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1. Introduction

The production of heavy flavours (HF) at hadron colliders provides particular opportunity to study
the theory of Quantum Chromodynamics (QCD), in particular the boundary of the perturbative and
non-perturbative regimes. At the LHC, due to the high energy available /s =7, 8, and 13 TeV, it is
possible to explore new kinematic regions (e.g., high! pr up to ~ 10>GeV) to test the predictions
of various theoretical models for both quarkonium and open state production. In most cases, cor-
rections over the leading order (LO) are available (e.g., next-to-leading (NLO), next-to-leading-log
(NLL)) and LHC data may allow accurate quantitative comparisons of data with QCD predictions
to discriminate among various HF production models both in the quarkonium sector (color singlet
model (CSM) [1], non relativistic QCCD model (NRQCD) [2]) and in the open state one (FONLL
model [3], GM-VENS scheme [4], NLO-MC matched calculations [5]).

2. Experimental aspects

2.1 Data sample and detector performances

ATLAS is a multipurpose apparatus to study pp interactions at LHC, the detailed description and
performances of the detector can be found in [6]. The data sample corresponds to the LHC inte-
grated luminosities of: (a) 5.1 folat /s =TTeV in 2011; (b) 21.3 folat /s =8TeV in 2012; (c)
3.9fb~!at \/s = 13TeV in 2015. Regarding the analysis on HF, the main detector components are:
(a) the Muon System (MS) with tracking capability up to pseudorapidity || < 2.7, with momen-
tum resolution 6, /pr = 0.06 up to 60 GeV; (b) the Inner Detector (ID) which reconstructs tracks
up to |n| < 2.5 with efficiency &, = 0.99. The vertexing accuracy (primary and secondary) results
in a resolution on the track impact parameter’> o5 ~ 10um. The trigger for HF physics is based
on di-muons up to |n| < 2.4 and with several combinations of transverse momentum thresholds
p(T“> =4 and 6GeV.

The invariant mass distribution of a specific decay channel Q — final is the key-tool for HF anal-
yses; the typical resolutions are in the range (50 < 100) MeV for pu pairs or other exclusive states,
and the observed signal/background ratios are high. From vertices reconstruction, it is possible to
obtain the pseudo proper lifetime of the reconstructed state, t = Ly - n;—TQ where Ly is the transverse
decay length projected along the Py of the decaying particle, which allows to reduce background
or disentangle prompt and non-prompt® components of the signal.

2.2 Cross section evaluation

Experimentally, for each channel Q — final , the double differential cross section in p7 and rapidity
y, is obtained from

[

deQ NLQ,,r—;ﬁna
-BR(Q — final) = <" 2.1
dprdy (Q — final) Z-Apr -y (2.1)

where .Z is the integrated luminosity which may vary for each analysis (trigger, etc...), Apr and
Ay are the bin sizes of the differential variables within the typical ranges O(10)GeV < pr <

! pr is the transverse momentum to the direction of colliding beams.

2§ is the distance of closest approach to the primary vertex.
3Non-prompt component originates from decays of b-hadrons.
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0(100)GeV and 0 < |y| <2, and Nc%ﬁﬁnal is the signal yield corrected for efficiency, acceptance
and background subtraction.

The extraction of the yield is obtained with unbinned maximum likelihood methods. The signal
is parametrized with combinations of Gaussian and Crystall Ball shapes for the mass distributions
and negative exponential for the pseudo proper time, which are convoluted with the experimen-
tal resolution whose parameters are obtained from the fit or derived preliminary from data. The
background is described in different ways (e.g Chebyshev polynomial, exponential, ec...). The
systematic uncertainties corresponding to the fitting procedure are in general at the level of a few
%.

The signal yield is corrected with weights which take into account efficiency for tracking, recon-
struction, and acceptance: w! = g(reco-) . gltriggeer) . o7 Reconstruction and trigger efficiencies
are obtained with data driven methods (e.g., tag and probe for the trigger) in order to reduce the
systematic uncertainties which amount typically to (5+10)%. A typical average trigger weight
bidimensional map, as function of pr and y of a pu pair, is shown in figure 1(a). The acceptance
corrections, to recover the visible phase space in pr and y for comparison with QCD predictions,
are obtained with simulation. They depend on the unknown polarization status of Q (spin alignment
[7]). The correction is evaluated for the isotropic case and an envelope of variations is computed for
the various polarizations. For example, figure 1(b) shows this acceptance for the J/y as a function
of the p;/ ¥ for the different polarizations. The high pr regions are more interesting because the
variation envelope is reduced at ~ 15% level.
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Figure 1: Correction factors for cross section evaluation [8]: (a) pr — y trigger weight map; (b) acceptance
correction vs pr for different production polarization status.

