Charmed baryon spectrum
in 2+1 Lattice QCD

K. Utku Can
RIKEN

in collaboration with:
G. Erkol, M. Oka, T. T. Takahashi, H. Bahtiyar, P. Gubler

Lattice’l8, 22-28 July 2018
Kellogg Hotel and Conference Center
Michigan State University

Supported in part by The Scientific and Technological Research Council of Turkey (TUBITAK) under project number 114F261 and
in part by KAKENHI under Contract Nos. 256247036 and 16K05365



! Outline

& Introduction

& Simulation Details
i % 7z  ‘ ¥ & Results

& Summary



| Motivation

3.1

M [GeV]

2.6

2.8

2.7

Il

SSC

2.0

JbP 77

usc us

172+ 0

odd

[PRL 118, 182001 (2017)]

400

I§III

ltg)lll

Candidates / (1 MeV)

Iélll

3000

1 I 1 1 1 1

o

LHCb

3200 3300
m(ZK ) [MeV]




l Motivation

3.1

M [GeV]

2.8
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e Padmanath et.al PRL 119, 042001 2017
e 163x 128, 241 Flavor

e Gauge: Symanzik (RG-improved)

e Fermion: Clover (O(a)-improved)

a; ~ 0.035 fm

¢ m_~ 391 MeV

Lattice
tresholds
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| Motivation

R. Aaij et al. (LHCb Collaboration)

LHCb 13 TeV
-+ Data

- Total
e Signal
- =+ Background

Candidates per 5 MeV/c?

M,.-"e 1

9

|Phys. Rev. Lett. 119, 112001]

t

M=++ — 3621.40 -

3600 J 3700 l
'"cand(s::) MeV/c?)
-0.72 4+ 0.27 £ 0.14 MeV
(stat.) (syst.) (Ae)

SELEX results

[Phys. Rev. Lett. 89, 112001 (2002)]
[Phys. Lett. B 628, 18 (2005)]

M=+ = 3519 + 2 MeV

mg *P —mZ" R ~ 100 MeV

e LHCDb and SELEX
setups are different

e L[LHCD doesn’t exclude
SELEX results

e LQCD can provide an
answer



! Ground states

Figures from: Padmanath’s plenary [Wed 11:00am]
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Mathur et al. arXiv:1807.00174
@ [TWQCD’17]: Nf=2+1+1, Domain wall, a = 0.063 fm, m_pi ~ 280 MeV Y.-C. Chen et al., PLB767 193 (2017)
o] :ETMC'17]Z Nf=2, TWM+C10V€1‘, a=0.094 fm, m_pi ~ 130 MeV Alexandrou et al. PRD96 034511 (2017)
@ [RQCD’15]: Nf=2+1, Clover, a = 0.075 fm, m_pi = 259-460 MeV Pérez-Rubio et al., PRD92 034504 (2015)
@ [HSC'15]:Nf=2+1, Clover, at~0.035 fm, m_pi ~ 390 MeV Padmanath et al, PRL119 042001 (2017),
PRD91 094502 (2015), and [HSC’14] triply charmed baryons PRD90 074504 (2014)
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@ [PACS-CS'13]: Nf=2+1, RHQA, a ~ 0.09 fm, m_pi ~ 135 MeV Namekawa et al., PRD87 094512 (2013)
@ [Briceno’12]: Nf=2+1+1, RHQA, a = 0.06-0.12 fm, m_pi = 220, 310 MeV Briceno et al., PRD86 094504 (2012)
@ [Durr’12]: Nf=2, Brillouin, a = 0.07 fm, m_pi ~ 280 MeV Durr et al. PRD86 114514 (2012)



| Excited states

& Singly Charmed

Figures from: Pérez-Rubio et al. (RQCD), PRD92 034504 (2015)
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l Motivation

& Ultimate goal is to go for a pentaquark system
& Make sure we can produce a charm system properly
& Best consistency check is a spectrum calculation

@ Many results to compare with

@ (+) m_ ~ 156 MeV configurations

& Eliminate systematic error from chiral extrapolation

@ (+) Use relativistic heavy quark action (Tsukuba action)
& Eliminate systematic error from quark action

