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Why I am giving this talk
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physicist
working on baryons?

Apologies to Scott Adams



In this talk

• Focus is on “prospects” rather than “status”

•Main topics:
• Spectroscopy of singly charmed baryons

•Doubly charmed baryons

• Implications for b baryons

•Afterthoughts
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Background: Charm meson spectroscopy

•n=0 states trivial.
• n=L=1 states accounted for, broadly understood.
• Less known about radially excited states, but tractable pattern 4
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New information on the charmed non-strange spectrum.

! No big progress in the last years.
! BaBar/Belle: use B decays to perform better measurements of the parameters of the broad
states.
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! Properties of L = 1 D0
J mesons.

JP Mass Width Decays Partial

( MeV/c2) ( MeV) seen waves

D∗0
0

0+ 2352 ± 50 261 ± 50 Dπ S

D′0
1

1+ 2427 ± 36 384+130
−105

D∗π S, D

D0
1

1+ 2422.3 ± 1.3 20.4 ± 1.7 D∗π, D0π+π− S, D

D∗0
2

2+ 2461.1 ± 1.6 43 ± 4 D∗π, Dπ D

! The Godfrey-Isgur model expects several more new states.
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Theoretical expectations: DsJ(3050)

! DsJ(3050) seen in D∗K and not in DK: unnatural parity ( JP = 0−, 1+, 2−, ...).

! Confirmed by the angular analysis. Possibly a JP = 1+ state, a radial excitation of Ds1(2536).(B.

Chen et al., arXiv:0908.3261)

! As to the possible interpretation of the DsJ (3040)+ state, we note that T. Matsuki et al.

Eur.Phys.J.A31:701-704,2007 predicts two JP = 1+ radial excitations at 3082 and 3094 MeV/c2.
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From Antimo Palano’s talk on open charm meson 
spectroscopy at EuroFlavour 2009:

D mesons Ds mesons

Open circles: JP uncertain



Charm baryon spectroscopy (Λc and Σc)
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Prediction from Capstick & Isgur (1986) up to N=2:

N=0, L=0 N=0, L=0

N=1, L=1

PRD 34, 2809 (1986)

States known experimentally:
State Assumed JP Status

Λc 1/2 + ****

Λc(2595) 3/2 − ***

Λc(2625) 3/2 − ***

Λc(2880) 5/2 + ***

Λc(2940) ? ***

State Assumed JP Status

Σc(2455) 1/2 + ****

Σc(2520) 3/2 + ***

Σc(2800) ? ***

Λc / Σc(2765) ? *

N=2

Red circles: observed states where we 
have fairly solid idea of JP assignment.

explosion of states at 
higher N (not observed)

Λc Σc

JP now measured!



Spectroscopy of singly charmed baryons

•Well-understood for ground & low-lying states
•Heroic work by CLEO here

•Two problems for higher states:
•We only know of a handful -- many missing

• Some, esp. higher excitations, hard to produce at e+e− B-factories
• Some will be broad & hard to see
• ... and surely some where we didn’t look in the right final state yet

• Identification: very few have measured quantum numbers

•Good news: LHCb can help on both counts
•1 year of nominal running ≈ 2 fb−1 ≈ 1013 ccbar pairs 

•Main challenge, as ever, is triggering
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Identifying states
•Measuring JP of inclusively-produced states is hard because 

you don’t know how spin states are populated.

• Sometimes it works out, e.g. Belle’s angular analysis of
Λc(2880)+ → Σc(2455)0 (Λc+ π−) π+

• ... but if angular distribution comes out flat, e.g. Babar’s 
analysis of Ξ′c0 → Ξc0 (Ξ− π+) γ, can’t really exclude anything.
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FIG. 3: The yield of Λc(2880)+ → Σc(2455)0,++π± decays as a function of cos θ and φ. The fits
are described in the text.

The shape of the angular distributions strongly favors a Λc(2880)+ spin hypothesis of 5
2

over 3
2 or 1

2 .
To estimate the systematic uncertainty in the Λc(2880)+ → Σc(2455)0,++π± decay angular

analysis we vary the Λc(2880)+ parameters, the fit interval, the background parameterization
and the resolution function. For all these modifications the difference between the χ2 values
for the 1

2 (3
2) and 5

2 hypotheses is larger than 37.1 (22.7).

