Charmed baryon spectrum
in Lattice QCD

a wWork in progress

K. Utku Can
RIKEN

in collaboration with:
G. Erkol (Ozyegin U.), H. Bahtiyar (MSGSU),
M. Oka (ASRC-JAEA), P. Gubler (ASRC-JAEA), T. T. Takahashi (Gunma Coll. Of Tech.)

Confinement’18, 1-6 August 2018
Maynooth University, Ireland

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

Yoshida et al. PRD92, 114029 (2015)
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| Motivation

R. Aaij et al. (LHCb Collaboration)
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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
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! Charmed baryons
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! Ground states

Figures from: Padmanath’s plenary [Wed 11:00am]
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@ [ILGTT'13-"18]: Nf=2+1+1, Overlap, a=0.12-0.06 fm, m_pi~300 MeV Basak et al, PoS(LATTICE 2013) 243,
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)
@ [Brown’14]: Nf=2+1, RHQA, a = 0.085 - 0.114 fm, m_pi =227 - 419 MeV Brown et al., PRD90 094507 (2014)
@ [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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I Lattice QCD ab initio

, non-perturbative method
Two key equations:

lim (O5(t)01(0)),., = 0[Os| ) (1|0 ]0Ye~Ent)
[TI_EHOO< (O )>T Eh:< 2 >< 1 >€ |Hadron d.o.f.]

. . e 2eYO,[W(Z, z, : s OxV(13t
[<02(t)01(())> J DIV fD0 [‘P_(SEt)]O 1[U(Z,0)] J E[ (731)]
| Quark-gluon d.o.f. | :

& Discretise the space-time continuum
& “Measure” quantities by computers

« Path integral has infinite dimensions

Tools of the stat. physics: Importance Sampling
| D[¥le—&l¥IO[T
o : ;'lpj[w]e—sa_wl = Jim Z Ol J

u e> acts as the QCD background O1[¥(Z,0)]




Y Simulation Details

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

@ kua=0.13781

m, ~ 156 MeV

64 a

5.8 fm_

1 1 1 1 1 1

1 1 1 1 1 1 E

e bhesbesdoasdasdas -

LS =1 (R Foo=1 "\
(o9

1 & 1

rs 0T =a-- O

=

| " '; m el e -

M ...--.k,’l I o

1 1 1 1 1 1 Icu

rr=r=Tr=1="71°="

1 1 1 1 1 1

L [ |

| |
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@ xs=0.13640

© 000 00060

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

$=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)

m_ ~ 156 MeV almost physical, m;L ~ 2.3

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

Tsukuba RHQA for charm quark (physical)

. Miace . PDG |
L I 2.984(2) .. 2983 | GeV
A . 3.099(4) 309 ; GeV
s 3.071(3) . 3.068 | GeV__
AEps 115(4) 113 | MeV

Shell source - Point /Shell sink (details later)




! Interpolating fields

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

T'— 00
h

QJ=122, 5., Q-and Q..- SUH) type
x(z) = € [Q"*(2)CT1¢"(2)] T2q°(z)

@ Three different interpolating operators with different [T"1,I'2] choices
[FI;FQ] - {X5)1} X1 (Qj) — Ea,bc QTa(aj)C/‘Y5qb(x)i| 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=12 A.- SUE) type
1 abc Ta c
x(x) = %e b 2 (u (a:)CTldb(x)) [2Q(x)
+ (u"(2)CT1Q(x)) T2d®(x) — (d"*(z)CT1Q"(z)) Taul(x)]

@ J=12EZ.and E.- SUA) rype

Xz, () = \}i%bc[(f (2)(CT1)cp())T2sc(2) + (84 (2)(CT1)cp(2))Tole()]
Xz, () = %%bc 12(84 (2)(CT1)ly(2))Tace(x) + (34 (2)(CT1)ey(w)) Tale(2)

— (£q (2)(CT1)es(2)) Tase(2)]

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

Xu (%) = %6” “{2001" (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



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
Parity projector

ii(t) =P (a()x;(0)  PT = (1£19)/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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AM = 0.694 GeV our
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M = 3.016(32)(37) GeV ROCD'15
M = 3.066 GeV LHCbH'17 (?)
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AM = 0.384 GeV ROCD'15
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------ s T T e
wkS 0 50150
L] o4 o
S PP P
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Z & e
C #meas ~ 100

¢S Il 1 L5 (3.8. | 1 eS| 150 10
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1.2¢ !Hifl_ﬁ_r-__ | [ 1.3¢ III J' ] snkS 0 0
i I} }.— """""""""""" """"""""""""""""
& i i k : :
§ ) l "2 ’ [titef] 0 912 ¢ 13,19
1.0 dF IHRE ' '
@ l

- >l< l { S 1.1 r—v>l< O
0.9.2 C | 1.0} 2 ¢ | - Mass 1 9623(68) | 2.705(63)
2 2 2 2 II TI ¢ ld 0 B [GeV]
0 5 10 15 20 25 30 0 5 10 15 20 25 30
t/a t/a

srcS 150 50
[tlytf] 9,12 15)16
Mass ----------------------------
[GeV] 2.600(98) 2.629(50)
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[6ef] | 921 820
Mass | ' 3.741(01) | 3.825(33)
[GeV] ’

