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1. Introduction2

The current best knowledge of the spectra of singly-charmed baryons is given in Figure 1.3

Over the past decade, a wide variety of first observations of excited singly-charmed baryons [1,4

2, 3, 4, 5, 6, 7, 8] have been made by the BaBar and Belle experiments. However, the spin-parity5

assignments of many of the observed states are still to be determined.6

Figure 1: The spectra of known singly-charmed baryons and their mass splittings. Reproduced
from [9].

The production cross section of cc in pp collisions at the LHC during Run I (2010-2012) was7

much higher than it was in e+e− collisions at BaBar and Belle, and has been measured at LHCb to8

be:9

σ(pp→ ccX)pT<8GeV/c, 2.0<y<4.5 = 1419±12(stat)±116(syst)±65(fragmentation)µb,

in pp collisions at
√

s = 7 TeV, for production below 8 GeV/c of transverse momentum (pT) and10

in the rapidity (y) region 2.0 – 4.5, where the last error given in this result is the uncertainty from11

the input fragmentation functions [10]. The large cross section of cc implies that copious quantities12

of charm baryons are produced. Indeed, in pp collisions at
√

s = 7 TeV we observe a large Λ+
c13

production cross section:14

σ(pp→Λ
+
c X)pT<8GeV/c,2.0<y<4.5 = 233±26(stat)±71(syst)±14(extrapolation)µb,

where the last error is due to the necessity of extrapolating the cross section with predictions from15

PYTHIA 6.4, in bins of pT and y where the measurement of the cross section within the bin has a16

relative uncertainty larger than 50%.17

Now, during Run II (2015-), the cc cross section in the same transverse momentum and rapidity18

regions has increased further. We measure:19

σ(pp→ ccX)pT<8GeV/c, 2.0<y<4.5 = 2840±3(stat)±170(syst)±150(fragmentation)µb,
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in pp collisions at
√

s = 13 TeV [11]. Thus, we can expect to obtain very large samples of charm20

baryon decays during Run II.21

Key to the exploitation of these large charm production cross sections are the capabilities of22

the LHCb detector, and our ability to trigger on and reconstruct charm baryon decays. We will23

briefly describe the LHCb detector and the strategies used in the triggering of charmed hadron24

production. We then describe a search for the doubly charmed baryon Ξ+
cc which was conducted25

with 0.65 pb−1 of 2011 LHCb data. We conclude by remarking on future analyses of charmed26

baryons that are planned at LHCb.27

2. The LHCb detector and trigger strategies28

The LHCb [12] detector is a dedicated forward arm spectrometer and is the dedicated heavy-29

flavour physics experiment at the LHC. Heavy-flavour particles typically live long enough to fly30

around 1 cm from the location of the primary interaction. LHCb exploits a high-quality vertex31

resolution to isolate these particles from the production of lighter hadrons. The tracking system at32

LHCb provides a lifetime resolution of approximately 50 fs, and an impact parameter resolution33

of 20 µm for tracks with high transverse momentum. The discrimination of interesting signals34

from the high backgrounds present in a hadronic production environment requires a precise mass35

resolution and therefore a precise momentum resolution. The tracking system at LHCb provides a36

momentum resolution of δ p/p≈ 0.4 – 0.6%.37

Many decays of heavy-flavour hadrons of particular interest have a variety of topologically38

identical final states, obeying different CP symmetries. The discrimination between different39

species of charged particle is therefore of utmost importance. The particle identification (PID)40

system at LHCb is able to provide strong mass hypotheses over the momentum range 1 – 100 GeV.41

The LHCb trigger is comprised of a low-level hardware trigger (L0) and a high-level software42

trigger (HLT). This schema is illustrated in Figure 2. Specifically for hadrons, a cluster must43

be recorded in the calorimeter exceeding 3.5 GeV. The first level of the software trigger, the44

