[N)

14
15
16
17

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

N

CERN-PH-EP-2012-155
Production of muons from heavy flavour decay 27 May 2012

and Pb—Pb collisions at,/Syny = 2.76 TeV

The ALICE Collaboratiof

Abstract

The ALICE Collaboration has measured the inclusive prodaadf muons from heavy flavour de-
cays at forward rapidity, 3 <y < 4, in pp and Pb—Pb collisions gfSyn = 2.76 TeV. Thep;-
differential inclusive cross section of muons from heavydilar decays in pp collisions is compared
to perturbative QCD calculations. The nuclear modificafator is studied as a function @f and
collision centrality. A weak suppression is measured irigh@ral collisions. In the most central
collisions, a suppression of a factor of about 3—4 is obgkivé < p; < 10 GeVE. The suppression
shows no significanp; dependence.

Keywords: LHC, ALICE experiment, ultra-relativistic hegaion collisions, heavy flavour produc-
tion, nuclear modification factor
PACS: 25.75.-q, 25.75.Cj, 13.20-v
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Heavy flavour decay muons in pp and Pb—Pb collisiongsaiy = 2.76 TeV with ALICE 3

The study of ultra-relativistic heavy ion collisions is @that investigating the properties of strongly-
interacting matter in extreme conditions of high tempemtand energy density expected to be reached.
Quantum Chromodynamics (QCD) calculations on the lattieglipt under such conditions the forma-
tion of a deconfined partonic phase, the Quark-Gluon PlaQfP(, and chiral symmetry is restored [1].
Heavy quarks (charm and beauty), abundantly produced dtaige Hadron Collider (LHC), are sen-
sitive probes of the properties of the QGP. Due to their largesses, they are created mainly in hard
scattering processes during the early stage of the callisitd subsequently interact with the hot and
dense medium. In particular, measurement of open heavyildnaxirons may probe the energy density
of the system through the mechanism of in-medium energydbseavy quarks. The in-medium effects
are usually quantified by means of the nuclear modificatiotofd&aa Of the transverse momentum)
distribution. Using the nuclear overlap function from thia@er model [2]Raa can be expressed as:
1 dNaa /dpt

RAA(p[) <TAA> dapp/dpt ) (l)
where(Taa ) is the average nuclear overlap function in a given ceryraldss. The termMaa /dp is the
pe-differential yield in nucleus-nucleus (AA) collisions,hile do,,/dpy is the pi-differential inclusive
cross section in pp collisions. The valueRfa is unity for hard probes if no nuclear modification is
present. ARaa value smaller than unity can arise from partonic energy bxssvell as other nuclear
effects. According to QCD, the radiative energy loss of glighould be larger than that of quarks
and, due to the dead cone effect [3—6], heavy quark energyslsuld be further reduced with respect
to that of light quarks. The contribution from other inteian mechanisms, for instance collisional
energy loss [7, 8], in-medium fragmentation, recombinmaand coalescence [9—-11], could also lead to a
modification of heavy-flavour hadrop distributions in AA collisions. Finally, initial state edtts [12,
13] could complicate the interpretation of any deviatioonfrunity of theRaa in terms of energy loss
effects, particularly in the lowp; region. The study of p—A collisions is required to quantifie trole
of initial state effects. The PHENIX and STAR Collaborasomave reported a strong suppression of
electrons from heavy flavour decays at mid-rapidity, in canAu—Au collisions at,/Syn = 200 GeV at
RHIC [14-16]. Recently, a significant suppression of D medai] and Jy’s from B decays [18] was
measured at mid-rapidity in central Pb—Pb collisions/an = 2.76 TeV by ALICE and CMS at the
LHC, respectively. A complementary measurement of heawptiasuppression at forward rapidity, at
the same energy, is of great interest in order to provide r@wtecaints on models which aim at describing
the nuclear modification factor as partonic energy loss.

In this Letter, we report the first measurement at the LHC efgfoduction of muons from heavy flavour
decays at forward rapidity (2 <y < 4), with the ALICE experiment [19], in pp and Pb—Pb collisson
at,/Syn = 2.76 TeV. The measuregl-differential inclusive cross section of muons from heaaydiur
decays in pp collisions ay/s = 2.76 TeV is compared to perturbative QCD (pQCD) calcufatioln-
medium effects are investigated by means of the nuclearfination factor as a function gf in 4 <

pt < 10 GeVE, and as a function of collision centrality in<6 p; < 10 GeVE.