& Our previous works done with Clover action for charm also

@ (+) Extract at least first excited states of positive and negative

parity, spin-1/2 and spin-3/2 charmed baryons

& (<) No finite size effects or continuum extrapolation




Y Simulation Details

PACS-CS, 323x64, 2+1 flavor (u/d+s) Phys. Rev. D79 (034503)

@ kud = 0.13781

m, ~ 156 MeV

64 a

5.8 fm_
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@ xs=0.13640

©00 0000

L=32a~29fm, T=64a~5.8fm

p=1.9, a=0.0907(13) fm, a'1=2.176(31) GeV

Gauge action: Iwasaki action,

Fermion action (u, d, s): O(a)-improved Wilson (Clover)
kud = 0.13781 (sea & valance), ks= 0.13640 (sea)

my ~ 166 MeV, m L ~ 2.3

ks = 0.13665 (re-tuned by Adelaide group: PRL108
112001)

Tsukuba RHQA for charm quark (details follow)
Shell source - Point /Shell sink (details later)




| Tsukuba Action

PACS-CS, 323x64, 2+1 flavor (u/d+s) Phys. Rev. D79 (034503)

@ kuwa=0.13781 @ ks=0.13640

m, ~ 156 MeV

: R

[ G 8

O ko &
ta | 48 >3
58fm| i 1:__I Y

L=32a—+29fm

& Tsukuba RHQA for charm quark
@ Parameters adopted from Namekawa et.al. PRD84 074505

& kqre-tuned w.r.t. dispersion relation of 1S spin-avg.

charmonium mass (next slide)

D‘t’}7 — 8-1‘)?— KQ
XY [(rg—vy))U,;0,.: +(ri+v -)UT.(S -]
- S ‘)/l X, 1 ,x+1_,_v S 71 X1 1’,}’+l

KQ:(’.I o ’),4)(].1’,481'-}-3,_\? + (rf + ‘)/4)(]‘1:48,1")?-%41]

- KQ C'BZFU'(-\')U'U' + CEZFM(-\-)(TM](S,Y_\"
- I,J I

. ko = 0.10954007 . v = 1.1450511
. r, =1.1881607 « cp = 1.9849139
*re =1.0 . ck = 1.7819512

@ rs=1, v=1, cg=cg — O(a)-improved Wilson action




! Dispersion relation

1S spin-avg: (nc + 3 JA)/4:
Mis = 3.06853 GeV (experimental)

p|* E15(0) [a] E15(0) [GeV] Cot
2 1.41111 £ 0.00150591  3.07058 £ 0.00327686 1.00818 + 0.0159342
3 1.41113+£0.00150235 3.07063 + 0.00326911  1.00538 + 0.0169947
4 1.41117 £0.00149903  3.07071 £ 0.00326189  1.00186 =+ 0.0175885
5 1.41122 +£0.00149308  3.07082 + 0.00324894  0.998545 + 0.0185763
6  1.41127 +0.00148551  3.07092 + 0.00323247  0.995832 + 0.0197037
2 2 2 2 A i i i
wsl Eig(p) = E75(0) + coqlp| . M« PDG
Ne 2.984(2) 2983 GeV
1.46} T T S
> JN 3.099(4) 13.096! GeV
1S 3.071(3) 13.068 GeV
AEhy; 1156(4) | 113 | MeV
0 1 2 3 4 5 6




! Interpolating fields

lim (02(8)01(0))7 = )_ (010s|h)(hIO1[0)e ™

T'— 00
h

QJ=122%, 5., . and Q..

x(z) = € [Q"(2)CT1¢"(x)] T2q°(x)
@ Three different interpolating operators with different [T"1,I'2] choices
[FI;FQ] - {X5y1} X1 (Qj) — Ea,bc QTa(gj)Cﬂ%qb(gj)} qc(gj)

[T, 2] = [1,Y5] 2 () = € [QT(2)Cq®(z)] y5¢° ()

Lol =1¥s¥a Ly (@) = e [QT(2)Crsyad” (2)] ¢° ()
JP=5/2 inspired operator

@ Form 2x2 or 3x3 correlation function matrices with these operators

(fixed smearing)