3. Charmonium production

First studies on prompt charmonium production were based on the measurement of J/y. However,
the comparisons with theoretical models are difficult for J/y, due to the uncertain contributions
from higher (c¢) states which decays to J/y (feed-down effect). To overtake feed-down uncertain-
ties, analyses were performed to include the study of the y/(2s), the S-wave c¢ state just below the
open charm threshold for which the feed down effect is reduced.

3.1 J/y and v, production at /s = 7TeV and /s = 8 TeV

ATLAS has studied the production of J/y — pu™u~ and y(2s) — putu~ for data at /s = 7TeV
(¥ =2.1fb " and Vs=8TeV (¥ = 11.4fb~1)[8]. The yields are extracted from a fit to the com-
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bined mass-time distribution in the different py — y intervals. An example of the fit projections are
shown in figure 2 in which the various J/y, y(2s), prompt an non-prompt contributions are clearly
visible. The differential cross sections for prompt production, as a function of py for different y
intervals, are shown in figure 3: (a) for J/y at \/s = 7TeV, (b) for y(2s) at /s = 8TeV. The
NRQCD predictions are superimposed and the ratio theory/data is reported on a separate plots. A
fair agreement, between the theoretical calculations and the data points, is observed for the whole
pr range; and the ratio of theory to data does not depend on rapidity. Similarly the non-prompt
differential cross sections are are shown in figure 4: (a) for J/y at \/s = 8 TeV, (b) for y(2s) at
\/s =7TeV. The comparison is performed with FONLL predictions which describe the production
of b-hadrons followed by their decay into y +X. For J/y, agreement is generally good, but the
theory predicts slightly harder pr spectra than observed in data. For y(2s), the shapes appear to be
in satisfactory agreement but the theory predicts higher yields than in data. Also for non-prompt
production, there is no observed dependence on rapidity. The following fractional quantities, for
which several uncertainties largely cancel in the ratio (e.g. uncertainties on acceptance, efficiency
corrections) were also determined:

e the non-prompt fraction £ (y =J/y, y(2s)) defined as the number of non-prompt y di-
vided by the total number of produced y after weighting corrections:

v pp—b+X —y+X Ny
Iy = Inclusive - NP L NP~ 3.1)
p — b+X—-y+X v 1%

These fractions are shown in figure 5 as a function of the pr, in various rapidity intervals,
for: (a) J/y, (b) y(2s). In each rapidity slice, the non-prompt fraction is seen to increase as
a function of pr and has no strong dependence on either rapidity or centre-of-mass energy;

e the ratios of y(2s) to J/y for prompt and non-prompt production, defined as:

p np

RP = Y@ and RrP = ¥ (3.2)
Ny N

These ratios, at /s = 7, 8TeV, are shown in figure 6 as a function of the pz, in various
rapidity intervals, for: (a) prompt production, (b) non-prompt production. The non-prompt
ratio is shown to be relatively flat across the considered range of p, for each slice of rapidity.
For the prompt ratio, a slight increase with py is observed, with no strong dependence on
rapidity or centre-of-mass energy.

3.2 Non-prompt J/y differential production at /s = 13 TeV

A similar study has been extended to data taken in 2015 at /s = 13TeV (.Z = 6.4fb~!) [9]. Due to
the limited size of the data sample used, the measurements for y(2s) were not considered, and the
analysis was restricted to the py range 8 —40GeV and only to three rapidity intervals: |y| < 0.75,
0.75 <|y| < 1.5 and 1.5 < |y| < 2.0. Figure 7 shows the fit results for the 10 < py < 11.0GeV-
ly] < 0.75 intervals in which the prompt an non-prompt contributions are clearly visible. The
analysis was limited to the determination of the non-prompt fraction f}: /¥ for which several uncer-
tainties largely cancel out. Residual non-cancellation (e.g. geometric acceptance, reconstruction
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Figure 2: Fit projections [8], for the 10.5 < p7 < 11.0GeV-1.25 < |y| < 1.50 bin, on: (a) nmyy, (b) Tuy.
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Figure 3: Example of pr-differential cross sections and theory/data ratios in various rapidity interval for
prompt production [8]: (a) J/y at /s =7TeV, (b) y(2s) at /s = 8TeV.
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Figure 4: Example of pr-differential cross sections and theory/data ratios, in various rapidity interval for
non-prompt production [8]: (a) J/y at /s =8TeV, (b) yw(2s) at \/s =7 TeV.