The Capstick-Isgur quark model predicts the lowest JP = 5
2

−
Λ+

c state at 2900 MeV/c2

and the lowest JP = 5
2

+
Λ+

c state at 2910 MeV/c2 [1]. The typical accuracy of quark
model predictions is 50 MeV/c2, therefore the agreement with the experimental value for
Λc(2880)+ mass is quite good. The lowest 5

2 states are well separated from the next JP = 5
2

levels (3130 MeV/c2 for negative and 3140 MeV/c2 for positive parities) and from JP = 7
2

levels (3125 MeV/c2 for negative and 3175 MeV/c2 for positive parities).
Heavy Quark Symmetry can be used to relate the amplitudes of Λc(2880)+ decays to

Σc(2455)π and Σc(2520)π final states [4]. A correction for the phase space factor of q2L+1

should also be performed. We find Γ(Σc(2520)π)
Γ(Σc(2455)π) = 140% for the 5

2

−
state and Γ(Σc(2520)π)

Γ(Σc(2455)π) = 23%

for the 5
2

+
state [17]. The measured value Γ(Σc(2520)π)

Γ(Σc(2455)π) = (24.1± 6.4+1.1
−4.5)% favors the positive

parity assignment for the Λc(2880)+.
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Belle Λc(2880)+ → Σc(2455)0 π+
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Figure 10: Fits to efficiency-corrected helicity distributions for data with p∗ > 2.5 GeV/c. The
plot shows the normalized, weighted sum of the Ξ

′+
c and Ξ

′0
c distributions. The solid line assumes

a flat helicity distribution, whereas for the dashed line a quadratic term is added.

Table 1: Results of fits to efficiency-corrected helicity distributions. The χ2 goodness-of-fit and
the number of degrees of freedom are given for the flat and quadratic distributions given in Eq. 3
and 4, along with the fitted parameter β from the quadratic distribution. The results are given for
the Ξ

′+
c and Ξ

′0
c samples individually, and for a weighted sum of the two samples.

Ξ
′+
c Ξ

′0
c Weighted Sum

χ2/NDF for flat 4.0/5 (55%) 4.4/5 (50%) 7.3/5 (20%)

χ2/NDF for quadratic 2.7/4 (61%) 1.3/4 (87%) 3.0/4 (55%)

β for quadratic 0.63 ± 0.68 1.04 ± 0.82 0.79 ± 0.52
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Table 1: Results of fits to efficiency-corrected helicity distributions. The χ2 goodness-of-fit and
the number of degrees of freedom are given for the flat and quadratic distributions given in Eq. 3
and 4, along with the fitted parameter β from the quadratic distribution. The results are given for
the Ξ

′+
c and Ξ

′0
c samples individually, and for a weighted sum of the two samples.

Ξ
′+
c Ξ

′0
c Weighted Sum

χ2/NDF for flat 4.0/5 (55%) 4.4/5 (50%) 7.3/5 (20%)

χ2/NDF for quadratic 2.7/4 (61%) 1.3/4 (87%) 3.0/4 (55%)

β for quadratic 0.63 ± 0.68 1.04 ± 0.82 0.79 ± 0.52
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BaBar Ξ′c0 → Ξc0 γ

PRD 78:112003 (2008)

http://arxiv.org/abs/0807.4974
http://arxiv.org/abs/0807.4974


Identifying states
•More powerful: exclusive production from known initial state.
• e.g. BABAR: Spin of Σc(2455) from B− → Σc(2455)0 (Λc+ π−) pbar

• e.g. BABAR: Spin of Ω− from Ξc0 → Ω− (Λ0 K−) K+ 

• ... but Belle & BABAR can’t do these for higher excited states
•B mesons don’t like high-L decays to baryons with large J

•Rates often marginal for B decays to baryons

• LHCb may be able to crack the problem open:
• Sheer statistics for modes like B− → Ξc(2980)0 (Λc+ K−) Λc−

•3-body decays of B baryons, perhaps like: Λb0 → Σc* π
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FIG. 9: Distribution of ∆ lnL = lnL(1/2) − lnL(3/2) for
signal events generated with a uniform distribution in cosθh

(solid histogram, positive values) and a 1+3 cos2 θh distribu-
tion (dashed histogram, negative values). Background events
are included, and all events are efficiency-corrected. We mea-
sure ∆ lnL = +19.2 in data (indicated by the vertical line),
so we accept the spin-1/2 hypothesis.
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FIG. 10: The helicity angle distribution for Σc(2455)0 candi-
dates in data. The points correspond to efficiency-corrected
B− → Σc(2455)

0p candidates. The curves for the spin-1/2
(solid line) and spin-3/2 (dashed line) hypotheses are over-
laid.

