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Introduction

cct baryons, HQET- or charmonium-like?

Charmonium-like: r > A1 HQET-like r < A1

c(cl) ~ ce (cc)l ~ ht



cll, cls, css, ccs, ccl baryons

SU(4) representations : 4404 = 20 20020 B4
E@Hﬂ@ﬂj@@

No charges and m, = my: (zj*,):i,z‘g,zﬁ,f‘) Q9 — (X, 24, Q0),

—c c co
(E?J,Eérc, Q:rc) - (Echcc) and (Aizziyzg) - (Am Ec)-
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Gell-Mann Okubo formulae: charm spectator

Sextet

(uu)e (ud)e (dd)c Mmg(x) = Mo — 2Asm; + o(6m;)
Z** ):+ ):o €

m_rey = mo + %A(sz +O(6m})

\ %d\ / mo(x) = Mo + %Adme + O(5m§)
Z+ =0

_+0 (us)c(ds)c 0_0

Anti-triplet
(us)c (ds)c

ma, = mo — 2B3my + O(3my)
m=, = mg + %B(Smg + O(ém%)
.2 Triplet
(ss)c m_y = mo — 3 Comy + O(5m3)
u(cc) d(cc) e
= = Moy = mo + 5 Come + O(6m})
\ / Sme = ms—myq o< 1 — M2 /X2 + O((6me)?)
Flavour singlet combinations
ai (ctt)  :(3mg, + 2mz + mq,)
s(cc)

3(2m=, +mn.)
(cct)  3(ma, +2mz,)



Extracting masses on the lattice

Time dependence of two-point functions:
T;tv,<07(t)(91;,(0)> = ‘<O|OV|BW>‘2e_th b

Take O., from SU(4) and HQET for JP = %i, %i, spatially extended.

ccl, ccs J =1

» Charmonium picture:
> O’Eycc — Eabc [/aTCFYSCb} <

y

Qcc __ _abc aT b c
» Oy =c¢ [5 Cysc ] ford

» HQET picture, project to obtain J = 1.
> O%cc,fi—‘c — Gabc(caTC’Y‘u,Cb)ls

Qee, Q"
> 057 = eanc(c” Cyuc®)s§



Lattice setup: finite a, finite V, non-physical m,

* Nf = 2 + 1 dynamical fermions from QCDSF with O(a?) leading
discretisation errors. Single lattice spacing a ~ 0.075 fm, am. ~ 0.5.

* Two volumes, Lm, = 3.1 —4.3.

* Focus on the extrapolation to the physical point: QCDSF [1102.5300]
» 3 values of m,; = 459 MeV, 354 MeV and 255 MeV.
» Approach to the physical point (x) m, N\, mx .

_ 2 2 2
m = 2mu/ + ms=const.~M,t + 2M =X;

d

Mg



Charmonium and Dy spectrum (preliminary)

a~! ~ 2.6 GeV from gluonic quantities/nucleon octet (Xy)" " /(Xn)P™* — a,
me from tuning mis = m(nc) + 3m(J/y) to Expt.

Charmonium low spectrum
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Hyperfine splittings below expt: J/i¢ — n. = 102(2) MeV, cf. 117 MeV Expt.,
D; — Ds = 121(7) MeV cf. 144 MeV Expt.



SU(3) flavour singlet combinations

i i 3.85
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> dmy =mg—myq < 1 — M2/X2+ O((6m;)?)
» Small (§m,)? contributions.
> Also seen in light sector QCDSF [1102.5300].



Singly charmed: spin 1/2 sextet

’.Ec*:

E, = 2 & y-extr x EXP
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Fits: Simultaneous fits to sextet using linear and quadratic form.
Gell-Mann-Okubo - constrains linear terms.



Doubly charmed: spin 1/2 triplet

Mgarvon (GeV)
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LA

> =X — = =87(19) MeV.

—cc
> Zi — S ~ 3(D* — D) = 2(128(15)) MeV = 96(11) MeV,
Expt: D* — D = 142 MeV.

Brown et al. [1409.0497]
=t — S /(D — D°[Expt]) ~ Qf — Qe /(D:° — DP[Expt]) = 0.58(4)
=io — S/ (B — BY[Expt]) ~ Qi — Qup/(B:° — B2 [Expt]) = 0.73(12)



o . 1+
Mass splittings: flavour, s — u/d, 3
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Spectrum singly charmed baryons
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Nf =2+ 1: Liu et al. clover/DW [0909.3294], PACS-CS
NP-clover/NP-clover [1301.4743], Brown et al. FNAL-clover/Domain
Wall [1409.0497].

Nf =241+ 1: Briceno et al. clover/HISQ [1207.3536], ILGTI
overlap/HISQ [1312.3050], ETMC Twisted Mass/Twisted Mass
[1406.4310].

Also HSC [1410.8791], QCDSF [1311.5010], Na et al. [0812.1235]



Spectrum doubly charmed baryons
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Including also Nf = 2: Durr et al. Brillion/NP-clover [1208.6270]

Lattice results are consistent and approx. 80 MeV above SELEX result

for Zcc = 3518.7(1.7) [hep-ex,/0406033)].

Borsanyi et al. [1406.4088] QCD+QED:

=t+ _=t =216

—cc

—cCc

(11)(17) MeV.




Outlook

» Reasonable agreement with expt for ¢/ spectrum.
> Agreement with other lattice determinations for cc?.

» Most states can be fitted with GMO expressions. O((dm;)?) terms
do not seem large.

» Next step: move to a larger set of ensembles, 4 lattice spacings,
more quark masses - extrapolation to physical point tightly
controlled.

B=34

physical point
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