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QCDSF related talks with 2 + 1 flavours:

• James Zanotti Monday 19/6/17 17:20 (Andalucia III)

Isospin breaking effects on nucleon structure from fully dynamical

QCD+QED

• Ross Young Tuesday 20/6/17 17:50 (Andalucia III)

Partonic structure from the Compton amplitude

• Holger Perlt Tuesday 20/6/17 19:30 (Palacio de Congresos) [Poster]

The IMOM renormalization scheme on the lattice

• Hinnerk Stüben Tuesday 20/6/17 19:30 (Palacio de Congresos) [Poster]

An update on the BQCD Hybrid Monte Carlo program

• Gerrit Schierholz Friday 23/6/17 15:00 (Seminarios 6+7)

Dynamical QCD+Axion simulation: First results

• Paul Rakow Friday 23/6/17 17:50 (Seminarios 1+2)

Charge creation, finite size effects, and infra-red photons in simulations of

QCD plus QED
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Introduction

• Background:

• Given 2 + 1 simulations (at quark masses larger than physical quark
masses), how can we usefully approach the physical point?

• Possibility: SU(3) flavour expansion about flavour symmetric line

• Extend expansion to PQ quark masses (ie valence quarks 6= sea
quarks)

• Determine (quenched) charm quark

• Open charm masses

• Conclusions
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QCDSF strategy: [arXiv:1102.5300 ]

2 + 1 simulations: many paths to approach the physical point [mu = md ≡ ml case]
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QCDSF: extrapolate from a point on the SU(3)F flavour symmetry line to the
physical point

(m0,m0) −→ (m∗
l ,m

∗
s )

Choice here: keep the singlet quark mass m constant

m = m0 =
1

3
(2ml +ms)
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QCDSF strategy [arXiv:1102.5300 ]

• develop SU(3) flavour symmetry breaking expansion for hadron
masses

• expansion in: SU(3) flavour symmetric point δmq = 0

δmq = mq −m , m = 1
3
(mu +md +ms) = m0

• expansion coefficients are functions of m
• trivial constraint

δmu + δmd + δms = 0

• path called ‘unitary line’ as expand in both sea and valence quarks
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SU(3) flavour symmetry breaking expansions [known to O(3) in δm, ie NNLO]

• octet pseudoscalar mesons:
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Singlet quantities

• Pseudoscalar mesons (centre of mass): [no QED, mu = md , FLAG3]

X
2
π =

1
6
(M

2
K+ + M

2
K0 + M

2
π+ + M

2
π− + M

2

K0 + M
2
K− ) = (0.4116 GeV)

2

= M
2
0π +

(

1
6
β0 +

2
3
β1 + β2

)

(δm
2
u + δm

2
d + δm

2
s ) = M

2
0π + O(δm

2
q )

π +

+0

−

π 0

Y

+1−1

(ud)

I
3

(du)−π

K (ds) K (us)

K (su) K (sd)
0

η8

• Octet baryons (centre of mass):
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stable under strong ints.• Many other possibilities
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Lattice

• O(a) NP improved clover action

• tree level Symanzik glue
• mildly stout smeared 2 + 1 clover fermion
• β = [5.40], 5.50, 5.65, 5.80, 5.95 [243 × 48, 323 × 64, 483 × 96],

unitary Mπ ∼ 220− 410MeV [MπL ≥ 4]

•
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1
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κ0c is chiral limit along symmetric line

•
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Constancy of X 2
S

0.0 0.2 0.4 0.6 0.8 1.0

Mπ
2
/Xπ

2

0.00

0.05

0.10

0.15

0.20

0.25

0.30

(X
S

la
t )2

     

S = t
0

S = N

S = w
0

S = ρ
S = π

(β,κ
0
)=(5.50,0.120900)

0.0 0.2 0.4 0.6 0.8 1.0

Mπ
2
/Xπ

2

0.00

0.05

0.10

0.15

0.20

(X
S

la
t )2

     

S = t0

S = N

S = w0

S = ρ
S = π

(β,κ
0
) = (5,80,0.122810)

Use this constancy to determine the scale
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Scale
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Reaching the charm quark mass range

• Unitary range rather small so introduce PQ partially quenching (ie valence
quark masses 6= sea quark masses) and NNLO

• Furthermore can generalise to different valence quark masses, µq to sea
quark masses mq without increasing number of expansion coefficients

δµq = µq −m
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• mixed sea/valence mass terms

