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Heavy quark production at the LHC

: o A
 Heavy quarks (c,b) are produced in hard » R /f;
partonic scattering processes fata, @) /.‘;"“'"‘““"

—_ 2 1 —— Parton distribution >
Large Q°, m_y, >> Aqcp, production = A
calculable perturbatively down to p; ~ 0 -

G EV/C Hard scattering
* Hadron cross section calculated using e e——
factorisation approach: - (oa Q°)

Ohh%H = ]Ca(xlan)@ fb(xz,Q2)® Uab%qq ® Dq%H (Zq,QZ) D, _,,z-..(j—’;\{&
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Heavy quark production at the LHC

. (. 02) o
Heavy quarks (c,b) are produced in hard | Di(zQ /f;
partonic scattering processes Faler, Q?) Fragmentation

— 2 1 :Vpanon dlslrlbullonr A
Large Q%, m_;, >> Aqp, production \\.sa /
calculable perturbatively down to p; ~ 0 -

Hard scattering

GeV/c S w
 Hadron cross section calculated using =
factorisation approach: o

Oppsn = ]Ca(xl’Qz)@fb(‘x2’Q2)®aabech ®quH(quQ2)

* Heavy hadrons, and heavy-flavour decay electrons/muons measured in pp collisions:
—> test of perturbative QCD calculations
- Reference for Pb-Pb, p-Pb measurements

hadrans
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Heavy quark production at the LHC

, o A
 Heavy quarks (c,b) are produced in hard » DsilsQ /f;
partonic scattering processes fales, @) /3’"""'”"

— Large Q?, m_,, >> Ay, production = et — —
calculable perturbatively down to p; ~ 0 \

GeV/C Hard scattering q

* Hadron cross section calculated using =0 -
factorisation approach: P

Opphsn = fa(xlan) ® f, (xzan) ® O ip—sqg ® D, ., (Zq,QZ) & ”\3“\

hadrans

* Heavy hadrons, and heavy-flavour decay electrons/muons measured in pp collisions:
—> test of perturbative QCD calculations
- Reference for Pb-Pb, p-Pb measurements

L5 - antishadowing Fermi-

* In p-Pb collisions, heavy-flavour yield can be I motion
modified by various effects: :

— Initial state effects:

- Nuclear modification of the PDF =

- k; broadening Yo F—hadowing :
— Final state effects: 02 |- X, Xe

- Energy loss in cold nuclear matter o " 1(;2 " 1;1 " """l

—> Collectivity in small systems? x
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. More differential measurements @&

Heavy-flavour production as a function of multiplicity

* Correlating ‘hard’ and ‘soft’ parts of the collision helps
with understanding interplay between hard and soft
processes

— ‘Underlying event’ of pp and p-Pb collisions more complex
than simple 222 hard partonic scattering
* Minijets from softer multi-parton interactions (MPI)
* Initial and final-state radiation
* Fragmentation of beam remnants

* Also allows study of possible centrality-dependent
modification of p; spectra in p-Pb w.r.t pp collisions

= = O
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N ) y /
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. More differential measurements

Heavy-flavour production as a function of multiplicity

* Correlating ‘hard’ and ‘soft’ parts of the collision helps
with understanding interplay between hard and soft
processes

— ‘Underlying event’ of pp and p-Pb collisions more complex
than simple 222 hard partonic scattering
* Minijets from softer multi-parton interactions (MPI)
* Initial and final-state radiation
* Fragmentation of beam remnants

* Also allows study of possible centrality-dependent
modification of p; spectra in p-Pb w.r.t pp collisions

“Tpp.
hhhhh

D meson-hadron correlations —_Away sige
* Azimuthal correlations of D mesons and charged particles in T )y oD
pp and p-Pb collisions: N ;/"A/
— Address charm jet/charm fragmentation properties =~ %@/ f
—> Study possible collective effects in p-Pb/high multiplicity s
pp collisions 7\ \\:
—> Reference for future Pb-Pb measurements, providing Near ,7 »
further information on energy loss in the QGP
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= D mesons - hadrons

PID using TPC via dE/dx and TOF via time
of flight measurement
Cuts on decay topologies exploiting decay
vertex displacement from primary vertex
“~ | * Signal extraction via invariant mass
“i  distribution

% * Feed-down subtracted using pQCD
| prediction of D mesons from b/c

y

/ <

//2 ‘ : ! 4nffﬁfjﬁ?m,”'~ =2
.