The ALICE experiment is described in detail in [19]. The agppas is composed of a central barrel
(pseudo-rapidity coverage| < 0.9), a muon spectrometer-¢ < n < —2.5) and a set of detectors
for global collision characterization and triggering ltea in the forward and backward pseudo-rapidity
regions. The VZERO, made of two scintillator arrays covgrthe 28 < n < 5.1 and—-3.7<n <
—1.7, is used for triggering, centrality determination andKkzgound removal. The two Zero Degree
Calorimeters (ZDC), located at 114 m from the interaction point, are used in offline rejectaf
background events. The Silicon Pixel Detector (SPD), altyer central barrel that constitutes the
innermost part of the Inner Tracking System (ITS), is inelddn the trigger logic. The SPD provides
also the interaction vertex reconstruction. The muon spaetter consists of a 10 interaction length

1in the ALICE reference frame, the muon spectrometer coverativer) range and consequently a negatvange. The
results are presented with a positivaotation.
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(A) passive front absorber, a beam shield, an iron wall, ar8 dipole magnet and a set of tracking
and trigger chambers. Tracking is performed by means of tagons of cathode pad chambers, with
the third station inside the dipole magnet. The trackingesysis supplemented by two trigger stations
of resistive plate chambers, behind a 1.2 m thick iron wathwhickness 7.2,,. The latter absorbs
hadrons that punch through the front absorber, as well amdgacy hadrons produced inside it and low
momentum muons, mainly from pion and kaon decays.

The Pb—Pb data were collected during the 2010 run. The ratadbnic collisions was about 100 Hz,
corresponding to a luminosity of3- 10?°°> cm2s~1. The results presented in this Letter are based on
the analysis of minimum bias (MB) trigger events. The MBdegg required the following conditions:
a signal in at least two pixel chips in the outer layer of th&3#Pd a signal on each VZERO detector.
The beam-induced background was reduced by using the timiognation from the VZERO and ZDC
detectors, and by exploiting the correlation between thaber of hits and track segments in the SPD.
Moreover, a minimal energy deposit in the ZDC was requiredrder to reject electromagnetic interac-
tions. Finally, only events with an interaction vertex viith-10 cm from the center of the detector along
the beam line were analyzed. Pb—Pb collisions were clagsifieording to their degree of centrality by
means of the sum of amplitudes of the signals in the VZEROctlet® as described in [20, 21]. The
analysis was limited to the 80% most central events for wkiiehMB trigger was fully efficient. This
leads to a data sample of .8610° Pb—Pb collisions which, in the following, will be dividedtinfive
centrality classes: 0-10%, 10-20%, 20-40%, 40-60% and080-(&he two last bins will be grouped
together for the study dRaa (pt)). The corresponding integrated luminositylig; = 2.71+0.09 ub—1.
The values of the mean number of participating nucleons asehmuclear overlap function are given in
Table 1. They were determined with the Glauber Monte-Canmkation assuming an inelastic nucleon-
nucleon cross section of 64 mb [20]. The strategy of cutsiegpb reconstructed tracks is similar to the

Table 1: Mean number of participating nucleon®gart)) and mean nuclear overlap functiofT{a ) for different
centrality classes, expressed in percentiles of the hadRi®-Pb cross section.

Centrality | (Npar) | (Taa) mb~t
0-10% | 357+ 4 | 23.48+ 0.97
10-20% | 261+ 4 | 14.43+ 0.57
20-40% | 157+ 3 | 6.85+0.28
40-60% | 69+ 2 | 2.00+0.11
60-80% | 23+1 | 0.424+0.03
40-80% | 46+ 2 | 1.20+ 0.07

one used for pp collisions [22]. Various selection cuts wesed in order to improve the purity of the data
sample. Tracks were required to be reconstructed in the gemal acceptance of the muon spectrom-
eter. A track candidate measured in the muon tracking chesnisas then required to be matched with
the corresponding track measured in the trigger chambdiis.résults in a very effective rejection of the
hadronic background that is absorbed in the iron wall. Farrttore, the correlation between momentum
and Distance of Closest Approach (distance between thapotated muon track and the interaction
vertex, in the plane perpendicular to the beam direction@mdaining the vertex) was used to remove
the remaining beam-induced background tracks that do niot fmthe interaction vertex, and fake tracks
(tracks not associated to one single particle crossingbketsometer). After these selections, the data
sample consists of 1:A.0° muon candidates. THeaa measurement of muons from heavy flavour de-
cays will be performed at high; (p; > 4-6 GeVk) where the main background component consists of
muons from primary pion and kaon decays. The Pb—Pb disimitsitare corrected for acceptance and
for tracking and trigger efficiency (A €) using the procedure described in [22]. The globak A is
close to 80% forp; > 4 GeVk. The dependence of the trigger and tracking efficiency ord#tector
occupancy, which is correlated with the collision centyalivas evaluated by means of the embedding
procedure [23]. A decrease of the efficiency of about 4%4% is observed in the 10% most central
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collisions.