CONCLUSION

We have presented branching fraction measurements
for the decays B0 → Λ+

c p and B− → Λ+
c pπ−:

B(B0 → Λ+
c p) =

(1.89 ± 0.21 ± 0.06 ± 0.49)× 10−5,

B(B− → Λ+
c pπ−) =

(3.38 ± 0.12 ± 0.12 ± 0.88)× 10−4, (21)

where the uncertainties are statistical, systematic, and
due to the uncertainty in B(Λ+

c → pK−π+), respectively.
These measurements are based on 383 million BB events
produced by the SLAC B Factory and recorded by the
BABAR detector.

If we combine the statistical and systematic uncertain-
ties only, we obtain B(B0 → Λ+

c p) = (1.9 ± 0.2) × 10−5,
which is consistent with a previous measurement by the
Belle Collaboration of B(B0 → Λ+

c p) = (2.2 ± 0.6) ×
10−5 [30]. Both measurements use the same value for
B(Λ+

c → pK−π+). However, our measurement for the
three-body mode, B(B− → Λ+

c pπ−) = (3.4±0.2)×10−4,
is significantly larger (by about 4σ) than the previous
measurement from Belle B(B− → Λ+

c pπ−) = (2.1±0.3)×
10−4 [25]. The Belle Collaboration measurement uses six
coarse regions across the B− → Λ+

c pπ− Dalitz plane to
correct for variations in efficiency; we use much finer re-
gions and see significant variation near the edges of the
Dalitz plane. This difference in efficiency treatment may
account for some of the discrepancy between the two re-
sults.

One of the main motivations for studying baryonic
B-meson decays is to gain knowledge about baryon-
antibaryon production in meson decays. We have mea-
sured the ratio of the two branching fractions,

B(B− → Λ+
c pπ−)

B(B0 → Λ+
c p)

= 15.4 ± 1.8 ± 0.3. (22)

In this quantity the 26% uncertainty in B(Λ+
c → pK−π+)

cancels in the branching ratio.
We have also measured the fractions of B− → Λ+

c pπ−

decays that proceed through a Σc resonance:

B(B− → Σc(2455)0p)

B(B− → Λ+
c pπ−)

= (12.3 ± 1.2 ± 0.8) × 10−2,

B(B− → Σc(2800)0p)

B(B− → Λ+
c pπ−)

= (11.7 ± 2.3 ± 2.4) × 10−2.

(23)

Assuming no interference with direct decay to Λ+
c pπ−,

about 1/4 of B− → Λ+
c pπ− decays proceed through a Σc

resonance.
The order of magnitude difference between the decay

rates of B− → Λ+
c pπ− and two-body decays such as

B− → Σc(2455)0 (Λc+ π−) pbar

Phys.Rev.D78:112003 (2008)BaBar
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TABLE VIII: Systematic uncertainties for Ysig, mR (in
MeV/c2), and ΓR (in MeV) for the Σc(2455)

0 and excited
Σ0

c resonances.

Σc(2455)
0 excited Σ0

c

Systematic Source Ysig ΓR Ysig mR ΓR

Resonant Signal PDF – – 5.9% – ± 7

Non-resonant Signal PDF – – 1.2% – ± 2

Binning 6.9% ±0.3 20% ±10 ±10

Total 6.9% ±0.3 21% ±10 ±12

non-resonant signal PDF shape. Changing the variable
bin sizes leads to the dominant systematic uncertainty in
the masses, widths, and yields of both resonances. For
the Σc(2455)0, the bin width in the peak region was de-
creased from the nominal 1 MeV/c2 to 0.5 MeV/c2; for
the excited Σ0

c , the bin width was varied from 10 to
20 MeV/c2 compared to the nominal 15 MeV/c2. For both
resonances, an S-wave and a P -wave relativistic Breit-
Wigner (without a resolution function) was used instead
of the nominal resonant signal PDF. The (fixed) non-
resonant threshold parameter for the Σc(2455)0 was var-
ied by ±1σ. A second-order polynomial was used (in-
stead of a first-order polynomial) for the excited Σ0

c non-
resonant PDF. A summary of the systematic uncertain-
ties for Ysig, mR, and ΓR are summarized in Table VIII.

