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summary

 Charmed and Baryon spectrum
e Observations
o [attice QCD calculation

 Methodology

 Heavy quarks on the lattice

* Results and comparisons with models and
observations



Charmed baryons
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Unobserved states

Ecc —bb —bc
QCC be QbC
Qccc beb bec chc

Multi-charm Multi-bottom Mixed flavor



Controversies

= Reported by SELEX

. Phys. Rev. Lett. 89 (2002) 112001, arXiv:hep-ex/0208014

Not found by FOCUS, BaBar, Belle LHCb

Nucl. Phys. Proc. Suppl. 115 (2003) 33-36 .

Phys. Rev. D 74 (2006) 011103, arXiv:hep-ex/0605075
Phys. Rev. Lett. 97 (2006) 162001, arXiv:hep-ex/0606051
JHEP 1312 (2013) 090, arXiv:1310.2538 [hep-€eX]



* First principles calculations can predict masses of
unobserved states

* Can help resolve controversies

 Complete Lattice QCD calculations of the ground
state masses are now possible



Botomonium Spectrum (LQCD vs Exp)
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k- S Flavored baryons (LQCD vs Exp)
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Outline of LQCD calculations

* |nclude the vacuum polarization effects
e 2 light (up down) 1 heavy (strange)
e ...and ... 1 very heavy (charm)

* Finite Volume

 Compute in multiple and large volumes
e Continuum Limit

* Compute with several lattice spacings
* Quark masses

 Compute with several values for the quark masses
e Study quark mass dependence of QCD

* Physical light (up down) quark masses



Light quark actions

» Light quarks (up, down, strange) mq < Agcp ~ 250MeV

e Straight forward to put on the lattice
e Fermion doubling problem
* Wilson action, Kogut-Susskind action
e Chiral symmetry breaking
e Flavor symmetry breaking (KS)
 Domain Wall fermions or Overlap fermions
e Chiral symmetry

. O(az) lattice spacing errors



The heavy quark action

o Light quarks (up, down, strange) mg < Agop ~ 250MeV

» Heavy quarks (charm, bottom, top) Mg > AQC’ D

Meharm ~ 1300 MeV
Mpottom "~ 4200 MeV
Miop ~ 174200 MeV

o Lattice fermion Lagrangians assume for light quirks a mg << 1

L = Lwilson + O(a)
o For typical lattice QCD calculations ( a=0.125fm, 0.09fm, 0.06fm)

0.4 < ameharm < 0.8
1.3 < AQMpottomn < 2.7

o Special care is needed in treating heavy quarks on the lattice

o Or use very small lattice spacing (a < 0.01fm).....



The heavy quark action (charm)

o Fermilab action: Symanzik improvement taking into account a mg ~ 1
A. X. El-Khadra, A. S. Kronfeld, and P. B. Mackenzie, Phys. Rev. D55, 3933 (1997)

S =50+ S5+ SEg

Zq m0+ ’Y()VO—_AO —I-VZ%V—_A)] ()

» For Wilson action v =1 for light quarks. For heavy quarks v needs to be
adjusted to remove lattice artifacts O(m a).

o The O(a) lattice artifacts are removed by the terms

Sp = —%CB D a(@)(Y_oiFyla(z)  Sp= —%CE Zq(z)(z 0iF0i)q(x)

i<j
o These coefficients can be computed perturbatively. At tree-level
(with tatdpole improvement) P. Chen, Phys. Rev. D64, 034509 (2001)
1% 1 (14 ) 1
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Heavy quark action (cont.)

Tune v and mo so that the speed of light is 1 and the spin
averaged meson mass matches experiment

— 3 1 E*
M = ZEJ/w(O) T ZEnc(O)- c*(p) = 1[4 P

(p) — £73,,(0)
p2




Heavy quark action (Bottom quark)

Typical momenta of the bottom quark in a baryon is betwee
0.5 and 1.5 GeV resulting velocities of v=0.1¢c

Non-relativistic approximation is applicable NRQCD

Sy =a® 30l (k.0 [, 1) — K (1) (.t — )]

(v
my
(A®)° ig =
0H = — — (V- -E—-E.-V
c1 Smg ‘|‘f2 8717% (N i )g - O(V4)

Ce . . .
24mm,, 16n m? tadpole improved tree level matching



|_attice calculation set up

Domain wall fermions for the light quarks (RBC/UKQCD)
Relativistic heavy quark action for charm quark
NRQCD for botom quark

Two lattice spacings (0.11fm and 0.085fm determined from botomonium
spectroscopy)

Pion mass range 220MeV - 420MeV
e Extrapolate to the physical pion mass point
Single volume of about 2.7tm

Combined chiral and continuum extrapolations based on HBchiPT



Vlass computation

e Use simplest non-relativistic interpolating fields for
spin 1/2 , 3/2 baryons

 Smeared quark sources (with several smearing
widths)

 Masses where estimated from fits to exponentials of
the euclidean time dependence of two point
functions
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CLEeff

aEeff

aEeff

CLEeff

2.10
2.05
2.00
1.95
1.90
2.10
2.05
2.00
1.95
1.90
2.10
2.05
2.00
1.95
1.90
2.10
2.05
2.00
1.95
1.90

(Ole, ¢, b] Ole, ¢, b])_

(O[¢,¢,b] O[¢, &, b))

"l—'—'—l—'—'—l+l!!!!!_IIIg_-3

20



Chiral and continuum
extrapolations

(vv)12 (s8)12

E(sub) _ E(SUb’O) d(vv) [mW ] d(SS) [mﬂ' ] d, 273

Ag + T 47Tf + T 47Tf + MAQ + a ,

(V)12 (s8)72

(sub) __ 1(sub,0) (0) (vv) [mW ] (ss) [mW ] 2703

By, =FE + AV + ¢ In] + ¢ ] + Ms, +cqa”A7,
(vv)12 (s8)72
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B. C. Tiburzi, “Baryon masses in partially quenched heavy hadron chiral perturbation theory,”
Phys. Rev. D 71 (2005) 034501, arXiv:hep-lat/0410033.
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Conclusions

We have presented a comprehensive study of the
baryon spectrum with charm and botom quarks for
both spin 1/2 and spin 3/2 baryons

Our results are in good agreement with experiment

We make a large number of predictions states yet to
be observed

LHCb has already confirmed one of our predictions

Hopetully more to come...



