC ‘G20000[- Glauber-MC :
3 oo 0RO rev g e S : der.lve T opo anq N, for
3 | -t 0 2 [ k 10° a given centrality class
150007
1% o000 10¢
' ; ALICE, PRC 91 (2015) 064905
10° suoo:— L 100

L | Muu PO 10-5
Npan Npart

10° % 06200 300 400
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