• unitary limit: δµq → δmq
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Method

• Use PQ data to determine expansion coefficients

• α̃, β̃, γ̃ – meson octet
• Ã, B̃, C̃ – baryon octet

• Determine ‘physical’ quark masses

δm∗

u , δm
∗

d
︸ ︷︷ ︸

δm∗
l

, δm∗

s , δµ∗

c

by fitting to (eg) [FLAG3 where possible, minimise isospin effects]

M
exp
π , M

exp
K , M

exp
ηc

(cc)

• Can then determine open charmed states
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κ0 (fine) tuning

• If miss (slightly) starting point on SU(3) flavour symmetric line

• Tune using PQ results so that get physical values of (say)

M
exp
π X

exp
N M

exp
K

correct

• Gives

δµ∗

l δµ∗

s

• Philosophy: most change is due to change in valence quark mass,
rather than sea quark mass δµ ≡ (2δµ∗

l
+ δµ∗

s )/3 6= 0 necessarily

• Modifying dimensionless appropriately gives

M̃
2(ab) → M̃

2(ab)/c c =
X LAT 2
π

X LAT 2
N

/
X exp 2
π

X
exp 2
N

• c = 1 + O(1%), ie typically a ∼ 1% effect
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Determining the expansion coefficients
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• PQ+unitary data

• At LO, M̃(ab)2 only function of
δµa + δµb

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

(2δµ
a
+δµ

b
)/3

0

5

10

15

20

25

30

[M
Σ(

a
a

b
)2

/X
N

2
 +

 M
Λ
(a

a
b

)2
/X

N

2
]/

2

pq data − NNfit

pq data

unitary data − NNfit

unitary data

(β,κ
0
) = (5.80,0.122810)

• PQ+unitary data

• At LO, (M̃Σ(aab)
2 + M̃Λ(aab)

2)/2
only function of 2δµa + δµb

• To compare to fit, subtract NN terms, LO remains

• Very different x-regions (for unitary/PQ data)
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Determining ‘physical’ quark masses
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Open Charm masses

Can describe states with same wavefunction (and hence expansion) as
previously used

• pseudoscalar mesons

D
0(cu) ,D+(cd)

︸ ︷︷ ︸

D(cl)

, D
+
s (cs)

which all have the wavefunction M = qγ5c q = u, d, s

• baryons

• single open charm (C = 1) states

Σ++
c (uuc) ,Σ0

c(ddc)
︸ ︷︷ ︸

Σc (llc)

, Ω0
c(ssc)

which all have the wavefunction B = ǫ(qT Cγ5c)q q = u, d, s

• double open charm (C = 2) states

Ξ++
cc (ccu) ,Ξ+

cc(ccd)
︸ ︷︷ ︸

Ξcc (ccl)

Ω+
cc(ccs)

which all have the wavefunction B = ǫ(cT Cγ5q)c q = u, d, s
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SU(4) 20-plet

Present status of results [we presently only have mu = md = ml results]

C S I I3 baryon wavefunction
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Charmed pseudoscalar mesons
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s (cs)], D(cl) [ie D0(cu), D+(cd)] [+Dashen to minimise QED effects]

• D(cs)− D(cl), ie SU(3) flavour splitting effects

• very small lattice artifacts
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Charmed C = 1 baryons
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c(ssc)], Σc (llc) [ie Σ++
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• Ωc(ssc)− Σc(llc), ie SU(3) flavour splitting effects

• very small lattice artifacts
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Charmed C = 2 baryons
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• Ωcc(ccs)− Ξcc(ccl), ie SU(3) flavour splitting effects [Inflate final error bar]

• [⋆] SELEX

• very small lattice artifacts
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Comparison with (some) other results
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Conclusions

• For u, d , s quarks, have developed a method to approach the
physical point

• Precise SU(3) flavour symmetry breaking expansions – nothing
ad-hoc

• Extend expansions – PQ (mass valence quarks 6= mass sea quarks)
to

• better determine expansion coefficients
• determine c quark mass

• Applied method to determine some open charm states.

• O(a2) extrapolations rather delicate

• Future:

• Immediate: Λc , N-octet
• Extend to mu 6= md

• mixing:
in a 2 + 1 world no Σ0 - Λ0 mixing, but determined coefficients can
be used to determine Σ0(uds) - Λ0(uds) mixing
generalise to eg Σ+

c - Λ+
c , Ξ

0
c - Ξ′0

c mixing
• baryon decuplet
• QED effects
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