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Much Ado about Isospin

Two hadrons with the same isospin, I, exhibit a symmetry: they have roughly equal 
mass and the strong force between the constituent quarks is equal.

Example: Pions: !+, !0 and !" have m(!±)=139.6 MeV/c2, m(!0)=135.0 MeV/c2.

• !+ is ud !:          IZ = #+#=1

• !0 is uu ! or dd !: IZ = #+("#)=0

• !" is du !:          IZ = ("#)+("#)="1

IZ =
1
2

[
N(u)−N(d) + N(d̄)−N(ū)

]

Quark I IZ

u 1/2 +1/2
d 1/2 −1/2
ū 1/2 −1/2
d̄ 1/2 +1/2

Isospin was introduced as a quantum number before it was 
known that hadrons are composed of quarks.

Now we know it describes the number of up and down 
quarks in hadrons.

• Total isospin, I

• third component of isospin, IZ  

Total isospin is the 
highest value of the IZ.    
!+, !0, !"  all have I= 1
}

2



Mass 1232 MeV/c2

Width 120 MeV/c2

Isospin Conservation

Example: !-resonances, created in pion-nucleon scattering:

• "+p"!++""+p      "#p"!0""#p      "#p"!0""0n

Isospin addition of the final and initial hadrons:

Matrix element: components for I=3/2 and I=1/2:

Cross sections ∝ M2

• $("+p"!++""+p) % 200 mb           9 x

• $("#p"!0"all) % 71 mb               3 x

• $("#p"!0""#p) % 24 mb              1 x

Consistent with !-resonances having I=3/2

Total isospin I is conserved in strong interactions: use to understand strong 
interaction cross sections and decays.

• π+p |1,+1〉 ⊕ | 12 ,+ 1
2 〉 = | 32 ,+ 3

2 〉
• π−p |1,−1〉 ⊕ | 12 ,+ 1

2 〉 =
√

1
3 | 32 ,− 1

2 〉 −
√

2
3 | 12 ,− 1

2 〉

• π0n |1, 0〉 ⊕ | 12 ,− 1
2 〉 =

√
2
3 | 32 ,− 1

2 〉+
√

1
3 | 12 ,− 1

2 〉

M(π−p→ ∆0 → π−p) = 1
3M3/2 + 2

3M1/2

M(π−p→ ∆0 → π0n) =
√

2
3 M3/2 −

√
2

3 M1/2

M(π+p→ ∆++ → π+p) = M3/2
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Mesons

Mesons: bound state of a quark and an anti-quark.  They have:

• Zero net colour charge.

• Zero net baryon number.      B=+1/3 + ("1/3) = 0

Psudeo-scalar mesons: J!=0!  Ground state of qq ! combination

• Angular momentum, L=0

• Spin of quark and antiquark anti-aligned #$  or  $#  S=0

• Total angular momentum J=L+S=0

Vector Mesons: J!=1!   First excited state of qq ! combination.  

• Angular momentum, L=0

• Spin of quark and antiquark aligned ##  or  $$  S=1

• Total angular momentum J=L+S=1

Mesons are bosons, they have integer spin: 0, 1ℏ, 2ℏ, ...

Parity of a meson:  

"(qq !) ="(q)"(q !)("1)L                                
=(+1)("1)("1)L="1L+1

|ψ〉 =
1√
3

|rr + gg + bb〉
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IZ="1 IZ=+1IZ=0
IZ=+# IZ="#

Light Mesons - Quark Model
Mesons with u, d, s quarks only.

Three quantum numbers are used to distinguish 
states: 

• Strangeness, S; Isospin, I, IZ;  Charge, Q.

• Also hypercharge Y=S+B

Quark flavour combinations: 

• ud !, us !, du !, ds !, su !, sd !    non-zero net flavour

• uu !, dd !, ss !                     zero net flavour

identical quantum numbers

• Physical mesons are linear superposition of 
these states: e.g. π0 =

1√
2
(dd− uu)

Psudeo-scalar mesons: J!=0!

Vector Mesons: J!=1!

Q = IZ + 1
2 (S + B)
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Baryons
• Baryons are bound state of three quarks.  B=+1/3 + 1/3 + 1/3 = 1

• Spin statistics theorem: Systems of identical fermions, have wavefunctions which 
are anti-symmetric under interchange of any pair of particle labels. 

• The total baryon wavefunction is:

             "(total) = "(space) "(spin) "(quark flavour) "(quark colour)

• Only states with angular momentum L=0 are observed.  

• "(space) is symmetric

• Spins aligned:                    ### or $$$          S=+3/2    #(spin) is symmetric

• Not all spins aligned:    ##$   #$#   $##        S=+1/2   

Total angular momentum J=L+S=S

Baryons are fermions, they have half-integer spin: 1/2ℏ, 3/2ℏ, ...