Inner Tracking System (ITS)
Time Projection Chamber (TPC)
Time Of Flight detector (TOF):
Tracking, PID
In| <0.8

D0 9 K-t ct~ 123 um BR ~ 3.88%
D+ =2 Km'rtt ct~ 312 um BR~9.13%
D™ - DOt - BR~67.7%

/’fkﬁzj;\éiiig
|m%ﬂﬁ;
| D¢t = ort (KK*) et~ 150 um BR~2.28%

W
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Electromagnetic calorimeter (EMCal):
e* trigger + PID

Transition radiation
detector (TRD):
et trigger + PID

Time Projection Chamber (TPC)
Time Of Flight detector (TOF):
Tracking, PID
In| <0.8
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S Heavy-flavour decay electrons

e
)

LA

Background contributions subtracted from
inclusive electron spectra (y conversions, 1t and

n Dalitz decays...)

e Cocktail method based on measured

particle spectra where possible

* Invariant mass method (like sign — unlike

sign electron pairs)

Also possible to separate beauty-decay
electrons via impact parameter distribution

WY
AW B

10



Background subtracted from pt €< b, c:

* Primary m, K decays estimated via data —
tuned MC cocktail (p-Pb collisions) or MC
(pp collisions)

High p ; background from W decays
estimated via MC
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Results
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(ub/GeV/c)

t lyl<0.5

do /dp |

p--differential cross sections

Phys. Rev. Lett. 109, 112301 (2012)
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£ pp, Vs =2.76 TeV, Iyl <0.
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ALICE pp Vs=2.76 TeV, uz<HF in 2.5<y<4
~N

—— data
[ ] u*<HF, FONLL

......

R
NN
Ry

HFOn

L =19 nb™

int

1.9% normalization uncertainty not included

— — - u*<—charm, FONLL
u*<—beauty, FONLL
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SH

» p;-differential cross section measured for D°, D*, D*, D, heavy-flavour decay
muons, heavy-flavour decay electrons + beauty-decay electrons at Vs =7 TeV,
Vs =2.76 TeV
e Described by pQCD calculations within uncertainties

FONLL: JHEP9805(1998) 007; JHEP0103(2001) 006; JHEP1210(2012) 137;
CERN-PH-TH/2011-227; JHEPOQS5, 007 (1998)
k; factorisation Phys. Rev.D87 (2013) 094022
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Low p; D°-meson cross section

Phys. Rev. C 94 (2016) 054908

o x10° o - o 30000
§ 1700 ALICE pp, 1s=7 TeV §12000- Track-rotation bkg subtracted § LS bkg subtracted
g 1600F- . %10000- g
D 15008 Dod_;}ffcon'u ate it ; 2
= ana chal — —
8 1400F 98 comHg 8 8000 g
2 E 0<p_ <1 GeV/c 2 2
8 1300 8 6000 8
O 1200F (@) L (@]
1100 o Kn ULS pairs 4000
1000F = = LS bkg 3
E —— EvMix bkg 2000
9005_ —— TrackRot bkg r | | | |
SR N R O e e e R R W N N R N
M(Kzx) (GeV/c?) M(Kzn) (GeV/c?) M(Kzx) (GeV/c?)
’5 TTTW T T TTTTTW T T TTTTTW T T TTTTTW
= | —@— ALICE (total unc) o
ol 04; [ ALICE extr. unc. /ﬁ.’ —
(&) F —S— ATLAS (total unc.) L’ B . . .
° L] Arss o o l} : * Analysis with PID and detailed study of
A 1 background (no topological selection) allows
10° ——now # E for DY measurement down to p;=0 GeV/c
[ HERA- ~ .
107} mcmen = * Allows for factor ~ 2 reduction of
: VEssen ] systematic uncertainty on overall charm
r , V¥ NA27 (pA) B .
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10 /Q O E769 (pA) =
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10 10? 10°
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pp collisions:

A
©
S 25
9
~
o 15
©
)
S~
S 10
Al
o
5
0.4

B feed-down unc.

