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Why heavy flavour production?

€ Focus on open charm production; charmonium discussed

& Heavy-flavour production provides an excellent QCD test tool.

» pp : testperturbative QCD predictions, baseline for p-A and A-A
collisions

» p-A : assess cold nuclear matter effects (shadowing, multiple scattering, etc) -
baseline for A-A

Norrbin and Sjostrand, Eur. J. Phys. C17 (2000)

» A-A : probe the high density medium (QGP) 37.
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A probe for QCD medium in A-A collisions

Temperature

arXiv:1205.0579 [hep-ph]

A Expansion of X
the early Universe
Heavy ion collisions
Quark-Gluon
9 plasma
2 [ Goal: Study the properties of the
-@@ i nuclear matter at extreme conditions of
et temperature and density
ase Col duct . ..
P pu 0 orSHpereoneRe ™ - = transition to Quark Gluon Plasma, QGP (a
Nuclel - Neutron stars state where quark and gluons are deconfined)
[ Hard probes:

e Produced at the early stage of the collision (large mass requires high Q?, At~ 0.1 fm)
e pQCD can be used to calculate initial cross sections
® Charm is abundant with respect heavier quarks (1.e beauty)

e Traverse the hot and dense medium:
v' Thermal production in the medium from QGP expected to do not play a major role (depend from
initial temperature)  Phys. Rev. C56, 2707 (1997)
v' Thermal production from hadronic matter (i.e tN—A:D) expected to play a minor effect
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Heavy quarks as probes for QGP - Energy Loss

[ Loss of energy while travelling through the medium depends on:

 Properties of the medium: density, temperature, mean free path
 Path length 1n the medium (L)
 Properties of the parton (Casimir coupling factor, mass of the quark (Dead Cone Effect))

N

probe IN

Gluon radiation supressed:

probe OUT \ fiﬁﬂ

Gluonsstrahlung probability

L 1
—ﬁ(x [92 +(mQ/EQ)2]2
()]
LIGHT EQ o

Yu. Dokshitzer and D.E. Kharzeev, Phys.Lett. B 519 199-206 (2001). N. Armesto, C.
A. Salgado and U. A. Wiedemann. PRD 69 (2004) 114003

M. Djordjevic, M. Gyulassy, Nucl. Phys. A733 (2004) 265.
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Nuclear Modification Factor

[ Production of hard probes in A-A expected to scale with the number of
nucleon-nucleon collisions Neon (binary scaling)

[ Osservabile: Nuclear Modification Factor
PbPb measurement

3

dN®. /d OCD Medium
Ry = o M - @

T..)x do” /dp, ~ OCD vacuum

M What are the possibilities?

* If no nuclear effects present: Raa =1
 Effects of the hot and dense medium
produced 1n the collision breakup binary v

T (ighg < RaaD) <Ran®

[ But also cold nuclear matter effects may lead to Raa # 1 (needs solid
pA reference)

pp reference
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Thermalization and path-length dependence

[A Interaction among medium
constituents convert the initial

geometrical anisotropy into
momentum anisotropy of final-
state particles

Semi-central collisions

A Quantified via the 2" order Fourier coefficient v2 (Elliptic flow)

‘di N0(1+2V1cos(cp Wrp) +2vacos2(@ —Wrp) +.....)

[ Carries information on medium transport properties:

~ Degree of thermalization of charm quark in QGP (low pr)
€ Path-length dependence of parton energy loss (high pr)
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p-A collisions

[4 Study cold-nuclear matter effects, reference '

for Pb-Pb

[ Low-x region accessed at the LHC

[4 Shadowing/saturation at low-x (Color

Glass Condensate, CGC?)
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D meson production cross sections in pp at Vs = 1.96 TeV

CDF Run Il (5.8 £ 0.3 pb*')

[)x*

CDF, PRL91 (2003) 241804,
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FONLL: M. Cacciari and P. Nason, JHEP 0309, 006 (2003)

[ Good understanding, within the errors, of b
production at Tevatron (and LHC energies).

[ Charm cross section studies, more complex,
available since Tevatron Run II.
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Measurements are at the edge of
theoretical uncertainties.