HLT1, exploits a partial reconstruction to quickly and efficiently identify tracks that are displaced45

from the primary proton-proton interaction point. For charmed baryon decays to hadronic states46

a single charged track is required to fulfill a series of track quality cuts. This track must also47

have a transverse momentum greater than 1.7 GeV/c and an impact parameter with respect to48

the reconstructed primary interaction greater than 0.1 mm. At the second level of the software49

trigger, the HLT2, a full event reconstruction is employed, allowing the identification of displaced50

secondary vertices.51

The PID information from the RICH detectors is also available at this stage. For decays of the52

short lived Λ+
c , where the candidate decay vertex is less displaced from the primary proton-proton53

interaction point than in D hadron decays, this was of key importance to reject combinations of54

unrelated tracks. The dedicated Λ+
c → pK−π+ trigger in the HLT was one of a limited number of55

trigger lines which used PID information, to reject candidates where the proton track is a misiden-56

tified hadron of another species. Following the success of this technique in Run I, direct PID57

information in the HLT has now been implemented in a much wider variety of charm exclusive58

triggers for Run II.59
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Figure 2: From left to right: The LHCb trigger schema in Run I/2011, Run I/2012 (20% of events
passing the hardware trigger deferred for a later processing), and Run II (all HLT1 accepted events
deferred).

Prompt charm is triggered with a series of exclusive lines which exploit hadronic signatures. A60

large number of secondary charm from b-hadron decays is also collected with a suite of inclusive61

b-hadron triggers. Notably, semileptonic b-hadron decays with muons in the final state can be62

used to exploit the high-efficiency, high-purity muonic triggers. The high production rate of charm63

necessitates a variety of requirements to be placed on candidates in order to reduce the trigger64

retention. These commonly consist of kinematic cuts on the c-hadron decay products, with vertex65

and track quality cuts.66

In Run I, approximately 40% of the 5 kHz trigger output rate was allotted to triggers for67

charmed hadrons. This presented a difficult challenge to retain as many interesting decays as pos-68

sible given the constraints on trigger retention. A quasi real-time alignment and calibration was69

installed and made operational for Run II, which allows offline-quality reconstruction to be pro-70

duced online. To exploit this, the strategy of a “Turbo” trigger stream was developed, where events71

for specific analyses could be collected, the reconstruction of signal candidates occurs online, and72

are then available for physics analyses only a few hours after having been recorded, with optimal73

calibration and alignment. Data are already made ready for user analysis, and the sub-detector74

information already discarded. Thus events being provided by the Turbo stream are an order of75

magnitude smaller in size than data following the traditional trigger stream. Most charm trigger76

lines now take advantage of the Turbo stream. The significantly reduced bandwidth allows sub-77

stantially more charm decays to be recorded within the same amount of integrated luminosity.78

3. Search for Ξ+
cc with 2011 data79

For the SU(4) multiplets of baryons composed of the u, d, s and c quarks we find states in80

the quark model corresponding to ccd (Ξ+
cc), ccu (Ξ++

cc ) and ccs (Ω+
cc). Theoretical calculations81

generally agree that the Ξ+
cc state should have lifetimes between 100 – 250 fs, with the Ξ++

cc state82

having a lifetime between 500 – 1550 fs [13, 14]. Evaluations for the particle mass generally83
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predict that the Ξcc isodoublet will have a mass between 3.5 – 3.7 GeV/c2, with the mass of the84

Ω+
cc predicted to be between 3650 – 3800 GeV/c2 [15, 16, 17, 18].85

The SELEX collaboration has reported an observation of the Ξ+
cc in its decay to Λ+

c K−π+ [19]86

and evidence of the Ξ+
cc in the mode pD+K− [20]. The reported state has a measured mass of87