efficiencies, etc...) was found to be below 3% and a systematic uncertainty of 3% is assigned to the
measured non-prompt fractions. The results for be Y at /s =13TeV, as function of pr and for the
three rapidity intervals under study, are shown in figure 8(a). The non-prompt fraction is found to
increase steadily from 0,25 at a pr = 8GeV to 0.65 at 40GeV, with no significant variation with
rapidity observed within the precision of the measurement.

The centre-of-mass energy dependence of this fraction is analyzed comparing these results, for
ly| <0.75, to previous ATLAS measurement in the same rapidity region at /s = 2.76 TeV [10], the
previous measurement at /s = 7TeV and a CDF measurement [11] in a slightly different rapidity
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Figure 5: Non-prompt fractions vs pr for various rapidity interval at /s =7, 8 TeV [8]: (a) J/ v, (b) y(2s).
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Figure 6: Production ratio Ry, vs pr for various rapidity interval at /s = 7, 8 TeV [8]: (a) prompt pro-
I
duction, (b) non-prompt production.

interval (Jy| <0.60) at /s = 1.96 TeV. The results are shown in figure 8(b), no significant change in
the non-prompt fraction is observed from /s = 7TeV to /s = 13 TeV, while a significant decrease
is present between /s = 7 TeV and lower energies.
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Figure 7: Fit result [9] for the 10 < pr < 11GeV-|y| < 0.75 interval, projections on: (a) My, (b) Tuy.

4. Heavy Flavour open state production

4.1 Determination of the b-quark fragmentation ratio (%) at /s =7TeV

The production rate of BY(B)) mesons is a product of the bb cross section, the instantaneous lu-
minosity and the probability that the b-quark is bound to an s — (d—) quark which is denoted as
the fragmentation fraction f(f;). In a similar fashion, B™ mesons, B. mesons and b-baryons are



Heavy Flavour production results with ATLAS at /s = 7, 8 and 13 TeVV. Canale on behalf of the ATLAS Collaboration

s 1.0: T 3 c 1_0: R . .
§ 0.9E- ATLAS Prellm\r:ary ,f -% 09F ATLAS Preliminary 3
£ osE \s=13TeV, 6.4 pb 3 E 0.85— ~4- ATLAS 13 ToV, 6.4 pb", ly| < 0.75 E
a E a © —4- ATLAS 7TeV, 2.1 fb",0.25 < |y| < 0.50 ]
S 0.7 * 3 S O07E —4- amasazeTov,aps, iy <075 i E
g 0.6F :t=§= E S 0.6F © COF(pRI196TeV.307pbl <080 _ope= =
5 osE 4 5 ost 7 3
z ## ] 2 05 +
0.4 ¥ E 0.4 “.#‘!F
03 $ - yi<o7s ; 03t 0"‘ * E
0.2F -omseiylerso E 0.2F E
0.1 4 150<ly| <200 - 0.1 -
0.0 : . 00 -
5 678910 20 30 40 50 60 5 6 7 8910 20 30 40 50 60
P (W) [GeV] P, ) [GeV]
(a) (b)

Figure 8: Non-prompt fractions vs pr for J/y production [9]: (a) for various rapidity intervals at \/s =
13TeV; (b) for various +/s in the central rapidity interval.

produced at the LHC with respective fragmentation fractions f,, f. and fpuryon. The fragmenta-
tion fractions are about 40% each for u- and d-quarks, 10% for s-quarks, at the percent level for
c-quarks and ~8% for baryon production, satisfying the constraint f, + fg + fs + fe + fparyon = 1.
Precise knowledge of the fragmentation fractions is essential for measuring b-hadron cross sections
and branching fractions at the LHC. In particular for rare decays, such as the branching fraction
measurement of BY — u*u~ [12], a precise knowledge of (%) is important since it improves the
sensitivity of searches for new physics Srocesses beyond the Standard Model (SM).