The significance is recalculated following each of the
variations used to evaluate the systematic uncertain-
ties in the excited Σ0

c resonance parameters. The re-
sulting significance (including systematics) is 5.2σ. A
cross-check is performed to make sure the Σc(2800)0 sig-
nal is not the result of interference with a ∆(1232)++,
for example (although no significant ∆(1232)++ signal
is seen in the mpπ distribution). The fit is performed
again in the Σc(2800)0 mass region for candidates with
mpπ > 1.5 GeV/c2. We obtain 1329± 230 resonant signal
events (compared to 1449 ± 284 events for the nominal
fit) and a consistent mass and width.

An additional cross-check is performed to investi-
gate whether there are appropriate fractions of resonant
Σc(2800)0 events in different Λ+

c decay modes. This is
accomplished by dividing the sPlot-weighted, efficiency-
corrected data into two samples according to the Λ+

c de-
cay mode. Note that this cross-check neglects statistical
correlations from the combined mr vs. mm fit (less than
15%) among the Λ+

c decay modes. A binned χ2 fit to only
Λ+

c → pK−π+ candidates gives Ysig = 776 ± 160, com-
pared to 6463 ± 241 total non-resonant B− → Λ+

c pπ−,
Λ+

c → pK−π+ events ((12 ± 3)%). A binned χ2 fit to
a combined sample of Λ+

c → pK0
S
, Λ+

c → pK0
S
π+π−,

Λ+
c → Λπ+, and Λ+

c → Λπ+π−π+ candidates gives
Ysig = 530 ± 177 compared to 5956 ± 431 non-resonant
events ((9 ± 3)%). (In order for this fit to converge, mR

and ΓR were fixed to their nominal values.) The fractions
are consistent in the two samples and the total (1306±239
events) is consistent with the nominal fit result within
uncertainties.

We have also investigated the possibility that there
are two resonances in the mass range shown in Figure 7.
However, there is no evidence for two distinct vertical
bands in this region in the B− → Λ+

c pπ− Dalitz plot
(Figure 3), and we do not obtain a statistically significant
fit to two resonances.

In order to measure the fraction of B− → Λ+
c pπ− de-

cays that proceed through intermediate Σc resonances,
we assume that the contribution from each Λ+

c decay
mode for events in the Σc regions is equal to the measured
contribution from each Λ+

c decay mode in all (resonant
and non-resonant) B− → Λ+

c pπ− events. We set a 90%
C.L. upper limit on B− → Σc(2520)0p that includes sys-
tematic uncertainties and corresponds to 109 events. The
measured fractions or upper limits of B− → Λ+

c pπ− de-
cays that proceed through an intermediate Σc resonance
are

B(B− → Σc(2455)0p)

B(B− → Λ+
c pπ−)

= (12.3 ± 1.2 ± 0.8) × 10−2,

B(B− → Σc(2800)0p)

B(B− → Λ+
c pπ−)

= (11.7 ± 2.3 ± 2.4) × 10−2,

B(B− → Σc(2520)0p)

B(B− → Λ+
c pπ−)

< 0.9 × 10−2 (90% C.L.).

(18)

Therefore approximately 1/4 of B− → Λ+
c pπ− decays

proceed through a known intermediate Σc resonance.

MEASUREMENT OF THE Σc(2455)0 SPIN

The Σc(2455)0 is the lowest mass Σc state. In the

quark model, it is expected to have JP = 1
2

+
, where J is

the spin and P is the parity. In this section, we provide
a quantitative evaluation of the spin-1/2 and spin-3/2
hypotheses for the Σc(2455)0 baryon.

We determine the spin of the Σc(2455)0 through
an angular analysis of the decay B− → Σc(2455)0p,
Σc(2455)0 → Λ+

c π−. We define a helicity angle θh as the
angle between the momentum vector of the Λ+

c and the
momentum vector of the recoiling B-daughter p in the
rest frame of the Σc(2455)0. If we assume J(Λ+

c ) = 1/2,
the angular distributions for the spin-1/2 and spin-3/2
hypotheses for the Σc(2455)0 are

J(Σ0
c ) =

1

2
:

dN

d cos θh
∝ 1

J(Σ0
c ) =

3

2
:

dN

d cos θh
∝ 1 + 3 cos2 θh.