Spin statistics theorem: 
see Quantum Lecture 16

Parity of a baryon with L=0  
"(q1q2q3) ="(q1)"(q2)"(q3) = (+1)(+1)(+1) =+1
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Baryon Decuplet
Baryons with J!=3/2+

• "(space) is symmetric 

• #(spin) is symmetric  ### or  $$$

• "(quark flavour) is symmetric e.g. uuu, (uud+udu+duu)/&3

• "(quark colour) must be anti-symmetric: 

The quark model predicted the unobserved '" baryon and suggest colour degree 
of freedom for quarks.

Delta   M~1232 MeV

Sigma*   M~1385 MeV

Cascade*   M~1232 MeV

Omega   M~1672 MeV

uuuuududdddd

dds

dss

sss

uss

uusdus

Ψ(colour) = (rgb− rbg + gbr − grb + brg − bgr)/
√
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Baryon Octet
Baryons with J!=1/2+

• "(space) is symmetric 

• #(spin) 

• "(quark flavour) 

• "(quark colour) must be anti-symmetric. 

nucleons   M~940 MeV

Sigma   M~1193 MeV

Lambda   M~1116 MeV

Cascade   M~1318 MeV

uududd

dds uusuds

dss uss

symmetric: (2u#u#d$+2d$u#u#+2u#d$u#"u$d#u#

"u#u$d#"u$u#d#"d#u$u#"u#d#u$"d#u#u$)/&(18)}

• These are the lightest baryons, stable or long-lived

• Anti-baryons also form an octet and decuplet
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• Mass is due to mass of quarks and spin 
couplings:

• mu = md = 310 MeV/c2

• ms = 483 MeV/c2

• A=(2mu)2 ( 160 MeV

•  Excellent agreement!      ! 

Hadron Masses
Hard to measure the quark mass, as we can never isolate a quark.

• At high energy, q2 > 1 GeV2 the masses are very light: 

• mu < md ~ 5 MeV/c2, ms~100 MeV/c2

• Constituent mass is relevant for quark model q2 < 1 GeV2 

• mu = md ~ 300 MeV/c2, ms~500 MeV/c2

Mass [MeV/c2]

Mesons Prediction Experiment

! 140 138

K 484 496

) 780 770

* 780 782

K* 896 894

% 1032 1019

m(qq̄) = m1 + m2 + A
!S1 · !S2

m1m2!S1 · !S2 = 1/2 (!S2 − !S2
1 − !S2

2)
= 1/2 [S(S + 1)− S1(S1 + 1)− S2(S2 + 1)]

+1/4 for S = 1
−3/4 for S = 0

={
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Discovery of the '!

The quark model predicted a '" baryon composed of sss: the missing 
member of the baryon decuplet J"=3/2+.

Discovered in 1964 in Brookhaven national lab: K" beam onto hydrogen 
target: bubble chamber detector.

Nuclear and Particle Physics Franz Muheim 10

Discovery of Discovery of !!--
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Heavier Mesons and Baryons
We can also use the quark model to predict hadrons with charm and bottom quarks.  

Need to use more quantum numbers:

• Charge, Q  (or isospin, I)

• Strangeness, S

• Charm, C and/or bottom-ness, B

• Hypercharge Y = B+S+C+B+T

Charmed Mesons and Baryons

• J"=0": D0 = cu !, D+=cd !, DS
+=cs !

• J"=1": D*0 = cu !, D*+=cd !, DS*+=cs !

• J"=#+: D0 = cu !, D+=cd !, DS
+=cs !

Bottom Hadrons

• J"=0": B+ = ub !, B0=db !, BS
+=sb !

• J"=1": B*+ = ub !, D*+=db !, DS*+=sb !

• J"=#+: +b
0 = bud

The top quark does not form hadrons!
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properties of the B± signal and the overall properties of
the B±

c candidate sample.
Figure 2 shows the mass spectrum for the 220 event

sample. The main features are the B±
c → J/ψπ± sig-

nal peak near 6290 MeV/c2, a linear combinatorial back-
ground above this peak, and a broad enhancement below
the peak which can be attributed to the physical back-
ground from partially reconstructed B±

c decays. We per-
form a global unbinned likelihood fit over the entire mass
range to obtain the mass and yield for the B±

c signal. The
fit included a Gaussian signal with a variable mass but
with a resolution whose mass-dependent value was de-
termined by the Monte Carlo simulation, together with
background modeled as a linear combinatorial term and
a broad low-mass Gaussian contribution for the physical
background. A signal of 14.6 ± 4.6 events is obtained
centered at a mass of 6285.7 ± 5.3 MeV/c2. The stan-
dard deviation of the Gaussian at the central value of the
signal mass is 15.5 MeV/c2. The background within a re-
gion of ±2 standard deviations from this mass value is
7.1 ± 0.9 events. The statistical significance of the signal
is discussed below. Within the signal region, the distri-
butions of the selection variables agree within statistics
with those of the Monte Carlo simulation.