DO (cu)—K*n (BR ~3.89%),
D (cu)=Kn*n" (BR ~9.13%),

D*(cd) DK 1)n"(BR~2.63%),

FONLL, MC@NLO: Cacciari, Frixione, Mangano, Nason
and Ridolfi, JHEP0407 (2004) 033
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D meson production cross sections in pp at s =200 GeV

- Data points divided by the charm quark fragmentation
ratios so that D™ and D° overlap in the plot
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Charm via D mesons hadronic decays at LHC

LHCb: 2.0<y<4.5
Nuclear Physics, Section B 871 (2013)

IZWide rapidity range: |y|<0.5 (ALICE), ;E j' - I++ | 'L'Hf‘i'\’\' |
y|<2 (ATLAS) and 2.0<y<4.5 (LHCb) o DDA T
§ | 20 <y <45 |
§ 200+ .
il
[ Fairly similar reconstruction strategy S |
between the different experiments R e

Reconstruction of the secondary decay ALICE: |y|<0.5

vertex. Once the topology of the decay is & T 4<p<5GeVic
reconstructed topological selection can 2
be applied to reduce combinatorial S oF
8 200:—
:E_I 150F
[ In addition ALICE complements selection 100f
cuts with particle identification (PID) sk =145.4720.04 Mey/c?
L e30)7A7836

0935 " 0.14 0145 015 0155
JHEP 1201 (2012) 128 M(Kzr)-M(Kx) (GeV/c?)
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Charm via D mesons hadronic decays at LHC

ALICE

/\G 103§ LI L L R L N R B B 'IALll(LJEI |§‘ § 103% 1 r T | T T T T | T T TT '|A|_|IC|;E| .E g 103§ A e s e e B LA S o e 'E
S - 1 S - - : ALICE ]
) B DO, pp\s=7TeV, L =5nb' T O] B D', pp\s=7TeV, L =5nb"! %J - D* i1s=7TeV.L =5nb'
S  10%F int = O 102 ’ T it =4 O 102 ' PR1S = * Sint _
S B 1 3 - 1 o ] E
= b i 2 S - ]
o 10E 3 o 10F T o 105 E
9 - ] 9 - - 9 - ]
_—— 2 1 > - . > - .
o 15 E o~ 15 = o 1= =
© E - © = 3 o] = -
—~ : stat. unc. P ] : ~~ : stat. unc. : ~ : :
o p - stat L. b - stat o -&- stat. unc.
S 107 [Jsyst. unc. = S 1 -1 - [Jsyst. unc. w;;w - R - [Jsyst. unc. -
= FONLL 3 0 E gFONLL ] 3 © 10 = [CJFoNLL 3
B GM-VFNS B C GM-VFNS L + 1 C DGM-VFNS 7
-2 |_*3.5% lumi, £ 1.3% BR norm. unc. (not shown) | o | *3.5% lumi, + 2.1% BR norm. unc. (not shown) _ _o | *8.5% lumi, + 1.5% BR norm. unc. (not shown)
107 E . . . . E 107 E . . . . 5 10°F . . , , E
3'2 = I = Z, R R . . . = -2 | =
A 1-2:— = A4 :: b . i - :: S 12:: ::
0-% :: :: :_ — 0sf- —
35 T — = T T —] 3_% __ _j
© & 25 34 o« 25 3 - = =
8; 155 4 8 158 3 g . 126 E
o3 mmmwa—m———— o E 03 Sl m——— e — = o . . . . =
0 20 25 0 5 10 15 20 25 0 5 10 15 20
p, (GeVic) p, (GeVrc) p, (GeV/c)
ALICE Coll,, JHEP 1201 (2012) 128
——

[ Results are in agreement with pQCD within errors

M. Cacciari, M. Greco and P. Nason, JHEP 9805 (1998) 007;
M. Cacciari, S. Frixione, N. Houdeau, M. L. Mangano, P. Nason, G. Ridolfi, arXiv:1205.6344

B.A. Kniehl, G. Kramer, I. Schienbein, H. Spiesberger, arXiv:1202.0439, DESY-12-013, MZ-TH-12-07, LPSC-12019
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Charm via D mesons hadronic decays at LHC

[ D**, D, D* and Ds production

. § 10° _ \5102 '
cross section were measured at & | $ 1o
LHC in a wide rapidity and pt = | < i
range. %ol 20|

—~

S
[N

™y

—~
S
.

