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• We know the nucleon is not a point-like particle but in fact is composed of quarks 
and gluons

• But how are these constituents distributed inside the nucleon?

• How do they combine to produce its experimentally observed properties?

• For example

• “Spin crisis”: quarks carry on ~30% of the proton’s spin

• gluons? orbital angular momentum?

• Understanding how the nucleon is built from its quark and gluon constituents 
remains one the most important and challenging questions in modern nuclear 
physics.

• Lattice has a big role to play in tackling these questions.

Motivation for Investigation of Hadron Structure



• A lot of progress in computing nucleon and pion observables on the Lattice

• Little has been done for the Hyperons

Motivation for Investigation of Hadron Structure

see  plenary  by S. Syritsyn and other parallel talks, e.g. Alexandrou, Collins, Jäger, Najjar, ....

[hep-lat/0604022 (CSSM, quenched)]
[arXiv:0712.1214, 0812.4456 (HWL,KO)]

[arXiv:0910.4190 (Lang et al.)]
[arXiv:1209.6115 (Sasaki)]

• Only a few Hyperon properties have been measured experimentally

• Magnetic moments

• Charge radii

• Axial charges (not directly, experimental decay rates + SU(3)f/ChPT)

• Semileptonic decay rates

• While on the Lattice, they should (in principle) be easier than nucleon observables

⌃� ! n`⌫`⌅0 ! ⌃+`⌫`

⇤0 ! p`⌫`

⌃�

⌅� ! ⇤0`⌫`



• Charge and magnetic distribution of hyperons

• Examine the role of SU(3) flavour symmetry breaking in these distributions

• Insights into the role of hidden flavour (e.g. strangeness in the proton)

• Lattice simulations currently in isospin-symmetric limit 

• QCD is flavour-blind, so could think of the s quark as a very heavy d quark and 
compare lattice results for                   with               to gain an idea of what to expect 
when we move to 1+1+1-flavour simulations

Motivation for Investigation of Hadron Structure

mu = md
Recent progress in isospin-breaking effects in 

masses, etc (see plenary by Nazario)

⌃+(uus) p(uud)

Idea behind the charge-symmetry violation determinations 
in [arXiv:1012.0215] and [arXiv:1204.3492]



• Nf =2+1 O(a)-improved Clover fermions (“SLiNC” action)

• Tree-level Symanzik gluon action (plaq + rect)

• Most results from a single lattice spacing (a~0.08fm), but simulations and preliminary 
results becoming available at a~0.06fm

• Novel method for tuning the quark masses

• No study of systematics (disconnected, excited states, ...)

• Hopefully similar for the octet

Lattice Set-Up

[arXiv:1003.1114 (PLB), 1102.5300 (PRD)]
See also parallel talk by R.Horsley
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• Need to choose a path to physical point

• Start from a point on the SU(3)-symmetric line

• Our choice is

• to keep the singlet quark mass fixed

Tuning 2+1

mR =
1
3
(2mR

l + mR
s )

• Several benefits:

• Any flavour singlet quantity can be used to set the scale

• Simplified SU(3)-flavour expansions

• Kaon mass approached its physical value from below (better convergence of SU(3) 
ChPT?

[arXiv:1102.5300 (PRD)]

A. Schäfer (Wed, 5D, 08:50)

(r0, X⇡, XN , t0, w0, ...)
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Simulation parameters

l s N3
S ⇥NT a [fm] m⇡ [MeV] mK [MeV] m⇡L

0.120830 0.121040 243 ⇥ 48 448 391 4.64
0.120900 0.120900 243 ⇥ 48 411 411 4.27
0.120950 0.120800 243 ⇥ 48 0.083 382 424 3.99
0.121000 0.120700 243 ⇥ 48 350 438 3.65
0.121040 0.120620 243 ⇥ 48 324 448 3.38
0.120900 0.120900 323 ⇥ 64 411 411 5.59
0.121040 0.120620 323 ⇥ 64 0.083 319 450 4.32
0.121095 0.120512 323 ⇥ 64 276 464 3.72
0.121145 0.120413 323 ⇥ 64 231 480 3.10
0.121166 0.120371 483 ⇥ 96 0.083 205 485 4.11

0.122810 0.122810 323 ⇥ 64 0.060 411 411 3.85
0.122810 0.122810 483 ⇥ 96 0.060 411 411 5.77

*

*
* Currently running

� = 5.50,0 = 0.12090

# Poster by A. Cooke: Results for 
more extensive set of observables + 

SU(3)f breaking expansions

#
#
#
#
#

(X⇡)