The Raa of muons from heavy flavour decays in the forward rapidityioags calculated according to
Eqg. (1), which can be written as:

+ o g
1 dNgppy/dp— dNppp,” < /dpy

ui<—HF _
Ran (P = (Tan) dad, ~HF /dpy

(2)

where d\lF‘,’;Pb/dpt and d\lF‘,‘;FE"i7Ki/dpt are the inclusive muon and charged pion and kaon decay muon
p; distributions at forward rapidity in Pb—Pb collisions, pestively.

The pp reference, aﬁ‘piHHF/dpt, was obtained from the analysis of muon-triggered evenligated
during a pp run ak/s = 2.76 TeV, in March 2011, with integrated luminosity of 19 Atafter event
selection cuts. The analysis technique from the event auicll selection to the normalization, is the same
as that described in [22]. Figure 1 shows the measpyatifferential inclusive cross section of muons

§ 8 - ALICE pp V5=2.76 TeV, u*«HF in 2.5<y<4
o 107~ E
SRINN = data z
g 107 Ef\\ [ ] uw'«HF FONLL E
"8_ ] F ——— utecharm, FONLL ]
*;JO 2 R uEbeauty, FONLL E
T sl = .
L 107 E
+]l' E E
= o4l -
<] i 1

10°¢ U
102k 19 b’ T3

£ 1.9% normalization uncertainty not included E

S 15f Bt o BT
0 15 sers
< =4 g
< 0.5F E
- | | | | | | |
% 2 4 5 8 10

Fig. 1: (Color online) Transverse momentum differential inclesiross section of muons from heavy flavour
decays in 5 <y < 4, in pp collisions at/s = 2.76 TeV. The error bars (open boxes) are the statistigatém-
atic) uncertainties. The solid curve and the band show FO[{4L,_25] calculations and theoretical uncertainties,
respectively. The FONLL calculations are also reportednioions from charm (long dashed curves) and beauty
(dashed curves) decays, separately. The lower panel shewatto between data and FONLL calculations.

from heavy flavour decays in the kinematic regiof 2 y < 4 and 2< p; < 10 GeVE. In the ranggy > 4
GeVic (p; > 6 GeVk), regions of interest for th@f\:HHF(pt) measurement, the contribution of muons
from primary light hadron decays (mainly primary pion an@Ralecays) that was subtracted amounts to
about 19% (12%) of the total yield. The error bars are stafistincertainties. The open boxes represent
the systematic uncertainties varying from 15% to 24%, ddjpgnonp;. This includes the contributions
from background subtraction (ranging from a maximum of dt#i% atp, = 2 GeVk to 14% atp; = 10
GeVl), detector response (3%) and residual mis-alignment oking chambers (1%« p;, in GeVk).
The systematic uncertainty on the minimum bias pp crossoset.9%), used in the normalization, is not
shown. The data are compared to Fixed Order Next-to-LeddiggFONLL) pQCD predictions [24,25]
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(curve, with shaded band for the uncertainty). The ratiaveen data and FONLL calculations is also
shown. The measuregg-differential inclusive cross section of muons from heawaydiur decays is well
reproduced by the calculations within experimental andrhigcal uncertainties, although at the upper
limit of the predictions. A similar behaviour was also refear in pp collisions at/s = 7 TeV [22].
The contributions of muons from charm and beauty decays freONLL calculations are displayed
separately in Fig. 1. According to these predictions, threponent of muons from beauty decays exceeds
that of muons from charm decays fpr= 6 GeVcL.

