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Flavour singlets - Introduction

® What role do gq quarks play in hadronic physics? T

® Do gq quarks contribute to electromagentic properties of
hadrons; to the mass; to the spin; ...?

® Dark matter: ss in nucleon target can be important in scattering
dark matter particles in detector.

Lattice QCD is a first-principles method of attack. We also have

control over whether interaction i1s connected or disconnected:
What can we learn?
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Disconnected diagrams

-

The correlator of a meson (created by 'y ) on a lattice can have two
components:

connected C' ) disconnected D () ()

The disconnected contribution is only present for flavour-singlet mesons.

For baryon matrix elements (C5), there will be a connected and
disconnected contribution (D3 for flavour-singlet currents).
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In lattice QCD it is straightforward to evaluate these disconnected

Disconnected diagrams | |

-

diagrams. BUT they are very noisy. Basically because D fluctuates with a
constant variance as the separation of the two disconnected components
IS Increased.

Once the disconnected loops are evaluated, they can serve for many
different physics projects:

K

e o @

Flavour singlet meson spectra: ', fo, OZI violating contributions,..
OZl-violating meson decays
Dependence of hadron masses on the sea-quark mass.

Flavour singlet matrix elements of hadrons.

|
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M esons

-

Vector mesons

p(775); w(782); ¢(1020); K*(893)

If no disconnected contribution (OZI rule) m(w) = m(p)
2m(K™) = m(p) +m(¢)

Pseudoscalar mesons

w(135); 1n(548); 1’ (958); K(496)

n is approximately ng = (uu + dd — 2ss)/v/6

Big disconnected contribution (Topological charge density contribution?)

Lattice QCD?
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Evaluation 1

-

Disconnected correlator () ()

So want to evaluate ¢ ) at each point.

Stochastic method: volume source &;(x) with elements random in phase
(length 1) for each = (space-time-colour-spin) and sample s.

Then &,(2)*¢s(x) is an unbiassed estimator of quark propagator M 1. As
well as term required there are N — 1 extra terms (of random sign from

sum over y). One can average over stochastic samples (s) to improve
signal/noise.

Variance reduction methods allow to improve this substantially either by
making use of known contributions (e.g. hopping parameter methods) or

by using Ward identities (e.g. TM for difference of quark masses =+ip,).

With enough samples s we can make the stochastic error smaller than theJ
intrinsic variance arising from the underlying gauge fields.
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Evaluation 2

-

But the required disconnected correlator is still very noisy.

-

Momentum zero correlator D(t) = I’'M__'T'M ' summed over all space at
sink and source. The signal is peaked at small relative space separation,
r = x — z, but the noise is similar for all space separations.
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The signal to noise is much better using just the point-to-point correlator.
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Evaluation 3

- N

This, in principle, has contributions from all momenta: but for an O(4)
invariant operator at source and sink it can be parametrised in terms of a
mass (m) and a coupling (c¢) for each relevant state.

Ce—zpot—zp.r

This allows m to be extracted using fits to the point-to-point correlators
(connected + disconnected). We used r/a = 2 along axes (6 points
averaged).
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L attice results. »'
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Effect of replacing C by C(groundstate) and of using point-to-point
correlators.
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L attice results. »'
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Currently lattice studies reach quark masses corresponding to a pion
mass of 300 MeV. A compilation from ETMC and others (N = 2):
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! o  CP-PACS ro/a = 4.49
« DWF ro/a =4.28
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m2 GeV?

This shows that the flavour singlet mass goes to a non-zero constant as
m, — 0, estimated as 0.87(7) GeV.
(expect approx RMS n and n’ masses 0.78 Gev) J
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n. ¥ mass difference

-

Disconnected contributions can make an impact on the . v» mass T
difference: since they can contribute O(20) MeV to the .. CM+ McNeile
0402012 This is large compared to the experimental mass difference (117
MeV).

Perturbative estimates Follana et al 0610092 suggest 7. is moved down

2.5 MeV whereas lattice estimates Levkova DeTar 0910.3271 find it

moved up by 3 MeV.

CAVEAT: n. mixes with n, n” and decay products (n7r etc.)
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w - p mass difference

-

Flavour singlet vector meson mass matrix:
m connected () x disconnected () ()

Mpn + 2Tpn \/ixns
\/ixns Mss + Tss

n = (iu+ dd)/v/?2
Mpn = Mp, Mpg = m(K*)
Mgs R 2Mps — Mpp = 2= —m, — 1.012 GeV.

Approximately m(w) = m(p) + 2z,, and m(¢) = mgs + xss.
PDG: m(w) — m(p) = 7 MeV but p is very wide

o |
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w - p mass difference

(e T B e R

. ETMC ro/a = 6.61 L = 32a
_ « ETMC ro/a=5.22L =32a
0.03 + . ETMC ro/a=5.22 L = 24a

I

m3 GeV?

my, —m, GeV

First lattice determination Craig; Chris; Carsten.
LChiral limit m(w) — m(p) = 27(10) MeV; expt. 7.2 MeV with isospin J
violating contribution expected to be a few MeV. Hadronic physics from the Latice - p 13723



Models for vector meson masses

- N

Models for quark-mass dependence:
Disconnected diagram can come from 2-body intermediate state:

o> O~

V — VP andV — PP contribute

V7 T
W 3 0
0 1 1

mp dep: mi  m%blogmp

Gives big constraints on models of quark mass dependence of p.
(needed for extrapolation to physical p mass)
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w - p MIXing

u-d mass difference breaks isospin invariance.
Correlator matrix (p = (uu — dd) /v2; w = (uu + dd) /v/2)
C(p, p) = (Cuu + Cda) /2 + (Dyjy — Dyja — Daju + Daja) /2
Clp,w) = (Cuu — Cud)/2 + (Dyju + Duja — Daju — Dgja) /2

= (Cuu — Caa) /2 + (Dyju — Dygja)/2
C(w,w) = (Cuy + Cuad) /2 + (Dyju + Dyjg + Daju + Dgja) /2
where we have used D, g = Dgj,-
Thus the w to p cross-correlator is given by a difference of
correlators with v and d quarks. This is accessible from lattice
studies with m, = my.

|
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w - p MIXing

-

The w-p mass matrix mixing element is given by
Twp _ (dmp _l_ dmw) muzmd Wlth mq — (mu _|_ md)/2

dmyg dmyg
dmyg + dmg 2qu + dmyg

We measure second term and find that lattice QCD naturally
produces effects of the correct size to explain the observed w-p
mixing (responsible for ripple in 77 spectrum of p near m,, due to

w — 7 contribution).