! Interpolating fields

@ J=1/2 A.
_ ieabc uTa 7 7 <(r
x(2) = =€ (2 (u7*(2)CT1d"(2)) T2Q%(2)

+ (u"(2)CT1Q(x)) T2d®(x) — (d"*(z)CT1Q"(z)) Taul(x)]
@ J=1/2E.and ="

1 T T
Xz (T) = 5 abe | (o (#)(CT1)eo(w))Tase(@) + (sq (2)(CT1)ep(2)) Dale())

Xz, () = %%bc [2 (Sg(x)(C’Fl)éb(x))FgcC(x) + (sg(x)(CTl)cb(a:))Fgéc(az)

— (£q (2)(CT1)es(2)) Tase(2)]

@ J=75/2 interpolating fields, A+ baryon like

Xu(2) = %6” “{2(0]" (2) Cruap (2))a5 () + (a1 ' (2) O ()] a5 (2)}

{ql’q2/q3} — {ululc} Z* {11 S C} E* Crs {U,C,C}'E*
{s,s,¢c}-2¢, {s,¢,c}-2°cc , {¢,C,C}-ccc

CC



! Gaussian Smearing

b(x, 1) = (1 ta Z[U(x 06,,:, + Ut — 11)8, ly]) 5,0

Fog = (P2)1/2) = [f Sx|F2 oy E )Y (F, t):|1/2

[ @xy* (X DX, 1)

Gaussian Smeared source and sink:
N = [10, 50, 150], roe ~ [0.2, 0.4, 0.7] fm, ~[2, 4, 8] a

o=1, N =10

[ 1 i
[P s - 12F s
i a=1,N = 50 e a=1, N = 150 50

G.E



! Signal vs. smearing
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! Signal vs. smearing,
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l Variational Method

@ Two-point correlation function matrix Parity projector

Cij(t) = P=(xi(t)x;(0))  P* = (1%70)/2

(x1(t)x2(0)) ...
(0))  (x2(t)x2(0)) ...

@ Spectral decomposfcmn can be written as

Jors
CZJ E Va* Gt V" Overlap factors



Y Variational Method

@ Translate into a Generalized Eigenvalue Problem and solve

. N to : Normalization time
) = A*(t, ) Clto) (D) Z
A”: Eigenvalues

wa . Kigenvectors

@ Diagonalize C(t) using Right and Left w*(T)

mass,/energy

C(t) = Y7 (T)C()YR(T)dap = SapZ® Z e "

Overlap of the superposed interpolating fields

& Usual effective mass method follows to extract masses

enr(t) = In (05(?31))




l Variational Method

@ Two-point correlation function matrix

1 Parity projector
Cij(t) = P~ (xa(D)x;(0))  P7 = (1x7)/2

3 x Interpolating Operators 3 x Different Smearings
x1(x) = € [QT(2)Csq" ()] ¢° () ile
Y2 ( 33) _ 6abc QTCL ( ZIZ') '®: qb ( ZIZ)] Vs qc ( QZ‘) —|— J#; ,
xa(x) = € [QT () Cys7aq” ()] ¢°(2) H P+ -

@ Wisdom from Pérez-Rubio et al. (RQCD), PRD9I2 034504 (2015)

@ Singly charmed baryons less sensitive to charm quark smearing

@ Fix charm quark’s smearing, perform variation over light or strange
@ Doubly charmed baryons less sensitive to light or strange quark smearing

@ Fix light or strange’s smearing, perform variation over charm
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~ @ This work Pos.
- (O This work Neg.
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@ too high?
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! Summary & Outlook

too smal]

sphtting

& Ground states seems fine

@ Some neg. parity and excited signals does
not make sense yet
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! Summary & Outlook
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& Work in progress! Expect changes additions to these results

& Ground states are more or less consistent

@ Negative parity and excited states need more work

@ Room for improvement: Careful plateau id, two-expo. fits

for stabilization, check for thresholds



Thank you!
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l Variational Method