(19)

These are the ideal distributions; the measured angular
distributions will be somewhat degraded due to nonuni-

 Ξc0 → Ω− (Λ0 K−) K+ 

PRL 97, 112001(2006)

BaBar

B− → Λc+ Λc− K−

Phys.Rev.D77:031101 (2008)

BaBar



Doubly charmed baryons
• In 2002 and 2004, SELEX published results on a weakly-

decaying Ξcc+ at 3518 MeV/c2

•Ξcc+ → Λc+ K− π+: 15.9 events over background of 6.1 ± 0.5 => 6.3σ
•Ξcc+ → p D+ K−: 5.62 events over background of 1.38 ± 0.13 => 4.8σ
• ... and also unpublished results on 4 other claimed Ξcc states

• These observations have not been confirmed yet
•Searches by BABAR, Belle, FOCUS.
•SELEX used O(1600) Λc+, FOCUS O(20k), BaBar+Belle O(1M)

9

This agrees beautifully with the measurement of 3519 ± 2 MeV/c2from the
original double charm baryon report. We present these data as confirmation of
the double charm state at 3520 MeV/c2 in a new decay mode Ξ+

cc → pD+K−.
The weighted average mass is 3518.7 ± 1.7 MeV/c2. The mass distributions
for the two channels are shown in Fig. 4.
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Fig. 4. Gaussian fits for Ξ+
cc → Λ+

c K−π+ and Ξ+
cc → pD+K− (shaded data) on

same plot

We have used the simulation to study the relative acceptance for the two de-
cay channels Ξ+

cc → pD+K− and Ξ+
cc → Λ+

c K−π+ in order to quote a relative
branching ratio. The overall acceptance, including the single charm selection
and the proton ID requirements in the Ξ+

cc → pD+K− mode, is very similar.
SELEX measures the relative branching ratio Γ(Ξ+

cc → pD+K−)/Γ(Ξ+
cc → Λ+

c K−π+)
= 0.36±0.21. The systematic error due to acceptances is well understood from
single charm studies and is negligible compared to the statistical error.

In Ref. [1] we noted that all observed ccd events were produced by the baryon
beams. None came from pions. In this sample, 1 event out of the 7 in the peak
region seen in Fig. 2 is a pion beam event, and 1 of the 19 sideband events
comes from the pion beam sample. This sample is consistent with the view
that double charm baryons are produced dominantly by the baryon beams
in SELEX. In another comparison, we had noted that the Ξ+

cc → Λ+
c K−π+

decays had an exceptionally short reduced proper time distribution, indicating
a Ξ+

cc decay lifetime 5-10 times shorter than the Λ+
c lifetime. That feature is

confirmed by the Ξ+
cc → pD+K− channel. As we noted in Ref. [1], our lifetime

resolution is excellent but we cannot exclude 0 lifetime (strong decay) for these
events. The width of this peak is completely consistent with simulation of a

9

PRL 89:112001 (2002) and PLB 628:18 (2005)

SELEX

A Reprise

Selex has observed 4 narrow, high-mass peaks in the mass range
expected for Double Charm Baryons
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SELEX
(unpublished)
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Doubly charmed baryons
•Things have been quiet for a few years.
• SELEX has no more data
•Nobody else sees it, but can’t rule out enhanced rate at SELEX
• ... but serendipity: interesting spectrum of Ξc* seen in same Λc+ K− π+ final 

state by Belle & BABAR (but not SELEX)

• ... but resolution is in sight: LHCb should be able to observe the 
states and confirm or overturn the SELEX result.
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FIG. 8: The pt-distributions for the hadroproduction of Ξcc. The dotted line, the dash-dot line,

the circle line and the diamond line are those corresponding to LHCb, LHC, Tevatron and SELEX

respectively with Ain = 0, respectively The solid, the dashed line, the triangle line and the cross

line are those corresponding to LHCb, LHC, Tevatron and SELEX with Ain = 1%, respectively.

Only at SELEX, the difference between the cases with and without intrinsic charm can be seen.