ATLAS has measured [13] the ratio (% using BY — J/y ¢ and BY — J/y K*° decays, with a data

sample corresponding to an integrated luminosity 2.47 +0.04fb~! of pp collisions at /s = 7 TeV.
The ratio % is extracted from the measured B — J/w ¢ and Bg — J/wK*" signal yields, Npo and
NB(; which are converted into BY and 32 meson yields after dividing by the branching fractions of
the relevant decays and correcting for the relative efficiency %, that is expressed as a product of
acceptance and selection efficiency ratios for the two modes and is determined from Monte Carlo

(MC) simulations:

fi  Np B(B)—J/wK*) B(K*®—K'n")
fi Ny BB2—JT/ye) Z(9—KK)

Rerr, 4.1

where the J/y, ¢ and K*° are reconstructed in their J/y — u*u~, ¢ — K*K~ and K** — K~ 1+
final states*, respectively. The invariant mass spectra of the selected candidates are shown in fig-
ure 9(a), and the corresponding signal yields are obtained with a maximum likelihood fit to the
distributions: Ngo = 6640 & 100(stat.) - 220(syst.) and N32 = 36290 4 320(star.) = 650(syst.).
From the world average values [14] of Z (¢ — KTK~) = 0.489+0.005 and Z (K** - K7~ ) =
0.66503 +0.00014, and the efficiency ratio %,y = 0.799+0.010 we obtain:

fs BBY—=T/v9)

— =0.199 £0.004(stat.) +0.008 t. 4.2
fd %)(Bg_)]/wl{*o) (sa ) (Sys )7 ( )

and the details of the systematic uncertainties are described in [13]. Using the perturbative QCD

O 0
prediction [16] m = 0.83+0.03, the ratio of fragmentation functions is obtained:
]st =0.24040.004(stat.) £0.010(syst.) £0.017(zh). (4.3)
d

4Charge conjugation is implied unless stated otherwise
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Figure 9(b) (left) shows the ATLAS measurement in comparison with results from LEP, CDF and
LHCB [15], their consistency confirms the universality of this quantity. At the present level of
accuracy, no dependence on pr of the B-meson is observed as shown in figure 9(b) (right).
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Figure 9: Fragmentation ratio (j’f—;) [13]: (a) mass spectra for BY — J/wK*" and BY — J/y¢; (b) ]J%
determinations and pr dependence.

4.2 B mass reconstruction in B* — J/yK™ decay at \/s = 13TeV

The performance of the ATLAS detector in reconstructing B candidates at /s = 13TeV has been
tested performing a measurement of the B* invariant mass through the decay B* — J /y(utu=)K*
[17]. The data sample used in this analysis corresponds to an integrated luminosity of 3.2fb~!. B*
candidates are formed adding a track (kaon candidate), with pr > 3GeV and |y| < 2.5, to a pre-
viously reconstructed J/y(uu). After quality cut vertexing, 677652 B* candidates are selected
in the mass range (5.0 —5.8)GeV, and their mass distribution is shown in figure 10(a). To ex-
tract the mass value, a dedicated maximum likelihood fit was performed including the signal and
several sources of background. As the mass resolution varies significantly with the rapidity, the
mass fit is performed in 16 B* rapidity intervals (14 x Ay = 0.25 for —1.75 < [y| < +1.75 and
2 x Ay =0.75 for 1.75 < |y| < 2.50). The results are shown in figure 10(b) together with the av-
eraged value. The combined fitted functions are superimposed on figure 10(a). The analysis is
repeated with a further quality cut on the transverse length of the candidate L,, > 0.2mm, giv-
ing consistent results. The main systematic uncertainties arise from the modeling of the back-
ground in the fit and the choice of the mass window [17]. Finally, the measured value is mpg: =
5279.31£0.11 (star.) £0.25(syst.)MeV, in good agreement with the world average [14], which
validates the momentum calibration of the ATLAS tracking with 2015 data.

