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1. Introduction

The measurement of the parameters of the heavy-flavorearsmds essential to test both
heavy quark effective theory (HQET) and QCD sum rules. Whilgst progress in the quarkonium
sector (conventional and exotic) is coming primarily frdme B factories, the most recent results on
open charm and beauty hadrons are coming from the hadronmeacthe Tevatron and LHC. This
report discusses the measurement of the parameters 82710 andD%;(2860 " mesons,
the observation of the exciteB{;‘) mesons and the measurement of their masses at LHCb, and new
observations of beauty baryons by the Tevatron and LHC expets.

2. Charm mesons

Charm mesons are a system of the hed@y=(c) and a light ¢ = u,d,s) quarks, which are
characterised by their total spf= So + S and orbital momenturl. The lowest-lying states have
L =0 and are denoted &s(with the quantum numbe® = 0~) andD* (Jp = 17). The states with
the first orbital excitationl{ = 1) form two doublets: one witliy = |L + S| = 1/2 that consists of
two stategDj, D) with J° = (0T, 17), and another withjq = 3/2: (D1,D3) with 7 = (1+,2").

While the spectroscopy of the charmless stdd8sand D+ follows the predictions of the
HQET, the charmed-strange meson system is a more intgyesise: the state3,(2317)" and
D«1(2460* observed by BaBar [1] and Belle [2] almost a decade ago hagsesaconsiderably
lower than the HQET predictions. The second wave of obsensain Dg sector came in 2006—
2007 with the observations &fy; (2710 andD%;(2860 " states [3, 4].

The existence of these states has recently been confirméa byHCb collaboration [6]. For
this study LHCb use a sample pp collisions corresponding to 1 3 taken in 2011 at the center-
of-mass (CM) energy/s= 7 TeV. The combinationﬁ)*Kg andD°K™* are studied, wher® and
K mesons are required to originate from the primary vertexhefpp interaction. The invariant
mass distributions for both combinations are shown in FigAlcombined fit to both spectra is
performed, where the signals are modeled by Breit-Wignapsb with Blatt-Weisskopf form fac-
tors, and the background from rand®@¥ combinations is represented by polynomial shapes. The
most prominent peak in the distributionsDg, (2573, while the contributions fronD%; (2710 ™
andD%;(2860* are also clearly visible. The parameters of Big(2710 " andD%;(2860 " states
obtained from the fit are

M(D% (2710 ") = (27094 & 1.9g5 % 4.5¢,5) MeV/?,
[(D4(2710") = (1217 £ 7.3gtart 12 1gys) MeV,
M(D%;(2860 ") = (28667 & 1.0gtar % 6.3sys) MeV/c2,
[(D%(2860™) = (64.5 % 3. 25t 6.6¢ys) MeV.

The largest contributions to the systematic errors are dube signal and background models
and the uncertainty in the invariant mass resolution. Tkealtge are consistent with the measure-
ments performed by BaBar [5] and Belle [4]. There is no evidefor the state with mass above
3000 MeV/c? reported by BaBar in thB*K spectrum [5].
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Figure1: Invariant mass distributions for (E))*Kg and (b)D°K* combinations and background-subtracted
distributions for (c)D*K$ and (d)D°K *.

3. Beauty mesons

Excited states of th8 mesons have been studied only by the Tevatron experimetitgasn
cently. The nomenclature of the excitBtates is similar to the one for the charmed states. There
is a doublet of state®B,B*) with L = 0 and two doublets with = 1. The doublet of states with
jqg=1/2 is expected to be wide (with typical widths 18200 MeV) and thus difficult to distin-
guish from the combinatoric background in the current emrinent. On the other hand, the states
(B1,Bj3) of the doublet withjq = 3/2 are relatively narrowl{ = 10— 20 MeV). The neutral states
B9 andB;® have been observed by the DO [7] and CDF [8] experiments.

LHCb has performed the analysis of tBe 1~ and Bt~ final states using a data sample
corresponding to 336 fi of pp collisions at,/s= 7 TeV to study the excite® states [9]. The
B mesons are reconstructedJpiywK ), D, Drtriir decay modes. They are then combined with
charged pion tracks, and the invariant mass differencetrspeBr) — m(B) — m(m) are studied
(see Fig. 2).