3519 ± 2 MeV/c2, consistent with predictions from the theory community. Its measured lifetime,88

however, was consistent with zero, and less than 33 fs at the 90% confidence level. This is in89

strong disagreement with predictions of HQET and lattice QCD and is very different to the well-90

established lifetime of the Λ+
c (τ ≈ 200 fs).91

A Ξ+
cc baryon with such a short lifetime would be critically important to study, in order to92

understand the mechanisms that lead to its uncharacteristically short lifetime. However, subse-93

quent searches at notably Belle [1], BaBar [21] and other experiments have not shown evidence for94

doubly-charmed baryon production. As such, the matter is still very much open to discussion, and95

the theory community eagerly awaits a second experimental observation of the state.96

LHCb has conducted the first search for doubly charmed baryon production at a pp col-97

lider [22]. This search was performed on 0.65 pb−1 of pp data gathered in 2011 at a centre-of-mass98

energy
√

s = 7 TeV, using the decay mode Ξ+
cc→Λ+

c (pK−π+)K−π+ and the normalisation chan-99

nel Λ+
c → pK−π+. We specifically measure the ratio of Ξ+

cc production relative to Λ+
c production:100

R≡ σ(Ξ+
cc)B(Ξ+

cc→ Λ+
c K−π+)

σ(Λ+
c )

=
Nsig

Nnorm

εnorm

εsig

where σ and B are the relevant cross sections and branching fractions, Nsig and Nnorm are the101

extracted yields of the Ξ+
cc signal and the control Λ+

c , and εsig and εnorm are selection efficiencies.102

To account for the unknown Ξ+
cc mass and lifetime we search for the Ξ+

cc in a wide mass range103

(3300−3800 MeV/c2), and calculate efficiencies for a variety of Ξ+
cc lifetime hypotheses. For each104

candidate we define a mass difference δm as105

δm≡ m([pK−π
+]

Λ
+
c

K−π
+)−m([pK−π

+]
Λ
+
c
)−m(K−)−m(π+)

where m([pK−π−]
Λ
+
c

K−π+) is the measured mass of the reconstructed Ξ+
cc candidate, m([pK−π−]

Λ
+
c
)106

is the measured mass of the reconstructed Λ+
c candidate and m(K−) and m(π+) are the charged107

kaon and pion world-averaged masses. The Ξ+
cc mass window in the analysis corresponds to a δm108

signal window of 380 < δm < 880 MeV.109

The selection of candidates aims to reject backgrounds arising from combinations of unrelated110

tracks, misreconstructed c-hadron and b-hadron decays, and combinations of real Λ+
c with unre-111

lated tracks. We first construct Λ+
c candidates, requiring that each passes a selection algorithm in112

the HLT that requires that the Λ+
c must be displaced from the primary interaction. The algorithm113

also places PID, kinematic and vertex/track quality requirements on the decay. Ξ+
cc candidates are114

then constructed by pairing the Λ+
c candidates with a kaon and pion track. The bachelor kaons and115

pions are required not to point back to the primary interaction. This diminishes the sensitivity of the116

selection in the case of a very short lifetime Ξ+
cc, but is necessary for the rejection of backgrounds117

where a real Λ+
c is paired with random kaons and pions. Finally, an artificial neural network is used118

to improve the selection purity of Ξ+
cc candidates, trained to have as little as possible sensitivity to119

the Ξ+
cc lifetime.120
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Figure 3: The full δm spectrum (left) and the Ξ+
cc signal region (right, marked with dashed lines on

the full δm spectrum).