JHEP 09 (2015) 148
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- ALICE, pp Vs =7 TeV ’
— Average D°,D*, D*" meson, lyl<0.5
I — 1 <p < 2 GeV/c 7
- .- 2<p < 4 GeV/c e
& 4<p< 8 GeV/c ]
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B § +6%/-3% normalization unc. not shown i
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Self-normalised yield as a function of dN_ /dn in pp collisions:
Increases steeper than linearly
No p; dependence
* Models including MPIs + hydrodynamical effects can qualitatively reproduce the

observed trend

Percolation: arXiv:1501.03381, EPOS3: Phys.Rept. 350 (2001) 93-289; Phys.Rev.C89 (2014) 064903, PYTHIA: Comput.Phys.Commun. 178 (2008) 852—-867
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2 D-meson yield vs dN_, /dn ()

p-Pb collisions:
JHEP 8 (2016) 1-44
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Self-normalised yield as a function of dN_ /dn in p-Pb collisions:
* Increases steeper than linearly

* No p; dependence

 Reproduced by model including hydrodynamic flow

EPOS3: Phys.Rept. 350 (2001) 93—289;
Phys.Rev.C89 (2014) 064903
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= Azimuthal correlations

arXiv:1605.06963
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3 p assoc interva's Dosp  pF>03GeVie  § 03<pi®*<1GeVic P2 > 1 GeVic 10
T = Simulations, pp, Ys = 7 TeV —4— PYTHIA8, Tune 4C 1 ;
4 T 1T ‘ T 1T ‘ T 1T ‘ T 1T ‘ T 1T ‘ T 1T ‘ T 1T E 2 ] 1 —— PYTHIAS, PeruQia 0 1 _*_ POWHEG+PYTHIA6 E m
F . 7 © 1.5F I PYTHIAG, Perugia 2010 I EPOS 3.117 4
- Average DO,D+,D * ALICE - 8 :E —4— PYTHIASG, Perugia 2011 1 2
a5k E ;1 i i —f— |
2L 5 < pP <8 GeVic, pr° > 0.3 GeV/c, lAn] <1 ] < o 3 = |
- T T . o5 i 1 S . 3
3F-—¢-pp, Vs=7TeV, Iy 1<0.5 - Ofeeevssbecbebsssbeechsteschedssspssebsfsesbe st o hssteebsteschashed
il C ] 0.6f F + &
° - 4 p-Pb, 5, =5.02TeV,-096 <y® <0.04 ] : , <
= 25; cms B 0.5F £ I =
o s e ]
o C baseline-subtraction uncertainty (pp) ] T 0.4f i + + 4 'S
i= - ] o B —He— 1} $ o —®— 1 3
2 2|~ | baseline-subtraction uncertainty (p-Pb) ] 50'3? —$— El $$ ERNV,
3 - scale uncertainty: *'** (pp), *'°% (p-Pb) ] ) 02 T 1 $ 1<
o | 1.5 Y- 100 PP _ige, (P — 0.1t 3 Ed 3
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 D-meson and charged particles azimuthal correlation (A) distribution in
pp and p-Pb collisions compatible within uncertainties

* Baseline subtracted A distribution, and associated yield, with of near-
side peak and baseline in agreement with PYTHIA 6, PYTHIA 8, POWHEG
+PYTHIA
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unity for all D-meson species

e
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s
o A I R R R b A L L LR LR b Al R RN LR LRSI ALY RN RARN RERRN RRRR N
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* D-meson R, mostly consistent with

Rpr

D-meson R,

(B

Phys. Rev. C 94 (2016) 054908

1.4

0.4

0.2

III|III|1‘

ALICE

p-Pb, \s\\=5.02 TeV

Prompt D mesons, -0.96<y <0.04

—=— Average D°, D', D*

I*II'III'III'

---- CGC (Fujii-Watanabe)
—— pQCD NLO (MNR) with CTEQ6M+EPS09 PDF
Vitev et al.: power corr. + kT broad + CNM Eloss

Kang et al.: incoherent multiple scattering

OO

5 10 15 20 25
P, (GeV/c)

 Compatible with models which include initial-state effects + CNM energy loss

pQCD NLO (MNR): Nucl. Phys. B 373 (1992) 295, JHEP 04 (2009) 065, JHEP 0310 (2003) 046, CGC: arXiv:1308.1258, Vitev: Phys. Rev. C 80 (2009) 054902
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16F-0.96<y, <0.04
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1 dappb /dp;

R -
peo(Pr) =~ do, /dp,

* D-meson R, mostly consistent with
unity for all D-meson species

Rpr

2 D-meson R,

Phys. Rev. C 94 (2016) 054908

B T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T ]
- ALICE p-PDb, {5,=5.02 TeV ]
1.6— —
B Prompt D mesons, -0.96<y  <0.04 -
1.4 —=— Average D°, D', D* ]
I —— D° i
1.2 ) -
1?3. i S RCTETE TP 1) S '+ ................................... IE
0.8 e I -
:". \ , —
K1 L ]
0.63\ ]
0.4 -
- -+--- Duke ]
0.2__ —  POWLANG (HTL) ]
[ -.--- POWLANG (IQCD) ]
C | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | ]

oO 5 10 15 20 25

P, (GeV/c)