SinceB; can decay to bottBrr and B*rr, and the soft photon froB* — By decay is not
reconstructed, it gives rise to two peaks in the spectruiin thé mass difference af(B*) —m(B) =
4578 MeV/c?. TheB; state decays tB*rronly, and thus gives a single peak with the mass shifted
by 45.78 MeVc? due to lost soft photon. As a result, the peaks from both ed@tstates overlap,
and additional external constraints are needed to ensutable §it. In the current analysis, the ratio
of theB; — Brrand theB; — B*myields is fixed to its theoretical expectation 088+ 0.18, as is
the ratio of theB; andB; widths (094 0.2). The mass resolutior(3 MeV/c? in the simulation)
is negligible compared to the widths of the excigdtates, thus Breit-Wigner shapes are used to
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Figure 2: Distributions of invariant mass differena&Bt) — m(B) — m() for (@) B°rrand (b)B™m~ com-

binations.

model the signals. The results of the fit are

M(BY)
M(B;)
(B5)
(B3")

M
M

(57241 + 1. 7gia+ 2.0syst+ 0.58 mas9 MeV/c?,
(57263 + 1.9¢a1+ 3.0syst 0.58 mas9 MeV/c?,
(57386 + 1. 2551+ 1. 25yst+ 0.3 mas9 MeV/c?,
(57390 + 3.35¢a1+ 1.6syst+ 0.3 mas9 MeV/c?,

where the last uncertainty is due to tBeneson mass. The parameters of BjeandB:° states are
consistent with the measurements performed by CDF and D tie charged; andB3" states

are observed for the first time.

The study of thd8" K~ spectrum allows one to understand the excitations in thetpedrange
system,Bg; andBg,. Due to proximity of these states to the kinematic threshthldse states are
narrow, with the widths much smaller than the invariant nrasslution & 1 MeV/c? for LHCD).
The mass differencen(BK) — m(B) — m(K) spectrum from the LHCb analysis is shown in Fig. 3.
Again, one expects one peak in the spectrum figyn— B*K decay, and two peaks from,
decaying toBK andB*K. TheBg, — B*K is not statistically significant, and thus the fit uses only
two signal contributions. The signals are parameterisaéd @aussian shapes. The fit yields the
following values for the masses of two excitBgstates:

M(BZ) = (582899 0.0851= 0.13syst4 0.458 masg MeV/c,
M(BZ) = (5839674 0.13a1= 0.175yst% 0.2% masg MeV/c2.

4. Beauty baryons

The system of heavy baryons has much more degrees of freemfopaced to mesons. Baryons
with a single heavy quark can be described as a system of & jgavk and a light diquark. Even
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Figure 3: Distributions of the invariant mass differencéBK ) — m(B) — m(K) for B*K~ combination.

Table 1: Classification of heavy baryons with one heavy quark

Name| Quark content |  jP JP
Ag Qud 0 o 1/2°
2qQ Quq 1 1 1/2f
4 Qqq 1 1t 3/2f
=N Qsg 1/2 ot 1/2*
=, Qs 1/2 1+ 1/2*
= Qs 1/2 1+ 3/2*
Qo Qss 0 1t 1/2*
Q) Qss 0 1+ 3/2*

in the absence of the orbital excitation, there is a largebarrof states with different quark content
and spin configurations that can be classified by their isdsgpin-parityJ®, and the spin-parity
of the light diquarkjP (see Table 1).

Many of these states with the charm quark, as well as theatlsbiand/or radially) excited
states have been observed by the B factories. The systenawfydearyons, though, is much less
well studied. Until recently, only some of the ground stdtage been observed experimentally. In
the last few years, though, Tevatron and LHC experiments heported many new observations
of beauty baryonic states.

Large and clean samples of weakly decaying ground-statmhgarare essential in order to
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study the strong transitions of excited beauty baryons. /T@\baryons are produced copiously
in the hadronic environment. CDF reconstructs the signal%’fOO/\g — A mdecays with the
signal-to-background ratio around 1.9 [10] in their 6 flalata sample opp collisions at 1.96 TeV.
A recent analysis of LHCb [11] based on 1 fostatistics ofpp collisions with/s= 7 TeV uses
the sample of 70544 330 /\8 reconstructed in the same final state with the signal-tdgpacind
ratio of 11.

The ground state of the strange contéptas well as the doubly-strang®, have been studied
previously by DO [12, 13] and CDF [14]. While the measured snafthe=, agrees well between
the measurements of the two collaborations, the value ofXhenass is inconsistent, with the
results of two measurements differing by more than 100 M&WLHCDb has performed a study of
these states with 576 pb data sample ay/s= 7 TeV [15]. The=, baryons are reconstructed in
the decay chaig, —J/Y=",=" — A%, A\® — prr; the signal of 72+ 9.4 events is observed.
Similarly, 139733 events are observed in the de@y — J/yQ~, Q~ — A°K~, A® — prr; the
significance ofQ, signal is above 5 standard deviations. The mases of thess st@ measured
to be

M(Z,) = 57965+ 1. 2ga1= 1.25sMeV/c?,
M (Qb_) = 60503 £ 4.5g(5t+ 2-25y3tMeV/Cz.

TheQ, mass is in a good agreement with the CDF measurement [14ik bucontradiction with
the DO result [13].

The remaining weakly-decaying beauty bary&rﬁ, has been discovered by CDF only re-
cently [16]. CDF use the decay chaij — ={m, =f — = n'm", == — A% to search foE
in their 4.2 fb! data sample. A clean signal of .352;2 has been observed, with a significance of
6.8 standard deviations. T mass measured in this analysis is

M(=0) = 57878+ 5.0star+ 1.3systMeV/c2.