Consistency check
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T 556664445556664445556664445556664445556664445556664445556664445556664445556664445556
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I The quenched lattice scene

Quenched, Nf=0
@ K. C. Bowler et al. (UKQCD), PRD54, 3619 (1996):

@ Tree-level Clover, JP=1/2+&]JP=3/2+, singly charmed
@ J. M. Flynn et al. (UKQCD), JHEP 07, 066 (2003):
@ Non-pert. Clover, JP=1/2+&JP=3/2+, doubly charmed
@ T.-W. Chiu and T.-H. Hsieh, Nucl. Phys. A755, 471 (2005):
© Domain wall, JP=1/2+ &P = 3/2+~, singly, doubly and triply charmed
@ Lewis et al. PRD64, 094509 (2001):
@ D234 type Wilson, JP=1/2+&JP=3/2+, singly and doubly charmed
@ Mathur et al. PRD66, 014502 (2002):

@ NRQCD, JP=1/2+&]JP=3/2*, singly and doubly charmed



I The tull-QCD lattice scene

Full QCD, Nf =2
@ Durr et al. PRD86 114514 (2012):
@ Brillouin, JP=1/2+strange-charmed & J¥ = 3/2+triply charmed
© a=0.0728(5)(19) fm, m_pi ~ 280 MeV
@ Alexandrou et al. (ETM), PRD80 114503 (2009):
© Osterwalder-Seiler, JP=1/2+&JP=3/2+ singly and doubly charmed

© aec{0.0666(6), 0.0855(6), 0.0995(7)} fm,
@ m_pie {{307,424,488,688},{270,308,313,390,447,484},{367,413,480,586}} MeV

@ Alexandrou et al. PRD96 (2017) no.3, 034511:

@ Twisted mass with clover, JP=1/2+&JP=3/2+ singly, doubly and triply (strange-)
charmed

© a=0.0938(3)(2) fm, m_pi ~ 130 MeV



I The tull-QCD lattice scene

Full OQCD Nf =2+1

@ H. Na and S. A. Gottlieb, PoS LAT2007, 124 (2007) & PoS LATTICE2008, 119 (2008):
@ Fermilab, JP=1/2+&JP=3/2+ singly and doubly charmed
@ a€{0.09,60.12, 0.15} fm
@ Liu et al.,, PRD81 094505 (2010):
@ Fermilab, JP=1/2+, singly and doubly charmed
© a=0.125fm, m_pi € (290, 355, 495, 595) MeV
@ Namekawa et al. (PACS-CS), PRD87 094512 (2013):
@ RHQA, JP=1/2+&]JP=3/2+ singly, doubly and triply charmed
©@ a~0.09 fm, m_pi~ 135 MeV
@ Brown et al., PRD90 094507 (2014):
© RHQA, JP=1/2+&]JP=3/2+ singly, doubly and triply charmed
@ ac<{0.085,0.112, 0.114(13)} fm,
@ m_pi € {{227,295,352},{245,270,336,336},{419}} MeV
@ Pérez-Rubio et al. (RQCD), PRD92 034504 (2015):
@ Clover, JP=1/2+-&]JP=3/2+, singly and doubly charmed

@ a~0.075fm, m_pi ~ 259-460 MeV



I The tull-QCD lattice scene

Full OCD, Nf = 2+1+1
@ Briceno et al., PRDS6 094504 (2012):
© RHQA, JP=1/2+&]JP=3/2* singly. doubly and triply charmed
@ a€{0.06,0.09,0.12} fm, m_pi € {220, 310} MeV
@ Alexandrou et al. (ETM), PRD90(7) 074501 (2014):
© Twisted mass, JP=1/2+ &P =3/2+ singly, doubly and triply charmed
©@ ac{0.0646(7), 0.0823(10), 0.0936(13)} fm,
© m_pi€e {{213,246,298},{256,302,372,432},{261,298,332}} MeV
@ Y.-C. Chen et al. (TWQCD), PLB767 (2017) 193-198:
@ Domain wall, JP=1/2+&JP=3/2+ singly, doubly and triply (strange-) charmed

@ a=0.063 fm, m_pi ~ 280 MeV