T = —3.1(3) MeV from experiment and including EM effects gives
QCD contribution of circa -4 MeV. Lattice plus u/d quark mass ratio
(ChPT) gives -3.6 MeV from first term and we find second term
small (less than 7%) relative to that.
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w - p summary

-

First lattice determination of w-p mass difference.

Small effect but non-zero.

(Also gives non-strange component of ¢ and strange component of
w)

Full lattice determination of QCD contribution from quark mass
difference (u-d) to w-p mixing.

|
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L attice QCD - Baryons

fC (t) = (Vacuum|Baryon(0)Baryon(¢)|Vacuum) —‘
with operator "Baryon" made out of lattice quark and gluon fields creating a
baryon of required quantum numbers.
C'5(t) = (Vacuum|Baryon(0).J(t1)Baryon(¢)|Vacuum)
with 0 < t; < t and local current J made out of quarks and antiquarks (eg.
the Vector current y,1).
Then from C' and ('3, one can extract the required baryonic matrix
element (up to Z-factor to take account of lattice regularisation scheme for
current .J).

For a flavour-singlet J, C's has disconnected diagram Ds:
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ss In the Nucleon.

2(N|ss|N)
Nt + dd|N)
ChPT gives y = 0.2(2), Lattice (naively): y = D3/(C5 + D3) ~ 0.6.
Problem (hep-1at/0109028) is that on a (Wilson) lattice ss mixes with 1.

Equivalently, fixed xy.1ence d0€s not correspond to fixed valence quark
Mass as ke, Varies. Correcting this gives y = —0.3(3).

T

TMQCD offers technical advantages: evaluate y for the pion:

D3 /C3 = 0.0(0.05), so SMALL effect. here pion masses approx 300 Mev.
Above pion estimate used same mass quarks in pion as in disconnected
loop. Need N, = 2 + 1, with strange sea, nucleon, more statistics,.... In
progress.

|
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ss In the Nucleon 1 1.

- N

Other recent lattice estimates:

ms{IN|5s|N)
mn

fs:

IS relevant for dark matter scattering.

0.070(22) Clover-Wilson Bali et al. 0911.2407

0.34(5) Anisotropic Wilson Babich et al. 0901.4569

0.015(28) Overlap (Nf = 2, Qtop = 0) ILQCD 0910.5036
0.063(11) Staggered plus Feynman-Hellman MILC 0905.2432
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Conclusion

fGluonic (QCD) modifications to the quark model of hadrons:T
#® Glueballs (scalar mesons)
# hybrid mesons (spin-exotic ggG)

# OZl rule violating contributions: disconnected quark
oop contributions to hadrons:

pseudoscalar versus vector mesons

paryon maitrix elements

Lattice QCD can extract flavour singlet quantities - explore
proton spin etc,....

Watch this space..
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TM Disc method

For twisted mass QCD M,, ,; = M =+ iysp and consider the case XX (1/M,, — 1/My).

(1) (Mg — Mu) = —2ipys

combined with

(2) (1/Ma)(Mg — Muy)(1/My) = 1/My —1/Mg
Hence

(3) 1/My —1/Mg = —2ip(1/Mq)vs(1/Mu)

This can serve as a method of variance reduction because the explicit factor of u reduces
the magnitude of the fluctuations. However, the most important factor is that this expression
can be evaluated very effectively with no further inversions. Now MJ = v5 M 475, SO

(4) > O X(1/My — 1/Mg) = —2ip Yy Xvs(1/Mu)T(1/M.y)

Basically this identity, in the style of the GMO relation, has a RHS which has a sum of
mesonic propagation from the site where X is applied to all lattice sites. This can be

evaluated efficiently using the ‘one-end-trick’. Thus since ¢ = (1/M,,)& and
¢* =& (1/Mu)T,
(5) D X (1/My —1/Mg) = =2ip Y (¢* Xv56)r
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TM Disc method ||

l7This will have an implicit sum over the sources in ¢ and ¢* which automatically picks out the—‘
required volume sum. This further reduces the variance because the signal (VV terms) to
noise (V2 terms contributing as V' on average) is of order 1 which is much improved
compared to the usual case (with signal 1 versus V' noise terms giving signal to noise ratio of
1/VV).

For example, the special case when X = i~ys5 is

(6) ImysG =Y iys(1/My — 1/Mg) =2p ) ($*¢)r

Consider the evaluation of Im~vysG at 8 = 3.9 and . = 0.004. With a conventional stochastic
volume source the error from the stochastic evaluation with 24 samples is 69.5 while the
above method yields 11.5. For comparison the intrinsic variation of the signal (from the
underlying gauge configuration) has standard deviation of 18 in the same units. Thus the
variance reduction method is very powerful and effectively reduces the stochastic error so
that it is smaller than the intrinsic variation. The cost is 24 inversions per gauge configuration,
a number of inversions similar to that used in obtaining the connected meson correlators.
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