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SU(3) flavour symmetry breaking and R. Horsley

1. Motivation and Strategy

At present there is considerable interest in open charm masses. Whiteisrkroown about
C =1 charmed meson masses and singly charmed baryon masses, the situatidesis ¢eear
for doubly charmed quark baryons (i@.= 2 or ccqwith g =u, d, ). Here many masses are
unknown, but as stable states in QCD they must exist (presently only sord&late states are
seen by the SELEX Collaboratiofj [1], but not by BaHar [2], or BELBB [ Also there are possible
relations to tetraquark states. For example inrthes oo, [A], m. — oo limit we expect the relation
M(CCUa) =~ Mzg;f + |\/|/\ér — MDo — (MD*+ + MDo)/4, IE]

The charm quarks is considerably heavier than the updownd and strangs quarks, which
has hampered its direct simulation using lattice QCD. However as the available Eiacings
become finer, this is becoming less of an obstacle. The sea quarks intmtage; = 2+ 1 flavour
dynamical lattice simulations consist of two mass degeneratengi.e- my) light flavoursu, d
and a heavier flavows. Their masses are typically larger than the ‘physical’ masses necessary to
reproduce the experimental spectrum. How can we usefully approagbhtysical’ u, d, s quark
masses? One possibility suggested]in [6] is to consid&B) flavour breaking expansion from
a pointmg on the flavour symmetric line keeping the average quark mmass(m, + my + mg)/3
constant £ mp). This not only significantly reduces the number of expansion coeffxeiowed,
but the expansion coefficients remain the same whether we comgjdémy or my = mgq. Thus
we can also find the pure QCD contribution to isospin breaking effects withopesns =2+ 1
numerical simulation.

The SU(3) flavour breaking expansion can also be extended to valence quarksnassthe
quarks making up the meson or baryon have not necessarily the samestiassea quarks. The
valence quarks are called ‘Partially Quenched’ or PQ quarks in distinttitre sea or dynamical
sea quarks. We call the ‘Unitary Limit’ when the masses of the valence gjaaitkcide with the sea
quarks. PQ determinations have the advantage of being cheap compdyaanoical simulations
and including them allows a better determination of the expansion coefficiestaavider range
of quark masses. (This was the strategy pursueld in [7].) In additiorube¢he charm quark,is
much heavier than the, d ands quarks, it contributes little to the dynamics of the sea and so we
can regard the charm quark as a PQ quark.

2. Method

We presently only consider hadrons which lie on the outer ring of theircagsd multiplet
and not the central hadrons. (So we need not consider either any rommgnerical evaluation of
quark-line disconnected correlation functions.) Bt 3) flavour symmetry breaking expansion
for the pseudoscalar mesons with valence quaiksdb up to cubic or NNLO terms in the quarks
masses is given by

M2(ab) = M3+ a (SHa+ S1io)
+Bok (BTG + S + SNME) + By(S 3 + S5 + Ba(Sa — Shp)?
+YoOMuBMa s + Vi (8 ha+ Sy (BITE + SME + S1TE)
+Y2(OHa+ St)® + V3(Ska + Oy) (SHa — Sin)?, (2.1)
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with S g = tg—m, g=a,b, ... € {u,d,s,c} being valence quarks of arbitrary maggandomg =
myg—m, g € {u,d, s} being sea quarks. (These have the automatic consénait- dmy + oms=0.)
Note that we have some mixed sea/valence mass terms. The unitary limit ocemspyh— omy.
The expansion coefficients awg,(m), a(m), ... so ifmis held constant then we have constrained
fits to the numerical data. In particulana= 2+ 1 flavour simulation, whedm, = dmy = dm is
enough to determine the expansion coefficients. We now use the PQ (&argh)uthata to determine
the expansion coefficients (i.as, 3s, ys). This in turn leads to a determination of the ‘physical’
quark massedny, 5ny;, dmg anddp; by fitting to e.g.M>3"(ud), Mg*P(us) andMp*"(cc). We can
now describe pseudoscalar open charm states with the same wavefifantidmence expansion)
A =1ysc (= u, d, s) i.e. D(cu), DT (cd) andD¢ (cs). Using dny;, oy, dmi and Spg gives
estimates of their physical masses.