F ——LHCbdata

lZ Results are 1n agreement with [ —&was

E  --—-— GMVFNS intr. charm

pQCD within errors. Note: e R

p, [GeVic]
same models as ALICE used .
. D*—Do(K*1T-)TT*
for the comparison e
S0 (c) LHCb 3
(3 - == 20 NE=TTeV ]
. 2" '
[ Charm cross-section evaluated & ';
in a wide rapidity range 2
=107
2.0<y<4.5 |t
10 3
0" f g
Nuclear Physics, Section B 871 (2013) L2 ...
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1/(2np.) d°/(dp_dy) (mb/(GeV/c)?)

Data/FONLL Data/FONLL
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Heavy-flavour decay electron: charm and beauty
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ALICE: Rhys.Rev.D86 (2012) |12007

ATLAS: Rhys.Lett. B707:483-458,2012

[ Beauty fraction from two independent

methods:

¢ Different azimuthal correlation shape of
charm and beauty electrons.
¢ Impact parameter method

[ Total heavy flavour electron yield scaled by the beauty fraction to have
the beauty cross-section
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Total charm cross-section
]
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Charm p-A @ 5.02 TeV



Production of D mesons in p-Pb collisions

L A Phys. Rev. Lett. 113,232301 (2014)
- ALICE .
% -ﬁe P-Pb, |Su=5.02 TeV -
g 10 e 0N [4 Production cross-sections of prompt D°, D**,
s - E_E,E - . D* and D*s measured in the rapidity intervall
Q|_ 10° = -I-!i =D = '096<yCms<004
g E —E—“_'— —_ D'¢ x5 E
Nb | . _
ho B _B_—B— -0—[); 7
i 3 —a— g E arXiv:1405.3452
_ —8— N Fel T T T T T 7T T T 7T T T 71 T
- —o— - & [ auce | ' p-Pb, V_S,I‘N:‘S-O2Telv :
10E # - T LeE : _‘
- % B L —=— Average D°, D*, D" i
- - N -0.96<y <004 ]
: + 3.2% norm. unc. not shown ! : 1'4__ o i
BR syat. unc. not shown ~ .
1 N AN I A A AN A B AN B A A= 12—— ]
0 5 10 15 20 25 - I
p. (GeVic) 1= ——
: : : . . 0.8 .
[ Nuclear modification factor in p-Pb collisions C ]
is compatibile with unity and with theoretical ~ *°; E
calculations including gluon saturation 04/ cac (Fuii-watanabe) E
[ ——= pQCD NLO (MNR) with CTEQ6M+EPS09 PDF _
.y [ = Vitev: . +k_broad + CNM Eloss ]
[ Initial state effects play a small role for pr> 2 AR ARSI
0 5 10 15 20 25
GeV/c p. (GeV/o)
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Charm in A-A



D meson flow vs D meson Raa at LHC

>N B T I T I T I T I T I T I T I T I T |_ §1'2—|.—|\1|a
04l ™ ALICED’D",D"average _ Pb-Pb,\s=276TeV | (T ’ //\ 2\
' 2

_|:] Syst. from data
'[___] Syst. from B feed-down

Centrality 30-50% - 1

0.8

AN

RER ==
e
¢

ALICE D°, D', D™* average, |y|<0.5 -

Pb-Pb,\ s\, =2.76 TeV
Centrality 0-20%
WHDG rad+coll

R R — = POWLANG i
R vAE Aichelin et al, Coll+LPM rad .
0.61= Ny e BAMPS |
I \,\ T TAMU elastic o R
B ) :', — — UrQMD Y .
O 4__ . R ‘,l ,' ‘l’r\:ll\vl‘ \‘l __
i ST { ]
: : ; Tt—n i

| === BAMPS - - -- TAMU elastic - i 0.2 LR Sy _LI . i —
— + POWLANG WHDG rad+coll B AT P N
- — — UrQMD EIEY Aichelin et al, Coll+LPM rad . i |

1 I 1 I 1 I 1 I 1 l 1 I 1 I 1 I 1 I | 1 | | 1 1 1 | | 1 1 | | | 1 | | 1 | I 1 1 | | | 1 1 [ | | | | |

0 2 4 6 8 10 12 14 16 18 00 2 4 6 8 10 12 14 16
p, (GeV/ic) p, (GeV/c)

Phys.Rev. C90 (2014) 034904

[ Simultaneous description of D-meson Raa and v2 — understanding of heavy-

Phys.Rev.Lett. I | (2013) 102301

quark transport coefficients of the medium (challenging for models)

28/1/2015

BAMPS: Uphoff et al. arXiv:1112.1559., O. Fochler, J. Uphoft, Z. Xu and C. Greiner, J. Phys. G38 (2011) 124152.