The py distribution of muons from heavy flavour decays in Pb—Pbisiolhs at forward rapidity is ob-
tained by subtracting the muon background component (mamlons from primary pion and kaon
decays) from the corrected inclusive mugpdifferential distribution. The presence of unknown nacle
effects, in particular medium-induced parton energy ldagsravard rapidity, prevents subtraction of this
contribution by means of Monte-Carlo simulations, as waseda pp collisions [22]. Hence, the contri-
bution of muons from primaryr™ and K* decays at forward rapidity in Pb—Pb collisions was estihate
by extrapolating to forward rapidity (2 < y < 4) the p; distributions of pions and kaons measured at
central rapidity [y| < 0.8) in pp and Pb—Pb collisions [26] and generating the cooedimg p; distri-
butions of decay muons with a simulation of the decay kine&asand of the front absorber. For the
rapidity extrapolation, it was assumed that the supprassipions and kaons is independent of rapidity
up toy = 4. This assumption is motivated by the observation, by theAd Collaboration, that the
central-to-peripheral nuclear modification factor of gfed hadrons does not show anydependence
up ton = 2.5 within uncertainties [27]. The systematic uncertaintiyaduced by this assumption was
conservatively estimated by varyifiya from O (full suppression) up to two times its value. The entir
background-estimation procedure is detailed in the fathgw

The p distribution of pions and kaons at forward rapidity in Pb-debisions in a given centrality range
is expressed as:

dNDas /dpe = (Taa) - doih & /dpe- [REA™ (p)]y—o- 3)

The mid-rapidity pion and kaop; distributions measured in pp collisions were extrapoldtetbrward
rapidity using [28]:

4 2
T KE _ TN T KE ) —Y
dNgp * /dpy = /2 'de [d“Ngp ™ /dprdyly—o eXp<—20y2)’ 4)

with oy = 3.18. The latter is the average of the values obtained WélPty THIA [29] and PHOJET [30]
event generators.

Then, the muorp; distributions in 25 <y < 4 in pp and Pb—Pb collisions were obtained by means of
fast simulations using the resultant pion and kaepulistributions as input. The effect of the front ab-
sorber was taken into account by considering only pions aot& that decay before reaching a distance
corresponding to one interaction length in the absorber.

The input charged piom; distributions were measured up @ = 20 GeVE for all centrality classes
used in the analysis. The kagm distributions were determined only at logy. Therefore, the K p
distributions measured up to 16 GeMiere used, considering that N{lK+ N(K™) = 2. N(Kg). A
further extrapolation up to 40 Ge¥//by means of a power law fit, was needed. In addition, t@epK
distributions were measured only for the 0-5% and 60-80% aléy classes. As a consequence, fhe
distributions of muons from pion and kaon decays at forwapidity were determined only in these two

iHTTiJ(i

centrality classes. For the other centrality classes usekdis analysis (Table 1), thd\té‘bpb /dpy

distributions were obtained by scaling R, ™ (p) with the double ratidR:, ™ " (p) /RELT (py)
which was found to be the same in the 0-5% and 60—-80% centtiigses, within a maximum variation
of 9% included in the systematic uncertainty.
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This procedure allowed us to estimam#ﬂtg,_b"i’*(i/dp( and then to deduce the nuclear modification of
muons from heavy flavour decays at forward rapidity accagdmEq. (2). The background contribu-
tion to the muonp; distribution increases with decreasipg Hence, in order to limit the systematic
uncertainty on its subtractio®aa was computed fop; > 4 GeVL.

The systematic uncertainties on tRga of muons from heavy flavour decays originate from the pp
reference, the corresponding Pb—Pb yields and the avenagean overlap function. The systematic
uncertainty on the pp reference, previously discussedhastal 5-17% fop; > 4 GeVk. The systematic
uncertainty on the yields of muons from heavy flavour decayRBli—Pb includes contributions from:

— the inclusive muon yields in Pb—Pb collisions, about 6—168ftaining the systematic uncertainty
on the detector response (3.5%), the residual mis-aligh(iéh x py, in GeVLk) and the centrality
dependence of the efficiency determined with the embeddiocepure (1%);

— the yields of muons from primary pion and kaon decays in giisamns at forward rapidity, about
17%, due to the systematic uncertainty on the input middigpdistributions, the extrapolation
procedure ¢y parameter) and the absorber effect (pion and kaon mean dteerpthe absorber);

— the Rﬁ,if"i(pt), about 14-17%, due to the systematic uncertainty on the mutrapidity pion
p; distributions;

U= 7t K= U=t .
—theRy, " (pt)/Raa (pt) double ratio, up to 9% gty = 10 GeVE,

— the unknown suppression at forward rapidity for muons ffmmary pion and kaon decays. As
mentioned, a conservative systematic uncertainty wasdenes by vawingR/‘i;‘_"i’Ki (pt) from
0 to two times its value, with the additional condition thia¢ tupper limit does not exceed unity.
In these conditions, the component of muons from primarpg@nd kaons that was subtracted in
4 < py < 10 GeVE can reach 14% (21%) of the total muon yield in central (pegigh) collisions.