 Compatible with models which include initial-state effects + CNM energy loss

 Compatible with models including medium effects (small QGP)

- pQCD NLO (MNR): Nucl. Phys. B 373 (1992) 295, JHEP 04 (2009) 065, JHEP 0310 (2003) 046, CGC: arXiv:1308.1258, Vitev: Phys. Rev. C 80 (2009) 054902
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o - ALICE ZN Energy Classes
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E_ o] 0 + + m20-40% |
- | Average D, D', D* A40-60% ]
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1.5 -
20 5 T e B 1]
~ i
0.5 ]
07 | I | ‘ | I | ‘ | I | ‘ | I | ‘ | I | ‘ | I ]

0 5 10 15 20 25

P, (GeV/c)
1 dN_, /dp;
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Qr(pr) =
(

JHEP 8 (2016) 1-44

D-meson Q;,

Ty do, / dp;

30

* Qppequivalentto R,
measured in different
multiplicity (centrality) intervals

* Centrality determined using
Zero-Degree Neutron
Calorimeter (ZN)

- No centrality dependence seen
in the D-meson Q;,,
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Phys. Lett. B 754 (2016) 81-93

2,5 YYT‘NYT‘NYT‘TNN‘TTN‘TTTNY 3»YYV‘YVYY[YTYY[YTYV[YYVY{YTYT{YTYT{TYVY‘TYVT‘TYT
| p-Pb, sy = 5.02 TeV ALICE | o b(=c)—e ALICE |
:c,b—>(e*+e’)/2, -1 .065<ycms<0.135 ] CEQZ 5 o p-Pb, {5 =5.02TeV,-1.06 <y _ <0.14

o - T FONLL + EPS09NLO shad.

%32 Blast wave calculation
[l Sharma et al.: Coherent scattering + CNM energy loss |

Il Kang et al.: Incoherent multiple scattering

1.5}

Rpr

% Kang et al.: incoherent multiple scattering ]
N\ Sharma et al.: coherent scattering + CNM ]
FONLL + EPS09NLO shad.

= Blast wave calculation
[l Normalisation uncertainty

\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\ 7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘1111]1111

o 2 4 6 8 10 12 0 1 2 3 45 6 7 8 9 10
p, (GeVic) p. (GeV/c)

* R,ppofinclusive heavy-flavour decay electrons and electrons
from beauty-hadron decays consistent with unity
* Compatible with models that include initial-state + cold
nuclear matter effects

Kang et al.: PLB 740 (2015) 23 ; Sharma et al.:Phys. Rev. C80 (2009) 054902;FONLL M. Cacciari et al.,
JHEP 9805 (1998) 007; EPS09: K. J. Eskola et al., JHEP 04 (2009) 065;
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J  Heavy-flavour decay lepton R,
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Jd  Heavy-flavour decay lepton R,

Phys. Lett. B 754 (2016) 81-93
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rcb—(e"+e)2,-1.065<y <0.135 1 CEQ F o p-Pb, |Sy=5.02TeV, -1.06 <y__<0.14 1
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i 1 [ %53 Blast wave calculation ] é\; r '""'"'""""":'"""”':
L P [ [l Sharma et al.: Coherent scattering + CNM energy loss | s 25 r p-Pb \/ST\H\I =5.02TeV, W< cb decays -
¥ ang et al.: Incoherent multiple scatterini 1 C 2.5 <3.54 7
15 ] W KGang etal: Inconerent multple scattering E ALICE Preliminary ons ;
o [ 2r -]
o n .
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1 = s T AT . e E
T ] - -
% Kang et al.: incoherent multiple scattering - C B
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= Summary and outlook

* Lots of interesting results from LHC Run 1 data in pp and p-Pb collisions

e High-precision charm + beauty production cross sections measured

* Multiplicity dependent yield of heavy-flavour particles measured to probe
production mechanisms, faster than linear increase in yield as function of
multiplicity

* First D-hadron azimuthal correlation measurement in pp and p-Pb collisions
consistent with event generators

* R, and Q,p, consistent with unity and models including cold matter effects

* No centrality dependence in D-meson Q,,,
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e High-precision charm + beauty production cross sections measured

* Multiplicity dependent yield of heavy-flavour particles measured to probe
production mechanisms, faster than linear increase in yield as function of
multiplicity

* First D-hadron azimuthal correlation measurement in pp and p-Pb collisions
consistent with event generators

* R, and Q,p, consistent with unity and models including cold matter effects

* No centrality dependence in D-meson Q,,,

Much more to look forward to for Run 2 and beyond...
* Successful 2016 p-Pb run allowed for ¥6x minimum bias statistics at Vs, = 5.02

TeV, plus large sample at Vs, = 8.16 TeV
— Can reduce statistical uncertainty of all measurements
—> How do measurements scale with Vs, ?
e Large sample of high-multiplicity triggered pp data at vs = 13 TeV will allow to
improve high-multiplicity measurements
e Upgrade program for Run 3 (2021) includes full ITS upgrade, Muon Forward Tracker
(MFT), continuous TPC readout for precision/statistical improvement...