The LHCb collaboration has also observed a hinE@fproduction in the study ob°pK~ final
state with a sample of 330 pb[17], corresponding to 2% 10 events with the significance of 2.6
standard deviations. The massxffis measured to be

M(=2) = 58020+ 5.5¢ar 1. 7systMeV/c2.

2, baryons that decay stronglyrtgn have been observed by CDF [18]; recently the analysis
has been updated with 6 fbdata sample [10][\8 candidates are combined with the charged pion
tracks, and the invariant mass differer@e= m(A2m) — m(A2) — m(m) spectra are studied. The
spectra are shown in Fig. 4. Ground staiésand spin excitationigi are observed in the spectra.
Masses and natural widths of these states are obtained feriit with the signal contributions
modeled with Breit-Wigner shapes; the fit results are givefable 2. The neutral states of t}i§>
triplets still remain unobserved.

Observation of the exciteag baryon has been reported very recently by the CMS collab-
oration [19] in the analysis of 5.3 f} of data with,/s = 7 TeV. CMS studies the decay chain
50— =t =) = J/Y=", =" = A% . A signal of 108+ 14 =, decays is observed, and 21
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Figure 4: Spectra of the mass differen@= m(ASm) — m(AQ) — m(m) for (a) A3~ and (b)AQrr" combi-
nations from the CDF analysis [18]

Table 2: Properties of th(zié*>i states obtained in the analysis by CDF [18].
State Q,MeV/c? MassM, MeV/c? Width T, MeV
5, 562080 58155708 4+17 497571+11
5;” 758+06'0F 58351+06'7]  7.5'73'93

—-18-14
by 52199101 58113708+17 97738412
5t 728+077%% 58321+077f 115725710

events peak in thg, 1" spectrum (see Fig. 5). The significance of the observatiéristandard
deviations, and the result of the mass measurement is

M (Z£0) = 59450+ 0. 7star = 0.3sys1% 2. 7ppe MeV/c,

where the last uncertainty is due to the precisioxpfmass. This state is interpreted as Hg@
baryon with the quantum numbei8 = 3/27: =} is expected to be below kinematic threshold for
=p T decay, while the decays of orbital excitatiafs* with L = 1 to =, are forbidden by parity
conservation.

No experimental evidence of the orbitally-excited beawyybns was available until recently.
The quark model predicts twio= 1 excitations of'\g with JP = 1/2~ and 32~. Both should decay
to A2rr" 1~ or A%y, depending on their mass. Most theoretical predictions giasses above the
ATt it threshold at 5900 MeX¢?, but belowZ, 1 threshold.

The first observation of orbitally-excited beauty baryoms been made by LHCb [11] in
the final stateAlrr™ 7~ using 1 fbr! of data at\/s =7 TeV. TheAQ is reconstructed im\; -
final state and is combined with a pair of pion track comingririhe primary interaction vertex.
The kinematic fit with/\g and A\l mass constraints is performed to improve the invariant mass
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Figure 5. Invariant mass difference Figure6: Invariant mass distribution a7t 7~ combina-
m(Z, ") — m(Z,) — m(rr") distribution  tions from LHCb analysis [11].
from CMS analysis [19].

resolution. The spectrum of tﬂtgn*n” invariant masses is shown in Fig. 6. Two narrow peaks
are evident at the masses around 5912 kd&dnd 5920 MeYc?, with the signal yields of 18 +

4.7 and 495+ 7.9 events, respectively. The proximity of the kinematic shi@d gives excellent
invariant mass resolution, 0.2—0.3 Me¥. The fit of the spectrum yields the following masses for
the two states:

Mpco(s012 = 591195+ 0.125ta% 0.03ystt 0.6650 masMeEV/c?,
Mp:o(s020 = 591976+ 0.07star-+ 0.02syst% 0.660 asMeEV/C2,

The significances of the observation (including the systensdfects and trial factor in the mass
range 5900-5950 Me'¢?) are 4.9 and 10.1 standard deviations, respectively. Therjnits on
the natural widths of the two states are also obtained:

r/\go(5920> < 071 MeV

at the 95% confidence level.

5. Summary

Numerous new results in charm and beauty hadron spectyp$eye appeared in the recent
two years. After the start of LHC, the LHCb experiment hasardy confirmed some of the obser-
vations made previously by the Tevatron and B factorieshsiscthe observation &7, (2710*,
D§J(286®+ and BE‘;‘)O mesonsz, andQ, baryons), but has also observed a number of new states:
B*** mesons and orbitally excitefslg baryons. Several new observations have been performed in
the relatively unexplored system of beauty baryons by atkperiments. These are the discoveries
of the zg by CDF and of thE;;O by CMS. The masses of the new beauty hadrons are consistent
with the theoretical predictions. For most of these patiche quantum numbers have not been

measured experimentally yet.
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