Hyperon Form Factors



m⇡ = 280 [MeV], 323 ⇥ 64

pu�d ⌅�

Dipole:

Hyperon Form Factors

F1(Q
2)

F1(Q
2) =

F (0)

(1 +Q2/M2)2



m⇡ = 280 [MeV], 323 ⇥ 64

pu�d ⌅�

F1(Q2) =
F1(0)

(1 + c12Q2 + c14Q4)“Kelly”
PRD 84, 074507 (2011) [arXiv:1106.3580]

Hyperon Form Factors

F1(Q
2)



Hyperon Form Factors
m⇡ = 280 [MeV], 323 ⇥ 64

GM (Q2)

Dipole:
µ

(1 +Q2/M2)2

n ⌃+



Quark Sectors hr2iq1

Double:up u⌃ s⌅

u⌅s⌃dpSingle:



Hyperon Charge Radii

⌅�⌃+ ⌃�p
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Hyperon Magnetic Moments
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Hyperon Axial Charges



Hyperon Axial Charges
• Important for low-energy effective field theory description of octet baryons

• SU(3)f

• D and F enter chiral expansion of every baryonic quantity (e.g. masses, hyperon 
semi-leptonic decays, B-B’ scattering phase shifts, ...)

• Poorly (or not at all) determined experimentally

• Quark Model                              F=0.46         ,     D=0.68

• Fits to Hyperon beta decay       F=0.46        ,       D=0.8

• ChPT, Large Nc predicts

gANN = F +D, gA⌅⌅ = F �D, gA⌃⌃ = F,

gA⇤⌅ = F � 1

3
D, gA⌃⌅ = F +D,

gA⇤N = F +
1

3
D, gA⌃N = F �D, gA⇤⌃ = D.

[Close & Roberts, 
PLB316, 165 (1993)]

[K.-S.Choi, 1005.0337]

0.3  g⌃⌃  0.55 0.18  �g⌅⌅  0.36



Hyperon Spin Content
• Proton “Spin Crisis”: only 33(3)(5)% of the proton spin carried by quarks

• Is this suppression a property of the nucleon, or a universal feature?

• Do we observe SU(3)f breaking effects

Flavour symmetry breaking . . . A. N. Cooke and P. E. L. Rakow
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Table 2: Coefficients in the mass Taylor expansion of operator amplitudes: SU(3) singlet and octet. These
coefficients are sufficient for the linear expansion of hadronic amplitudes.

3.1 The f -fan

Using Table 2 we can construct five quantities Fi, which all have the same value (2 f ) at the
symmetric point, but which can differ once SU(3) is broken.

F1 ⌘
1p
3
(AN̄hN �AX̄hX) = 2 f � 2p

3
s2dml

F2 ⌘ (AN̄pN +AX̄pX) = 2 f +4s1dml

F3 ⌘ AS̄pS = 2 f +(�2s1 +
p

3s2)dml (3.1)

F4 ⌘
1p
2

¬(AS̄KX �AN̄KS) = 2 f �2s1dml

F5 ⌘
1p
3

¬(AL̄KX �AN̄KL) = 2 f +
2p
3
(
p

3s1 � s2)dml .

Plotting these quantities gives a ‘fan’ plot with 5 lines, but only 2 slope parameters (s1, s2), so the
splittings between these observables are highly constrained.

A useful ‘average F’ can be constructed from the diagonal amplitudes

XF =
1
6
(3F1 +F2 +2F3) = 2 f +O(dm2

l ) . (3.2)

6

f =
1p
2
FA. Cooke ‘13 poster,

Latt’12, 1212.2564
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• ZA almost complete (0.85-0.9)

• Cancels in ratio 

• Compare with Nf=2

gA/f⇡



Quark Spin Contributions

Double:up u⌃ s⌅ u⌅s⌃dpSingle:

(Unrenormalised)



Quark Spin Contributions

Double: Single:

Spin suppression 
perhaps not 

universal
[c.f. P.Shanahan et al., 

arXiv:1302.6300]



SU(3)f Expansions

Flavour symmetry breaking . . . A. N. Cooke and P. E. L. Rakow
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5.2 ‘Fan’ plots

We now turn to a discussion of ‘fan’ plots. As noted previously [2], it is better to consider
ratios, which are less noisy. In Fig. 3 we show F̃A

i = FA
i /XFA (left panel) and D̃A

i = DA
i /XDA (right
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Figure 3: Left panel: F̃A
i = FA

i /XFA (i = 1, . . . , 5), right panel: D̃A
i = DA

i /XDA (i = 1, . . . , 7). Shown are just
the numerical results for F̃A

1 (circles), F̃A
2 (squares) and D̃A

1 (circles), D̃A
3 (squares) against dml together with

the (normalised) fits from eqs. (3.4), (3.2).

panel) together with representive numerical results. (Due to our relatively low number of con-
figurations used in the analysis, error bars overlap if all numerical results are plotted.) Note that
because we have normalised the data with XFA or XDA so at the symmetric point the ratios are 1
exactly.