4.3 D**, D* and D7 production cross sections at \/s = 7 TeV

The production of D**, D* and D charmed mesons has been measured with the ATLAS de-
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Figure 10: Determination of the B* mass [17]: (a) mass distributions for B — J / wK*; (b) results for
different rapidity intervals.

tector in pp collisions at /s = 7TeV at the LHC [18], using data corresponding to an integrated
luminosity of 281nb~'. The D**, D* and D7 charmed mesons are reconstructed in the range of
transverse momentum 3.5 < pr < 100GeV and pseudorapidity |np| < 2.1. The low pr sample
(£20GeV) is obtained with minimum bias and random triggers, while the high pr sample with
pr > 20,30,40GeV is obtained with a Jet energy trigger with threshold > 5,10, 15GeV. No signif-
icant differences between results for positively and negatively charged states is observed, all results
are presented for the combined samples. The charmed mesons are reconstructed through the exclu-
sive decay modes: (a) D** — D — (K~ n")m}; (b)) DT — K wtn*; (c) D} — K~ K* ). The
invariant mass distributions for the candidates in both low and high pr regions are shown respec-
tively in figure 11(a)-(c). The yields are obtained with a fit to the mass distribution with a modified
Gaussian parametrization for the signal and with threshold or quadratic exponential functions for
the background’. After correcting for acceptance/reconstruction with simulation, the visible cross
sections for a given charmed meson are then extracted in the low-p7 range (3.5 < pr <20GeV)
and high-pr range (20 < pr < 100GeV). The systematic uncertainty is dominated by the one
on the track reconstruction and selection (~ 7%) due to the uncertainty in the detector material
description. The results are reported in figure 12 with the predictions of various theoretical mod-
els. The FONLL [3], MC@NLO [19] and POWHEG [20] predictions are consistent with the data
within the large theoretical uncertainties, with the central value of the predictions lying below the
measurements. The GM-VENS [4] predictions agree with the data. For D** and D* the differential
cross sections as a function of pr and 1 are shown in figure 13, the predictions for several mod-
els are superimposed. The FONLL, MC@NLO and POWHEG predictions are generally below the
data. They are consistent with the data in the measured pr and 1) ranges within the large theoretical
uncertainties. The FONLL and POWHEG predictions reproduce shapes of the data distributions.
The pr shape of the MC@NLO prediction is harder than that for the data. The 1 shape of the
MC@NLO prediction in the high-pr range differs from the data and all other predictions. The
GM-VENS predictions agree with data in both shape and normalization.

5. Conclusions

ATLAS performed several precision measurements on the HF production at LHC to test various

|
5Gauss"0? oc ¢=0-5%" TS , Threshold o< A.xZ - exp (B-x+C ~X2), Quadratic < A -exp (B-x+C -x2)
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Figure 11: Invariant mass distributions [18] at /s = 7TeV in low/high p7 regions for: (a) D** — D7+,
(b)Dt - K atat,(c)Df - K Ktrnt.

o E(D) = (D) " E(D)
Range low-pr high-pr low-pr | high-pr | low-pr high-pr
[units] [b] [nib] [ub] [nb] [ub] [nb]
ATLAS 331+36 | 988+ 100 | 32834 | 888+ 07 | 16037 | 512+ 104
GM-VENS 340713 | 10007120 | 350710 | os0tlD | 1477 | 47073
FONLL 202415 | 7538 | et | 17 - -
POWHEG+PYTHIA | 15872 | 6004300 | 134148 | 4804340 | e2+84 | 225°1M4
POWHEG+HERWIG | 137+14] | 690+3%0 | 121+12% | 580428 | 51+30 | 268+10]
MC@NLO 157413 | os0r3s | 1407 | 810030 | ser | 34573

Figure 12: The visible low-p7 (3.5 < pr << 20GeV), and high-pr (20 < pr << 100GeV, cross sections
of D** D* and DT production with [17] < 2.1 [18]. The measurements are compared with the GM-VFNS,
FONLL, POWHEG+PYTHIA, POWHEG+HERWIG and MC@NLO predictions.

QCD models. These studies are very important because they refer to new kinematic regions (e.g.,
high pr up to ~ 10?> GeV) and to channels less affected by uncertainties (e.g., W(2s)). ATLAS

expects to complete the analysis of run-I data and to fully exploit the run-II to probe new interesting
phenomena in HF production.
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