To see how intrinsic charm leads to different contributions in different pt-regions, we

introduce

εi (ptcut) =
σi(pt ≥ ptcut) − σ0

i (pt ≥ ptcut)

σ0
i (pt ≥ ptcut)

× 100%, (12)

where i = cc and i = gc denote the contributions from the sub-processes cc → Ξcc and

gc → Ξcc, respectively. σ0
i denotes the cross section without the intrinsic charm, while σ

denotes what with Ain = 1%. The results for the ratio with different cuts are given in

TABLE.V. From TABLE.V, one can see that by introducing intrinsic charm, the maximal

change in the cross sections under various cuts is only about 10%. This leads us to conclude

that it may be impossible to observe the effects of intrinsic charm at Tevatron and LHC

through the Ξcc production.

Finally we give in Fig.8 the transverse distributions of Ξcc for different experiments. From

Fig.8 we see that only at SELEX the effect of the intrinsic charm is significant because the

sub-process gc → Ξcc is dominant one. At LHC and Tevatron, the sub-process gg → Ξcc

becomes more important, and can even be dominant with the increasing pt. This is the

main reason why our results for LHC and Tevatron do not show any significant effect from

the intrinsic charm.
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ATLAS/CMS (14 TeV)

LHCb (14 TeV)

CDF/D0 (1.96 TeV)

SELEX

Chang et al
J.Phys.G34:845 (2007)

Approximate acceptance cut 
included in cross-section (this is 
why LHCb & ATLAS/CMS differ).

Paper σ at Tevatron
(√s=1.96 TeV)

σ at LHC
(√s=14 TeV)

Ratio

Kiselev & Likhoded (incl. Ξcc*)
Phys.Usp. 45:455 (2002)

12 nb 122 nb 10.2

Ma & Si
Phys.Lett. B568:135 (2003) 130 nb 1800 nb 13.8

Chang et al
(with acceptance cuts and 

requiring pT > 4 GeV)
J.Phys.G34:845 (2007)

5.5 nb 61 nb 11.0

Theory estimates of cross-section vary a lot:

Depending on σ, BF, and trigger, LHCb might 
need anywhere from 100 pb−1 to 2 fb−1 to 
observe the state.

http://lanl.arxiv.org/abs/hep-ph/0610205
http://lanl.arxiv.org/abs/hep-ph/0610205
http://arxiv.org/abs/hep-ph/0103169v1
http://arxiv.org/abs/hep-ph/0103169v1
http://arxiv.org/abs/hep-ph/0305079v2
http://arxiv.org/abs/hep-ph/0305079v2
http://lanl.arxiv.org/abs/hep-ph/0610205
http://lanl.arxiv.org/abs/hep-ph/0610205


B baryons
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FIG. 35 The light hadron spectrum of QCD. Horizontal
lines and bands are the experimental values with their decay
widths. The lattice results are shown by solid circles. Vertical
error bars represent the combined statistical and systematic
error estimates. π, K, and Ξ masses input quantities.

The idea is to link, via the analytic properties, the
perturbative domain of QCD, where calculations can be
done exactly, and the non-perturbative domain, which
can be described in terms of a few basic constants. These
can be adjusted forming a few physical quantities, which
can be used to calculate other quantities.

i. Lattice QCD Here, QCD is reformulated as a field the-
ory in a discretized phase-space and solved using very
astute and powerful techniques which require, however,
expensive computing means. In the domain of hadron
spectroscopy, the best-known applications of lattice QCD
are those dealing with glueballs and hybrid mesons, and
also scalar mesons, but recently the physics of baryons
has also been studied. Figure 35 shows the remark-
able achievements of lattice QCD. Pion masses down to
190MeV were used to extrapolate to the physical point
and lattice sizes of up to 6 fm (Dürr et al., 2008).

Lattice techniques have also been applied to single-
charm baryons (Lewis et al., 2001) and even to double-
charm baryons (Brambilla et al., 2004; Flynn et al.,
2003).

C. Phenomenology of ground-state baryons

1. Missing states

Almost all ground-state baryons containing light or
strange quarks and at most one heavy quark are now
identified. Still missing are the isospin partners Σ0

b and
Ξ0

b and the spin excitations (S = 3/2) of the recently
discovered Ξb and Ωb.