We make a simultaneous fit to the data to arrive at a determination for the constants s̃A
1 , s̃A

2 , s̃A
3

and r̃A
1 , r̃A

2 , (where s̃A
i = sA

i /2 f A, r̃A
i = rA

i /2dA) based upon eqs. (3.2), (3.4). Using these parameters
it is then possible to reconstruct the equations describing the SU(3) flavour symmetry breaking
effects on matrix elements up to O(dml). It should be noted that we have yet to perform calculations
for certain correlators, though we are progressing in this direction [10]. Those missing include
AS̄KAX which then precludes the use of FA

4 and DA
6 in our simultaneous fits. The axial-vector matrix

elements clearly have linear terms in dml .
For the vector case due to the Ademello–Gatto theorem, [6], the linear terms in dml are absent.

So instead of a ‘fan’ plot we show in Fig. 4 a selection of matrix elements ANKV L, ALpV S, and
ALKV X. As a check, from Table 2 we see that to leading order AR

LpV S = 0+dR
V i.e. it contains only a

dR
V term and no f R

V term. However dR
V = 0, eq. (4.12), so we expect to O(dm2

l ) that ALpV S vanishes,
which is clearly seen in Fig. 4. The other decays are also flat. At the symmetric point (or indeed at
other points) we can estimate ZV from eq. (4.9). As AR

NKV L = �
p

3/2 = �AR
LKV X then we expect

one result in Fig. (4) to be the mirror image of the other. This is the case and choosing ANKV L gives
upon using eq. (4.9), ZV = 0.87(5).

6. Octet hyperon semi-leptonic decays

The theory outlined in previous sections is general; most phenomenological calculations are
directed towards the semi-leptonic decays B ! B0ene of various octet hyperons in order to help
determine |Vus|, e.g. [11]. We now briefly indicate how far our programme has reached this goal.

11

A. Cooke ‘13 poster,
Latt’12, 1212.2564

⇡ =
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⌘ =
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6
(ū�u+ d̄�d� 2s̄�s)



Semileptonic Form Factors



• Provides an alternative method to Kl3 for determining |Vus|

• Using the experimental value for

• Obtain f1 and g1/f1 from lattice matrix elements

|Vusf1(0)|2
�

1 + 3
����
g1(0)
f1(0)

����
2 �

B � b��

�b(p�)|Vµ(x) + Aµ(x)|B(p)� = ub(p�)(OV
µ (q) + OA

µ (q))uB(p)eiq·x

OA
µ (q) = g1(q2)�µ�5 + g2(q2)�µ�

q�

Mb + MB
�5 + g3(q2)i

qµ

Mb + MB
�5

OV
µ (q) = f1(q2)�µ + f2(q2)�µ�

q�

Mb + MB
+ f3(q2)i

qµ

Mb + MB

Hyperon Semileptonic Form Factors

f0(q2) = f1(q2) +
q2

m2
� �m2

n

f3(q2) [See also S. Sasaki, Fri, 10D, 18:10]



Hyperon Semileptonic Form Factors

�� � n���
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- -

m⇡ = 319 [MeV], 323 ⇥ 64



Hyperon Semileptonic Form Factors
�� � n���

f0(q
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a
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Twisted Boundary Conditions

m⇡ = 319 [MeV], 323 ⇥ 64
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Hyperon Semileptonic Form Factors
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Hyperon Semileptonic Form Factors

⌅0 ! ⌃+ e� ⌫̄e⌃� ! n`⌫`

S.Sasaki 1209.6115

Very Preliminary!



Summary
• Hyperon electromagnetic form factors

• Environmental dependence in radii & magnetic moments

• Hyperon axial charges and spin content

•           agrees with Nf=2

• SU(3)f breaking effects in quark spin contributions

• “Spin crisis” not so severe for, e.g.

• Hyperon semileptonic decays

• Results for                          can now be combined with exp.                    to 
determine |Vus|

• also need to determine

• SU(3)f breaking expansions

gA/f�
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