Aichelin et al. Phys. rev. C 79 (2009) 044906,

W.A. Horowitz et al. J. Phys. G38, 124064 (2011).,W. A. Horowitz and M. Gyulassy, J. Phys. G38 (2011) 124114.
W. M. Alberico et al. Eur. Phys. J. C 71, 1666 (2011). M. He, R.J Fries and R. Rapp, arXiv:1204.4442 [nucl-thl

JHEP 09 (2012) 112
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Raa

o)
12 1iy  charged hadrons, k=1, X, p);=0.3 —— -
i D mesons, k=1, X| ppg=0.3 === _ .
L% non-prompt Jipsi, k=1, X\ py=0.3 ------ [ Average D°, D* and D™ Raa
charged hadrons 0-5% (ALIGE) = measured in the pr range [1,36] GeV/c
R D mesons 0-7.5% (ALICE) ——— ] th ALICE
08 i %  non-promptJ/psi 0-20% (CMS) —=— - wi :
0 s | | Non-prompt J/y released by CMS
LIk ™, b = 3.6 fm, running a | ,
0.6 - lfl .. s ) collaboration.

e
i
u
s
.l | L

I
L

:_ [A The suppression of D mesons reach

| , Pb+Pb, Vs = 2.76 TeV | factqr 5-6 at 10 GeV/c. Non-prompt
0 b J/Ps1 suppressed by factor 2.5 for
0 5 10 15 20 25 30 35 pT>6 GeV/c
pr [GeV]

J. Uphoff et al, arXiv:1408.2964

[ Work is ongoing. The comparison of D mesons and non-prompt J/Psi is being refined.
Although not conclusive we start to have an hint of a different behaviur of charmed and
beauty mesons
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Intrinsic charm



Why to go back(or forward) with intrinsic charm

[ In the last few years most of the neutrino collaborations (i.e IceCube ) started to have
a good statistic to study high energy extra galactical neutrinos

[ One of the main sources of background is due to atmospheric neutrinos originated
from charm decays:

& It cames from high energy (TeV scale) p-A collisions. Mostly are p-O collisions

& Charm is produced at forward rapidity. Typically much forward than what we can
reach at LHC, however there 1s a partial overlap in rapidity (~3<y<4.5)

& The general idea is to profit from collider and fixed target esperiments to
extrapolate the results and estimate the contamination

[ If the charm production is well described by pQCD then the background can be
estimated with some confidence. But what about the non-perturbative part?

28/1/2015 Alessandro Grelli 19



Intrinsic charm (I1C)

[ In 1980 in order to explain the experimental data on charm production it was
proposed, in addition to the usual perturbative component an additional
“intrinsic” (long time scale) charm component 1n the proton.

N . Phys. C 20,71 (1983)
A Several works proposed the probability to find this Nucl. Phys. B461,181 (1996)
" vall . arXiv:1305.3548
uudcc" component 1n the proton to be rather small Phys. Rev. D 73, 1 14015 (2006)
ranging from 0.5 to 3%. 0.1

In general the problem has to be threated as non
perturbative so the probabilities are based on many
non-trivial approximations. oorl
M Several experiments (i.e. European Muon
Collaboration (CERN), SELEX and DO |
(TEVATRON) ad at HERA) investigated charm 00F a_ss0cev ik

XC(X)

. . — BHPS2 \
production and proposed, in same cases, the —— BHPS |
e eqe — 1
— SEA1 '
p0551b111Fy of the effect of the IC as one of the A LG |
explanations of the results. Nowever, no clear 0000 o661 o7 ——
conclusion was ever made. "

Phys. Rev. D 89, 073004 (2014)
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Modification of the charm distribution

Q — 85 GeV
CT10

BHPS2,/CT10
BHPS1/CT10
SEA2/CT10
SEAL/CTI0

c(z)1¢/e(z)cT10

Phys. Rev. D 89, 073004 (2014)

(0.0001 0.001 (.01 0.1
x

M Recent studies, based on the most up-to-date informations on PDFs and on the
HERA (Zeus + H1 data) results point to and intrinsic charm contribution small 1f

any (<2% for BHPS model)