Similarly for the baryon octet the same procedure can be applied. We re8&(B) flavour
symmetry breaking expansion

M2(aab) = M3y + A1(25Ua + S tp) + Ax(Sp — OLt)
+Bok(3NMC + S + SNE) + By (2642 + SUZ) + Ba(SUE — SUZ) + Ba(SHy — OHa)?
+CoBMydMySiMs+ [C1(25 Ha + S ) + Ca( Sy — S ta)] (SN + ST + SNE)
+C3(OHa + SHb)°® + Ca(Oia+ O i) *(Oa — Oin)
+Cs(Sa+ O o) (S ta — Optp)? + Co(Sia— Oip)*, (2.2)

(so for exampleM, = M(uud)). Again we use PQ (and unitary) data to first determine the expan-
sion coefficients (i.e. thds, Bs, Cs). We can then describe charm states with the same nucleon
like wavefunction and hence same expansion. For example for singlechpem C = 1) states

we havez{*(uuc), 29(ddc), QI(ssg which all have the wavefunctiog® = £(q"Cysc)q (g = u,

d, s) while for double open charn€C(= 2) states we havé;" (ccu), ={.(ccd), Qi (ccs which all

have the wavefunctiog® = €(c"Cysq)c (q=u, d, ). In both cases usingny;, dmy;, S anddp;

gives estimates of these physical masses.

3. Lattice details

We use a tree level Symanzik gluon action and>4a) improved clover fermion action, in-
cluding mild stout smearing][8]. Thus the quark mass is given by

1/1 1
"3 (i) e
wherekq is the hopping parametexy is the hopping parameter along the symmetric line wigh
being its chiral limit. We shall consider two lattice spacin§s= 5.50 on 32 x 64 lattices and
preliminary results fo3 = 5.80 on 48 x 96 lattices).

We shall now briefly mention here our progress in defining and determinengdhle using
singlet quantities, collectively denoted hereXyy There are many possibilities such as pure gluon
quantities like theg Sommer scaleX;, = 1/ro, or the /o [Bl], wo [[L]] scales based on the Wilson
gauge action flowX;, = 1/,/to, Xw, = 1/Wo, or quantities constructed using fermions. One simple
possibility in this case is to take the ‘centre of mass’ of the hadron octet. Ineglétbases it can
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easily be shown that linear termsdimg are absent[J6]. We then have from es.](2[1)] (2.2) in the
unitary limit (with Sm2 = (6mg + dmj + dmg) /3)

XZ = §(MZ. +MZo+MZ +MZ + M2 +MZ ) = MZ+ (3Bo+2B1 +3B2) dmP+..., (3.2)
and

X3 =L(M2+ME+MZ, + M2 + M2+ M2 ) = MG + 3(Bo+By+Bg)dmP+.... (3.3)

In the left panel of Fig[]1 we plot various singlet quantiti@gXs)? for S= to, wo, 7, p, N. It is
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Figure 1: Left panel: (agXs)? for S=to, N, wo, p andrr along the unitary line, from the symmetric point
om = 0 down to the physical poirdmy = (dny, + o) /2 (vertical dashed line) together with constant fits
(for B =5.50, Ko = 0.12090). Right panel: Values tal% for S=m, N, p, wp andtg using eq. 4) fokg
values on the symmetric line frorpy = 0.12090 tokg = 0.12099, forf3 = 5.50, together with quadratic fits.
The crossing of the horizontal and vertical dashed linescinate gives an estimate for the common scale.

apparent that the constan@gXs)? holds over the complete range from the symmetric point down
to the physical point. Using this enables us to xgé" to determine the lattice spacing by
2 (asXs)

dg = .
exp 2
XS

We shall define our lattice spacing here ustg N: ay. Of course depending on how well we have
chosen our initiakg point, using a different singlet quantity (i85 N) will give a slightly different
lattice spacing. More ambitiously we can vagyto try to find a point where we have a common
scale. We have initiated a programme to investigate this. In the right panel .4 Rig plota2
again forS= m, N, p, wo, to against variouko. The crossing of theZs for S= i, N andp give
an estimation of the common scalezas 0.074(2) fm. We can now adjusk; ™, X" to also cross
at this point to find a preliminary estimate for these ‘intermediate scale\s’ﬁf{p ~ 0.1537)fm,
wy P~ 0.1796) fm.