The signal yield of the normalisation channel is extracted with a fit to the m(pK−π+) distri-121

bution. The normalisation yield was found to be (818±7)×103, with a signal width of 6 MeV/c2.122

The Ξ+
cc yield is extracted with an analytic sideband subtraction that requires knowledge of the123

Ξ+
cc mass resolution (which is taken from simulation) but requires no other information of the Ξ+

cc124

lineshape.125

Signal yields are calculated in 1 MeV/c2 intervals of δm across the full signal region, shown126

in Figure 3. Local significances at each interval are given as:127

S(δm)≡ NS+B−NB√
σ2

S+B +σ2
B

where σ2
S+B and σ2

B are the statistical uncertainties on the signal yield and the expected background.128

Global significances for each δm must take into account the “look-elsewhere effect” [23]. We do129

so by generating a large number of background-only pseudo-experiments, with the full analysis130

method applied to each. We give a global p-value for a given S as the fraction of the total simulated131

experiments with an equal or larger local significance anywhere in the δm spectrum.132

The largest local significance observed is S = 1.5σ at a δm = 513MeV/c2, corresponding to133
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Figure 4: Upper limits on R for a number of Ξ+
cc lifetime hypotheses.
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a global p-value for the null hypothesis of 99%. We therefore give upper limits on R as a function134

of δm with the CLS method [24]. We do so for a variety of Ξ+
cc lifetime hypotheses (arrived at by135

re-weighting the simulation-derived efficiencies with different generated Ξ+
cc lifetimes). These are136

given in Figure 4.137

4. Future and ongoing projects138

Several charmed baryon analyses are currently ongoing at LHCb, covering a wide range of139

topics. A new search for doubly charmed baryons with the full Run I dataset is underway. In140

addition to the Ξ+
cc, we now also search for the Ξ++

cc . The analysis is able to take advantage of141

improvements to the dedicated Λ+
c → pK−π+ triggers made in 2012 to enhance sensitivity. An ex-142

panded suite of Cabibbo-favoured decay modes will be used to search for these particles, including143

Ξ
+[+]
cc →D+(K−π+π+)pK−[π+], which can take advantage of LHCb’s excellent D reconstruction.144

We tentatively expect to improve our current upper limits on R by an order of mangitude.145

We plan to expand charm cross section measurements at
√

s = 13 TeV, by providing differential146

cross sections of the Λ+
c , Σ 0

c , Σ++
c , Ξ+

c and Ξ 0
c baryons. Work is also ongoing in improving the147

description of the proton detection asymmetry at LHCb, which is a limiting factor in prospective148

production asymmetry studies of these baryons.149

Promising avenues of investigating new physics with charmed baryons also exist. Investi-150

gations of CP violation and of rare decays with charmed baryons offer searches for new physics151

complementary to those conducted with charmed mesons due to the different strong phases in their152

decays. A search for CP violation in Cabibbo-suppressed Λ+
c decays is currently underway using153

the Run I dataset. A search for the rare decay Λ+
c → pµ+µ− is also being conducted.154

In Run II we anticipate that charmed baryon CP violation searches will have the same sensi-155

tivity as our CP violation searches with charmed mesons from Run I. The suite of charmed baryon156

trigger lines has also been expanded for Run II to enable a wide variety of spectroscopy analyses.157

We also anticipate that observations of the Ξ+
cc should be possible at LHCb with the Run II dataset.158

The possibility also exists to perform amplitude analyses of charm baryon decays (following the159

formalism of Ref. [25]), to fully explore the resonant substructure within these decays. It is also160

possible to search for enhanced local CP violation within the phase space of multi-body decays.161

Looking ahead to Run III we anticipate excellent precision on CP violation searches with162

charmed baryons. We also expect the ability to conduct double charm spectroscopy, and the ability163

to probe for the triply charmed baryon Ω+
ccc.164

References165

[1] R. Chistov et al. Observation of new states decaying into Λ+
c K−π+ and Λ+

c KS
0 π−. Phys.Rev.Lett.,166

97:162001, 2006.167

[2] T. Lesiak. Charmed baryon spectroscopy with Belle. 2006.168

[3] R. Mizuk et al. Observation of an isotriplet of excited charmed baryons decaying to Λ+
c π .169

Phys.Rev.Lett., 94:122002, 2005.170

[4] B. Aubert et al. A Study of Excited Charm-Strange Baryons with Evidence for new Baryons171