28/1/2015 Alessandro Grelli
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Experimental data at TeV energies

zwj-oo. L =10 K1<08 [ yy"<0 8 9FDo,L=87 e data
18F vy =0 <10 E y+b+X r ¢t NLO (Stavreva, Owens)
Sk vaoax  Fe1Gev T b\ 00— ky fact. (Lipatov, Zotov)
I _——F ~ 8f \ ----=--- SHERPA, v1.3.1
12F 1 3 — . - — PYTHIA v6.420
= . ? _F | N— PYTHIA, v6.420 (Annih. x1.7)|
osf — v 'F y BHPS IC model
aef —*— cata/meory 3 : \ — — Sea-lks IC model
3 CTEQS.6M PDF uncertainty F 6F
04r -.——- IC BHPS / CTEQS.6M 3 -
02F ——— ICsea-like /CTEQEEM = o
F Scale uncertainty E ) ) . . . 5 C
asf y'y" >0 E yy<o
E y+c+ X . y+c+ X L
3t - 4 SO
T R
2 1 3r ~ Nl
- - B e . g s b Wi<to
'_FEYC*': """""""" P ST, [ 1y™1<1.5, p*>15 GeV
0-5;— E- 1 -l L1l 1 l Ll 1 1 l Ll 1 1 l Ll 1 1 l Ll 1 1 l LAl 1 1
a0 60 80 100 120 140 40 60 80 100 120, 140 0 0 100 150 200 250 300
P p’ (GeV)
Phys. Lett. B714 (2012) 32-39 Phys. Lett. B719 (2013) 354-361

[ At TeV energy scale the DO collaboration measured the differential cross
section of y+c(b) jets and their measurement. ratio (g,c and b PDF for
0.01<x<0.3).

[ Results, for p > 80 GeV/c, point toward the possibility of an underestimated
g—cc component or to an intrinsic charm contribution.
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Intrinsic charm at LHC energies

. . . . . . c 9000 [ T T T T T T
[ Studies, based on Pythia8, show that 1f an Itrinsic 2 5 iy socevep <zscev
charm exists we can see it as a large signature in the 7005 - e
D mesons production at forward rapidities (LHCb S000E iy --- CTEQS6 E
50001 “k Entries: 727285
range) 4000F-
3000
2000E-
1000F-
[ LHCD published D mesons up to a pr of 8 GeV/e. Fhs s | .
The IC effect 1s expected to be strong (factor 2 to 3) &
in the region 10<p1<25 GeV/c. Next data taking and Eur.Phys.Lett. 99 (2012) 21002
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Conclusions

[ Charm production has been measured by several experiments in pp at different center of
mass energies. Results agree with perturbative QCD calculations within uncertanties.

[ At LHC the measurement of charmed D mesons in p-Pb collisions shows that the cold
nuclear matter effects play a marginal role in the charm production

[ In A-A collisions charm is qualitatively and quantitatively a good probe for the QGP.
The nuclear modification factor and elliptic flow were measured. LHC data, once
compared with p-A results, shows an Raa compatible with final state effects. Movere,
charm has a non zero-positive elliptic flow.

[ The possibility of an intrinsic component of charm in the proton is a long standing
issue. If such component exists 1t may represents a major source of background for
neutrino experiments. At LHC we have the chance to put strict constraints on it.
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Stages of a HIC

freeze out

hadrons «—s kinctic theory
gluons & quarks 1n ¢q. —= 1deal hydro
gluons & quarks out of eq. == viscous hydro

strong fields — classical dynamics

»Z

incorming nucler —» CGCs

[ Schematic representation of the several stages of a HIC as a function of time and
trasversal coordinate z
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D meson nuclear modification factor at RHIC

[ D production measured by STAR Collaboration in Au-Au collisions
at Vsnn = 200 GeV

o —— central
: . 40-80% (@)  1[ T 10-40% (b) |
—~_15F I + :
= ? $ it La : 5
L G A A i o of
5 05! ! R L T
3 5 1t :
e % 2 4 6 0 2 4 6 8 semi-central

S 2[STARAu+AU—D’ + X @ 200 GéV Central 0-10% o
®© B N Y © ]
2 150 / R SUBATECH -
E®) "~ L \ ------- Torino a
@) B ——  Duke w shad. -
S B — — Duke w/o shad. n
= I e

3 ¢ ] peripheral
S o5 ® T~ .

prd - B .'~._E\"\ :___‘____ ............... ‘ ............... _ ............ ’
[ | | | T
0 0 2 4 6 8
p. (GeV/c)

STAR  Phys.Rev. Lett. | 13, 142301 (2014)
]