Practically it is numerically advantageous to form dimensionless ratios (withinltptat):
M? = M2/XZ and re-write eqs[(3.1)[(2.2) in terms@f= a /MZ,, ... andA; = A /M3, ... in the
expansions. About O(80) PQ and unitary masses are used to determine these expansion coeffi-
cients and hence the ‘physical’ quark mas3eg, omj;, dm; anddp; as described in sectigh 2.

(3.4)
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4. Resultsand Conclusions

We now discuss our results. In F[d. 2 left panel, we show the diagoeaidescalar mesons
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Figure 2: Left panel:M2(aa) = M2(aa) /X2 versusd i, for B = 5.50, together with the fit from eq[ (2.1).
The vertical dashed line represents the symmetric poirtewte horizontal dashed line is the physical value
of M,Zk. Right panel: ‘fan’ plot for the baryon octet, from the syntnepoint dmy = 0 to the physical point
Sy = (émy; + émy;) /2 (vertical dashed line and stars) 8r= 5.50. The filled triangles are from 8 64
sized lattices, while the open triangles are fron 248 sized lattices (not used in the fits). The fits are
again given from eq[ (4 1).

Mz(aé’) (to avoid a three dimensional plot) versys, together with the fit from eq[(3.1) (using the
prime notatiore’ to mean a distinct quark frombut degenerate in mass). The horizontal dashed
line represents the physical valuel‘aﬁc, the intersection with the fit curve gives a determination
of dug. In the right panel we show a ‘fan’ plot d#iZ, M2, M2 and M3, againstsm, together
with the fit using eq.[(2]1). Note that the scales involved are rather diffei@ the unitary masses
|dm | ~0.01 and the LO terms in ed. (2.1) ¢r (2.2) domindtk, [6], while for the PQ mésseshing

up to the charm masses) we hayg, ~ 0.4 but still with rather moderate curvature.

In Fig.[3 we showD®(cd), D*(cd) andD{ (cs) against ougd lattice spacings (left panel) and
their mass differences (right panel). These mass differences in partace sensitive to unknown
QED effects (the present computation is for pure QCD only). As we atiyrbave only two lattice
spacings (and are also increasing their statistics) the results are to baerkga preliminary and
we do not presently attempt a continuum extrapolation. However theretdseam to be strong
scaling violations present.

In Figs.[4 andb we show tHe = 1 andC = 2 charmed baryons (from the spiri220-plet).
Again while we do not see significant lattice effects in either case, we gammession that those
present are a little larger for the doubly charmed baryons than for thiy singrmed mesons.

In conclusion we note that we have developed a method to determine somehapenstates
using a precis&U(3) flavour symmetry breaking expansion enablind, squarks to approach the
physical point while the quark is treated as PQ. The expansion appears to be highly convergent.
The method can be extended to other states. In+al 2vorld there is naz® - A® mixing, but
the determined coefficients can be used to compfiteds) - A°(ud9 mixing, [[3]. Therefore
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Figure 3: Left panel: D%cu), D*(cd) andD{ (cs). Right panel:D*(cd) — D%(cu), D{ (cs) — DO(cu) and
D{ (cs) — DT (cd) mass splittings. (All values in MeV.) The experimental \esdiare given as red stars. To
guide the eye, we extend these values as horizontal dastesd li
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Figure4: Left panel:=¢+ (uuc), 29(ddc), Q9(ssg. Right panel=9(ddc) — =+ (uuc), Q9(ssg — =+ (uug),
QY(ssg — 29(ddc) mass splittings.

computing e.gZ¢ - Af, =0 - =0 mixing is possible. Furthermore the method can be applied to the

baryon decuplet and QED effects can be introduded, [13].
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