Finally, the systematic uncertainty on the normalizatiocludes the 1.9% uncertainty on the minimum
bias cross section measurement in pp collisions and thetantdy of 4.3% (centrality class 0-10%) to
7.3% (centrality class 60—80%) dfiaa ).

Figure 2 presents thBaa of muons from heavy flavour decays in52< y < 4, as a function ofp;

in central (0-10%, left) and peripheral (40-80%, right)lisans. The vertical bars are the statistical
uncertainties. Th@,-dependent systematic uncertainties are displayed bypde lboxes and include all
the contributions previously discussed, except the namai@dn uncertainty that is displayedRga = 1.

A larger suppression is observed in central collisions thgreripheral collisions, with no significan
dependence within uncertainties.

The centrality dependence of tiaa of muons from heavy flavour decays was studied in the range
6 < ptr < 10 GeVE where the contribution of muons from B decays becomes damingpp collisions
according to the central value of the FONLL calculationgy(Ri). The analysis was carried out in five
centrality classes from 0-10% to 60-80% (Table 1). The tesuRaa is displayed as a function of
(Npart) in Fig. 3. The contribution to the total systematic uncetiaiwhich is fully correlated between
centrality classes (filled boxes), including the pp refeeeand normalization, is displayed separately
from the remaining uncorrelated systematic uncertainpefoboxes). Th&aa of muons from heavy
flavour decays at forward rapidity exhibits a strong supgioes with increasing centrality, reaching a
factor of about 3—4 in the 10% most central collisions.

The ALICE Collaboration has measured the production of groB mesons in Z p; < 16 GeV/c at
mid-rapidity (y| < 0.5) [17] and the CMS Collaboration reported on that of nonsmpoJ/ y from beauty
decays, in & < p; < 30 GeVE and|y| < 2.4 [18]. The corresponding suppression of D mesons dgd J
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‘ré [ALICE PtI)-Pb \[S_NN=I2.76 TeV, ;IF<— HF in|2.5<y<4 I: I I ICentrallityl40-80% I
0 Centrality 0-10% T g ]

: :
0.6] + ]
4 i -
0.2+ J&H 1 i

1 P PR R 1 PR S S SO NI ST SO AN ST ST S R S T I_

OO 2 4 6 8 2 4 6 8 10

P, (GeV/c)

Fig. 2: (Color online)Raa of muons from heavy flavour decays irtbX y < 4 as a function ofy, in the 0-10%
(left) and 40-80% (right) centrality classes, in Pb—Pbisiolhs at,/Syny = 2.76 TeV. Open (full) boxes represent
the systematic (normalization) uncertainty. Horizontisshow the bin widths.

12— —— 17— T

CE [ ALICE Pb-Pb ys,=2.76 TeV, u*« HF in 2.5<y<4

s 6<p1<10 GeV/c A

[ﬂ :

:

0.4F B .

i B

0.2 Filled: Correlated systematic uncertainties B

[ Open: Uncorrelated systematic uncertainties ]
%50 150 200 490

, Ll I IR BRI R
50 100 150 200 250 300 BS?N
part

Fig. 3: (Color online)Raa of muons from heavy flavour decays as a function of the mearbeunf participanting
nucleons, in 5 <y < 4 and 6< p; < 10 GeVk. The horizontal bars indicate the uncertainty(dfar).

from beauty decays in those studies is similar to that repdnere for muons from heavy flavour decays,
although in a differenp; and rapidity region.

In conclusion, we have reported on the first measuremenegfribduction of highg; muons from heavy
flavour decays at forward rapidity, in pp and Pb—Pb collisiat,/Syy = 2.76 TeV with the ALICE
detector. FONLL pQCD calculations describe well the pp datain experimental and theoretical un-
certainties, with the data being close to the upper limith&f inodel predictions. ThBaa of high p;
muons from heavy flavour decays indicate a clear suppressioeasing towards the most central colli-
sions. The measured suppression is almost independgnt iafthe region 4 p; < 10 GeVE. These
results provide clear evidence for large in-medium effémtheavy quarks in central Pb—Pb collisions at
/SN = 2.76 TeV. The forthcoming p—Pb collisions will complemémtse measurements, by providing
insight into the possible contribution of initial nucleaatter effects, although those are expected to be
less important in the higlp region studied here.
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