Systematic uncertainties on the B±
c mass determina-

tion due to measurement uncertainties on the track pa-
rameters (±0.3 MeV/c2) and the momentum scale (±0.6
MeV/c2) are evaluated from the corresponding uncer-
tainties on the B± mass analysis [33]. Further uncertain-
ties are due to the possible differences in the pT spectra
of the B± and B±

c mesons (±0.5 MeV/c2) and our lim-
ited knowledge of the background shape used in the final
mass fit as well as uncertainty in the signal width (±0.9
MeV/c2) [34]. The total systematic uncertainty is evalu-
ated to be ±1.2 MeV/c2.

The signal peak is robust under variations of the pion
track quality selection. We have investigated several
methods for determining the best figure of significance
for such a peak over a broad mass range. The method
that gives the best sensitivity to a real signal is based on
the standard significance measure S/

√
B. We repeated

the Monte Carlo scans for the new track selection to de-
termine the null hypothesis distribution for S/

√
B. Ap-

plying to the Monte Carlo simulations the same global fit
method as to the data, we find that the probability that
a random enhancement anywhere in the range 5800-7000
MeV/c2 exceeds the value of S/

√
B for the experimental

peak is 0.012%.
In view of the limited statistics of the observed

mass peak, an independent consistency check was per-
formed. If the mass peak is due to fully reconstructed
B±

c → J/ψπ± decays, partially reconstructed B±
c →

J/ψ+track+X decays should be detectable in the mass
region below the peak but not in the region above. The
pion candidate in partially reconstructed decays should
have a small impact parameter dxy relative to the J/ψ

)
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FIG. 2: The invariant mass distribution of the J/ψπ± can-
didates and results of an unbinned likelihood fit in the search
window. The inset shows the peak section of the distribution.
The broad enhancement below 6.2 GeV/c2 is attributable to
partially reconstructed B±

c
mesons.

vertex, consistent with being physically associated with
it, whereas the pion candidate in combinatorial back-
ground events should have a broad dxy distribution re-
flecting random association with the J/ψ vertex.

To investigate this, we relax the cuts on β, the impact
parameter of the B±

c candidate, and the χ2 of the 3-D
vertex fit, so as to make a signal in the dxy distribution
visible over the broader combinatorial background. We
compare the distribution of dxy of the pion candidate
in the region 5600 < M(Bc) < 6190 MeV/c2 (lower side
band) to that in the region 6390 < M(Bc) < 7200 MeV/c2

(upper side band), where the main contribution should
be combinatorial.

Figure 3 (top) shows the difference between the lower
(4900-5100 MeV/c2) and upper (5400-5700 MeV/c2)
sidebands for the dxy distribution in the B± data sam-
ple, with a large excess of events visible at small dxy

values. Figure 3 (bottom) shows the corresponding plot
obtained using the B±

c candidate sample. An enhance-
ment is visible with a shape compatible with that seen
in the B± sample. The B± curve, rescaled to fit the
B±

c data, provides a good description of this distribu-
tion. The excess of low dxy events in the B±

c sample is
evaluated to be 244 ± 59, where the uncertainty is sta-
tistical only. This result is consistent with Monte Carlo
estimates based on the calculations of [13]. This supports
the hypothesis that the broad physical background below
the signal peak, evident in Fig. 2, is in fact associated
with partially reconstructed B±

c decays.
In conclusion, we observe a peak in the J/ψπ± mass

spectrum at a mass of 6285.7 ± 5.3(stat) ± 1.2(syst)
MeV/c2. This peak is consistent with a narrow, weakly
decaying particle state and is interpreted as the first ev-

Most recently discovered meson BC
+=b !c
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Summary

Quark model explains hadrons in terms of quarks:

• Ground state of hadrons have zero angular orbital momentum L=0.

• mesons are formed of quark-anti-quark: bosons

• Psudeo-scalar mesons: J!=0!  Vector Mesons: J!=1!

• baryons are formed of three quarks:      fermions

•  Decuplet: J!=3/2+    Octet: J!=1/2+

• Hadrons carry the same quantum numbers as their constituent quarks

Hadrons with the same isospin (I) and strangeness (S) have roughly the same mass - 
due to the isospin symmetry between up and down quarks.

• Mass explained using constituent quark masses and the spin couplings.

Two useful relations: hypercharge, Y = B+S+C+B+T; charge, Q=IZ+Y/2

Baryons wave function must be anti-symmetric.  Leads to the prediction of the 
colour quantum number.

J! = (Total angular mom=L+S) parity
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