AM = 0.084 GeV our
AM = 0.444 GeV ROCD’15

srcS | 10 s 10

[ ti,tf ]

Mass | 4 180(57) | 4.276(44)

[GeV]
AM = 0.096 GeV our
AM = 0.333 GeV ROCD'15




bt CC H#meas ~ 100

]st 19 G S srcG 1_gb, gdgh_1 1_gb, gd4gb_1
2.0k e
. . 1.8 . snkG i 1_gb, gdgh_1 i 1_gb, gdg5_1
TI:{ S P == . | e
3 I g 1 H-H-I-I-PE-I}{ [ ' 1 seeS 1150 1 150
S e ] B B
' ti,ef] 0 610 0 9,13
S 1.41 l ‘ “ ] S 1.5F 3 ’ L tiet ] _________________________
- Mass E
: : : — 1.4 : : : : : ] L 3.592(26) | 3.934(83
0O 5 10 15 20 25 30 0O 5 10 15 20 25 30 [GeV] (26) i (53)
t/a t/a Mexp=3.621(1) GeV LHCb

AM = 0.342 GeV our
AM = 0.407 GeV ROCD'15

1st 2nd
ond 3.0f Ty 20 L S
4p4n | S | 3 5_ , srcG 1 gbgdgs g5 1 i1 gbgdgh 1 g5_1 i1 gbgdgh 1g5_1
251 3.0 ! S
3t [ 2 5 snkG El_g5,g4g5_1 gh_1 El_g5,g4g5_1 g5_1 1_gb,g4g5_1 g5_1
B || EX S TR S| I e L e
e | 1 0 S e
S 1 1 L5p 4 | : ' [t,tf] | 510 i 410 5,8
% 1.0¢ 14-Ft S N S
--------------------------- : L : : Mass 4 ' 4.117(59
G 5. 10 0 5 10 15 0 5 10 15 [Gev] | 0099(63) | 4038(65) | 4.117(59)
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srcS 50 50
[ti,tf] 10,19 5,8
Mass | 5 72:017) 3.880(70)
[GeV] |

AM = 1.145 GeV our
AM = 0.626 GeV ROCD'15

...................................................................

...................................................................

srcS 150 150

[ tief | 4,11 - avg([5,8],[6,9])

Mass 5 --------------------------------
3.053(26) | 3.074(35)(11

iyt (26)  5074GE(D



#meas ~ 145

.....................................................................................
...................................................................

...................................................................

@ No speculations!

srcS 150 150

[ titf] 4,11 Eavg([5,8],[6,9])
Mass | 3.053(26) 3.074(35)(11)
[GeV]

E.K(S) = 3.001(28) GeV

@ Needs more statistics and a closer, careful inspection
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- @ This work Pos.
- (O This work Neg.

M [GeV]

@ too high?

needs closer

.@ Imspection
i :

wrong hierarchy

1 [ [
I N | 1

‘QC Z C* E C* ‘QC*
12 52 52 52

5.5

4.5

3.5

& Acquiring statistics

. @ This work Pos
L. (O This work Neg

: 51gn

Exp.

! Summary & Outlook

too smal]

sphtting

& Ground states seems fine

@ Some neg. parity and excited signals does
not make sense yet

Olen o
O—O—H-@—-C—
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! Summary & Outlook

4 | @ This work Pos.

| (O This work Neg.
A TWQCD'17 Pos.

[ /A TWQCD'17 Neg.

- M ETMC'17

- € Brown et al.'14

3.5 ¢ Briceno et al.'12

. ¥ PACS-CS'13

— Exp.

- @ This work Pos — Exp.
- (O This work Neg

E 5.5 [ A TWQCD'17 Pos

- A\ TWQCD'17 Neg

- B ETMC'17

- @ Brown et al. '14

i ‘ Briceno et al. '12

— < Durr et al. '12

5]
2 Mg $ % t } X % < Racnis pos e Ry
i + [ < RQCD'15
sl - I R A| aspsmont I !
RN Ll TP
L s = ‘ﬁ@!} Z 5 I ¥
2.5 R e ir §
ks iy TS a0
[ - : : : : : 3.5 L I I I I I
Ae . B B Q@ x5 E5 & Eee Q. Eee Q. Q..
J=12 12 12 1212 52 52 52 1/2 7z 5 5/2 5/2

& 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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! More on goals

@ 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




| Tsukuba Action

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

@ kuwa=0.13781 @ ks=0.13640

m, ~ 156 MeV

; ,

[ Jesiis 8

| e R
6ta | B )
5.8 fm | __E_ _i__I L

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




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

Consistency check
. Jr=1/2

srcG_{1_gb, gb_1}_snkG_{1_gb, g5_1} -- srcS_50_snkS_0
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