Ξ+
c (3055) and Ξ+

c (3123). Phys.Rev., D77:012002, 2008.172

6



P
o
S
(
C
H
A
R
M
2
0
1
6
)
0
4
7

Charmed baryons at LHCb Paras Naik

[5] T. Lesiak et al. Measurement of masses of the Ξc(2645) and Ξc(2815) baryons and observation of173

Ξc(2980)→ Ξc(2645)π . Phys.Lett., B665:9–15, 2008.174

[6] B. Aubert et al. Production and decay of Ω0
c . Phys.Rev.Lett., 99:062001, 2007.175

[7] B. Aubert et al. Observation of an excited charm baryon Ω∗c decaying to Ω0
cγ . Phys.Rev.Lett.,176

97:232001, 2006.177

[8] E. Solovieva, R. Chistov, I. Adachi, H. Aihara, K. Arinstein, et al. Study of Ω0
c and Ω∗0c Baryons at178

Belle. Phys.Lett., B672:1–5, 2009.179

[9] J. Beringer et al. Review of particle physics. Phys. Rev., D86:010001, 2012.180

[10] R. Aaij et al. Prompt charm production in pp collisions at
√

s = 7 TeV. Nucl. Phys., B871:1, 2013.181

[11] R. Aaij et al. Measurements of prompt charm production cross-sections in pp collisions at182 √
s = 13 TeV. JHEP, 03:159, 2016; Erratum-ibid. JHEP, 09:013, 2016.183

[12] A. A. Alves Jr. et al. The LHCb detector at the LHC. JINST, 3:S08005, 2008.184

[13] B. Guberina, B. Melic, and H. Stefancic. Inclusive decays and lifetimes of doubly charmed baryons.185

Eur.Phys.J., C9:213–219, 1999.186

[14] Chao-Hsi Chang, Tong Li, Xue-Qian Li, and Yu-Ming Wang. Lifetime of doubly charmed baryons.187

Commun.Theor.Phys., 49:993–1000, 2008.188

[15] Zhi-Gang Wang. Analysis of the 1
2
+

doubly heavy baryon states with QCD sum rules. Eur.Phys.J.,189

A45:267–274, 2010.190

[16] D. Ebert, R.N. Faustov, V.O. Galkin, and A.P. Martynenko. Mass spectra of doubly heavy baryons in191

the relativistic quark model. Phys.Rev., D66:014008, 2002.192

[17] Da-Heng He, Ke Qian, Yi-Bing Ding, Xue-Qian Li, and Peng-Nian Shen. Evaluation of spectra of193

baryons containing two heavy quarks in bag model. Phys.Rev., D70:094004, 2004.194

[18] W. Roberts and Muslema Pervin. Heavy baryons in a quark model. Int.J.Mod.Phys., A23:2817–2860,195

2008.196

[19] M. Mattson et al. First observation of the doubly charmed baryon Ξ+
cc. Phys.Rev.Lett., 89:112001,197

2002.198

[20] A. Ocherashvili et al. Confirmation of the double charm baryon Ξ+
cc(3520) via its decay to pD+K−.199

Phys.Lett., B628:18–24, 2005.200

[21] B. Aubert et al. Search for doubly charmed baryons Ξ+
cc and Ξ++

cc in BABAR. Phys.Rev.,201

D74:011103, 2006.202

[22] R. Aaij et al. Search for the doubly charmed baryon Ξ+
cc. JHEP, 12:090, 2013.203

[23] Louis Lyons. Open statistical issues in particle physics. Ann. Appl. Stat., 2(3):887–915, 09, 2008.204

[24] Alexander L. Read. Presentation of search results: The CL(s) technique. J. Phys., G28:2693–2704,205

2002.206

[25] Aitala, E. M. et al. Multidimensional resonance analysis of Λ+
c → pK−π+. Phys. Lett.,207

B471:449-459, 2000.208

7