The existence of Ξ+
cc(3519) is uncertain. Its predicted

mass (Fleck and Richard, 1989; Körner et al., 1994) is
about 100MeV larger and recent calculations give even
larger mass values. As compared to a naive equal-spacing
for p(940), Λ+

c (2286) and Ξcc, the first correction is that
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FIG. 36 Comparison of the excitation energy single-charm
and single-beauty baryons above the Λc (Λb mass. The
quantum numbers are deduced from the quark model (Wohl,
2008a). For the Ωb both DØ (top) and CDF (bottom) results
ares shown as dotted lines.

Ξcc is shifted down by the heavy–heavy interaction in the
chromoelectric sector, see Eq. (26). However, both p and
Λc are shifted down by the favorable chromomagnetic
interaction among light quarks.

As the (bc̄) meson has been observed, one should be
able to detect (bcq) baryons with charm and beauty, with
two S = 1/2 states in the ground state, and one S =
3/2 state. Next will come the double-beauty sector, and
ultimately, baryons with three heavy quarks.

2. Regularities

The masses exhibit a smooth behavior in flavor space,
which is compatible with the expectation based on po-
tential models incorporating flavor independence. More-
over, “heavy quark symmetry implies that all of the mass
splittings are independent of the heavy quark flavor”,
to quote (Isgur and Wise, 1991). A comparison is made
on Fig. 36 of the known single-charm and single-beauty
baryons. The comparison suffers from the small number
of beauty baryons but it is clearly seen that the cost of
single-strangeness excitation ΞQ − ΛQ is very similar for
Q = c and Q = b.

For the double-strangeness excitations, the Ωb(6165)0

of DØ is problematic. Most models predict Ωb with
mass of about 6050MeV, 110–120MeV lower than the
observed mass. The measurement by CDF, 6054MeV, is
in better agreement with the expectations.

3. Hyperfine splittings

The hyperfine splitting is also varying smoothly from
one configuration to another. Again, this is compati-

Klempt & Richard
(arXiv:0901.2055)

•Most of the ground states now mapped out. 
• Some isospin partners still missing (Σb0, Σb*0, Ξb0)
•No excited states seen, but pattern should resemble charm

No analogs yet for ground states Ξc′, Ξc(2645), Ωc*

D0 and CDF disagree on Ωb− mass

!"#$%&'(&')*)&

Heavy Baryon—!b (bss)&

+&,-&./(&0"&1%2/34&')*)&

Relative rate: 1.3! difference (CDF & D0) 

CDF and D0 disagree on mass, 10 times 

larger than D0’s mass uncertainty 

D0 is working on an update with 

increased dataset.  

c baryons b baryons



B baryons
•CDF & D0 use easily-triggered J/ψ → μ+μ− modes:
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b

q

q’

c

W−
cbar

s

q

q’

J/ψ Limited 2-body channels:
Ωb− → J/ψ(μ+μ−) Ω−
Ξb− → J/ψ(μ+μ−) Ξ−
Λb0 → J/ψ(μ+μ−) Λ0

Could also try 3-body, e.g.
Ξb0 → J/ψ(μ+μ−) Ξ− π+

•Alternative, requiring hadronic trigger: decays via c-baryons:

b

q

q’

d

W− ubar

c

q

q’

π− Many possibilities, e.g.
Ωb− → Ωc0 π−
Ωb− → Ξc0 K−

Ξb0 → Ξc+ π−
Λb0 → Λc+ π−

Note that this has similar final state and topology [but not charge] 
to doubly charmed baryon decays, e.g. Ξcc+ → Ξc0 π+



CP violation?

• Searches for direct CP asymmetries in charmed baryon 
decays notoriously hard
•Built-in proton/antiproton detection asymmetry
• ... and also production asymmetry at hadronic machine

• ... but if direct CPV is large (>> 1%) it would be unambiguous
•Seems very unlikely for any charm baryon decay
• ... but what about b-baryons?

•Could look for asymmetry between Dalitz plots of baryon & 
antibaryon decays
•e.g. SCS decays Λc+ → p K− K+ vs Λc− → pbar K− K+
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Afterword

•Believe it or not, this was not an LHCb propaganda talk!
• ... though I admit to a small bias

• LHCb has potential to be the next heavy baryon heavyweight
•High luminosity (eventually)

•High cross-sections

• Forward region instrumented (down to 10 mrad, η ~ 5)

• Large boost; excellent vertexing. PID, muon systems

•Two big challenges:
•Triggering

•Manpower! (baryons not considered sexy)
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