Stay tuned for many more exciting results
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Near side peak

Away side

peak

Fit function described properties of
azimuthal correlations
e 2 Gaussian terms describing near
and away side peaks
e Constant term describing the
baseline
Integrals of gaussian terms Ay ,Axc —
associated particle yields
Of¢ nss Ofie as QUantify widths of the
correlation peaks.
b represents physical minimum of the
A distribution
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D-meson Q,, ()

Increasing n-gap between D-mesons/ multiplicity estimator
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* Analysis repeated with different multiplicity estimators including SPD, VO and ZDC
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D-meson yield vs dN_, /dn in PYTHIA
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PYTHIA 8 includes updated description of MPIs, ISR/FSR

Yield vs multiplicity in PYTHIA can give insight into how each process

contributes
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* Faster than linear increase in yield as function of multiplicity using SPD multiplicity
estimator
* ~Linear increase in yield as function of multiplicity using VOA multiplicity estimator

- Different scaling of charged particle multiplicity with number of participant nucleons
-> Phys.Rev. C91 (2015) no.6, 064905

13/04/16 30



e

& D-meson yield in pp and p-Pb collisions

/\|_ _l TTT LI DL B B B L TT T T TTT |_ /\|_ 7_ e -
3 20 iz d 1 & F ALICE .
~ B Average D", D", D* meson i S BE ]
O C 5 ©) » 2<p_<4 GeVic, |y |<0.5 .
~~ L ] — T ] lab . -
> o0l 2<pT<4 GeV/e, |y|ab|<0.5 ] E 5: ¢ pp. 1s<7TeV a ]
Al - . - |
ko) T ¢ pp,1s=7TeV ] o C D° meson I:E .
g " oPb . . 2 ~ % p-Pb,| s, =5.02TeV 3
—~ 15 pP-Pb, | sy =5.02 Te ] = 4= Average D°, D*, D** meson e
Q Ut ’ Q T
2 B ] £ 3: ¢ o ]
S 1o 4 T 7F o .
= C @ ] = C o ]
B f B 1 T e E
~ 5 T ] C caift +6%/-3% (3.1%) in pp (p-Pb) ]
L [ PP +6%/-3% (3.1%) in pp (p-Pb) | 1 O Jtiat normalisation unc. not shown ]
| ?_' _______ normalisation unc. not shown | [ ",,'-:”: + 3% (5.0%) unc. in pp (p-Pb) ]
- o + 6% (6.3%) unc. in pp (p-Pb) _ r -’ on Nyg/{Nye) (N, o /(N ) not shown ]
L - on (dN,/dn)/{dN_/dn) not shown _ r "T | | 1 l | l 1 ]
. sl | ! L ! L ! L ! L ! L ! TR TR | ! . e R R
2 04? B fraction hypothesis in pp and p-Pb: x 1/2 (2) at low (high) multiplicity ﬁ § 04? B fraction hypothesis in pp and p-Pb: x 1/2 (2) at low (high) multiplicity E
c 02 = c 0.2F =
% . % OF -
E E ° E 3
R = - 0.2 =
® -0.4F E S 04f ]

5 0 1 é 3 4 é é f é 9 m 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

(dN/dn) / (chh/dn> Nyo/ (N, Nyoa Ny

* Similar increase for D-meson yields as function of multiplity in pp and p-Pb collisions
e Curve gets less steep for p-Pb with larger n gap

—> pp collisions — MPIs

= p-Pb collisions — multiple (softer) nucleon-nucleon collisions
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Heavy-flavour electron yield vs dN_, /dn
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* Qualitatively similar faster than linear increase for heavy-flavour electron yield as a
function of multiplicity
e Described by EPOS, better agreement with hydrodynamical evolution
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Jd  Non-prompt J/Y yield vs dN_, /dn
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* Similar increase of yield as function of multiplicity to D-mesons
—>Most likely related to the c¢ and bb” production processes, and is not
significantly influenced by hadronisation
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