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SU(3) and SU(4) multiplets

[ Since the quarks are fermions, the state function must be antisymmetric under
Interchange of any two equal-mass quarks (up and down quarks in the limit of
Isospin symmetry). Thus It can be written as

' qqq ) 4 = | color) 4 x | space, spin, flavor ) g
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OThe “ordinary” baryons are made up of u, d, and s quarks. The three flavors imply
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OThe “ordinary” baryons are made up of u, d, and s quarks. The three flavors imply
an approximate flavor SU(3). Baryons belong to

30323=10g &8y 8y 14
OFor flavor SU(4)
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SU(3) and SU(4) multiplets

OSU(4) multiplets of baryons made of u, d, s, and ¢ quarks. (a) The 20-plet with an
SU(3) octet. (b) The 20-plet with an SU(3) decuplet.
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Charmed and bottom baryons

O (a)The 24 known charmed baryons, and (b) the 9 known bottom baryons
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Categorization of P-wave bottom baryons

O The internal structure of heavy baryons is complicated and interesting:

A-excitation and p-excitation

heavy baryon (Q-q,-q,):

]:SQ‘l‘Sql‘l‘qu‘l‘lp‘l‘l/’l

=5g + (Sq1+Sq2 + 1, + l,l)]_l



Categorization of P-wave bottom baryons

O | qqq) 4 = | color) 4 X |space, spin, flavor ) g

5,= 0 (A)—> 65 (S) —> ji=1:
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Categorization of P-wave bottom baryons

O | qqq) 4 = | color) 4 X |space, spin, flavor ) g
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Categorization of P-wave bottom baryons

O | qqq) 4 = | color) 4 X |space, spin, flavor ) g

F(flavor), g1, s, p/ A

’!‘; 0 (A)_}‘ 6F (‘;) _} J'f o ] E:‘hl 1_3 g_ Eh’I (% :% ) th ( %_: %_) [6F,1,D,ﬂ]
L,=1(A)

1-7; — 0 X Ji=0: Ay (7)) Zpo (7)) [EF*DJ”O]

s;=1(S) —> 35 (A) Ji=l Ay (7,7) Ep(2,2) [EF,I,I,p]

) Ji=2 A, (3,5) B, (§,%) [35.2,1,0]
e =0T () Ep (5) Qu(d) 6,01
s;=1(S) —» 65 (S) =12 (2,3) Ef(3,3) Qu(3,3) [6p,1,1,4]

j}::?(‘%)(@ Ji=20 2 (5,8) ER(§.3) Qu(§.3) [6,.2,14]
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LHCb results

O Recently, the LHCb Collaboration reported their discoveries of two new excited
bottom baryons: Z,(6227)~ in both A} K~ and E)7~ invariant spectrum,

%, (6097)% in At invariant spectrum
=,(6227)” : M = 6226.942.0+0.3+0.2 MeV,
[ = 18.1+54+1.8MeV,
¥ (6097)" : M = 6095.8 + 1.7+ 0.4 MeV,
I = 314+55+0.7 MeV
2(6097) : M = 6098.0 4+ 1.7+ 0.5 MeV .
[ = 28.9+4.2+0.9 MeV.



LHCb results

O Recently, the LHCb Collaboration reported their discoveries of two new excited
bottom baryons: Z,(6227)~ in both A} K~ and E)7~ invariant spectrum,

%, (6097)% in At invariant spectrum

=,(6227)" : M = 6226.9 £2.04+ 0.3+ 0.2 MeV,
[ = 18.14+54+1.8 MeV,

¥5(6097)T : M = 6095.8 £ 1.7+ 0.4 MeV,
[ = 31+£554+0.7 MeV,

> (6097)” : M = 6098.0 + 1.7 £ 0.5 MeV,
I = 28.9+4.24+0.9 MeV.

O The following branching ratio was measured to be

B(Zy(6227)" = AJK~)

—_ —_ . PRL 121, 072002 (2018
B(Z,(6227)~ — E07—) (2018)
PRL 122, 012001 (2019)




Structure of P-wave bottom baryons

O At first we should update our previous QCD sum rule analyses about the mass
spectrum of P-wave bottom baryons.
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QCD sum rules

O We can construct various interpolating currents to reflect the internal
structure of heavy baryons by using the method of

QCD sum rules within
heavy quark effective theory (HQET)
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O We can construct various interpolating currents to reflect the internal
structure of heavy baryons by using the method of

QCD sum rules within
heavy quark effective theory (HQET)
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light-cone sum rules for decay properties



SVZ sum rules

Oln sum rule analyses, we consider two-point correlation functions:

[1(g*) £ i [ d*xe'™(0|Tn(x)n*(0) |0)
~ 2n({0In[n)Xnn*]0)

where 1 is the current which can couple to hadronic states.




SVZ sum rules

Oln sum rule analyses, we consider two-point correlation functions:

(g2 & i[d*xe' (0

~ 2n{0nn)Xnlr

Tn(x)n™(0) |0)
*10)

where 1 is the current which can couple to hadronic states.
Oin QCD sum rule, we can calculate these matrix elements from

relate them to observables by using

Quark and Gluon Level Quark-Hadron Duality

Hadron Level

Operator Product Expension

Observables: Low energy

spectral densities

and



SVZ sum rules

Quark and Gluon Level

dispersion relation

Mopg(q?) g
S = -0

Hadron Level

, q+ Y

thys(qz) —Jp qz — M2

(for baryon case)

(Sufficient amount of Pole contribution)

pope (S) = ap s" +an_y s

SVZ sum rule (Shifman 1979)

(Convergence of OPE)

A\

4

1

Quark-Hadron Duality

Pphys (s) = )1-32(:5(5 - MJ%) T

P 4

A

(Positivity)




Light-cone sum rules

O The method of light-cone sum rules is a fruitful hybrid of the SVZ technique and
the theory of hard exclusive processes, whose basic idea Is to expand the three-
point correlation function in terms of distribution amplitudes near the light-cone:

Fo(p,q) = i / doe 7 (20 () [T Lo ()5 (0)}0)

. l x® —1iq-x — )
Fuslp0) = =iy [ d'o—e (@ ) aa)15u(0)).

w24
7 . f"T ! TUp-T
(m° () [@(2)7,751(0)0) 220 = ~ s due™? o (u, )
0

where ¢ (u, 1) 1s the pion light-cone distribution amplitude of twist 2.



Light-cone sum rules

O The pion light-cone distribution amplitudes:

1 _ 1 1 _
(Ola(z)yuysd(—2)|m— (P)) = f.fﬂp#/ du eP* ¢ (u)—i— ﬁ-:-ﬂ — -#/ du e g, (u) , (C.32)
0 pz 0
fﬁmi 1
(Olu(z)iysd(—z) |~ (P)) = m /D du e ¢, (u), (C.33)
i fem? My, + Mg 2 ! p
(O|a(z)oapysd(—x)|m(P)) = -3 — T {1 - (—) X (Pyxg — Pﬁ;rﬂ)/ du e ¢ (u), (C.34)
My, + Mg M 0
2
. rhr_ -
(0lu(2)0wy59Gap(v2)d(=2)|7(P)) = ?mf? (pap#gpg PaPulys — PaPubye + PaPuln,) T(v,02) + ... (C.35)
] d
(0|u(2) v, 159G as(v2)d(—2) |7~ (P)) = pu(Pazs —PpZa) ; fﬁmg,&l”(-v._pz) + (p..jgi# — pﬂgéﬁ)fﬂm?r.,ilﬂv,p:) : (C.36)
1 . .
<U|“( )F},u?gcaﬁ( )d{_:)lﬂ_(}j)} — p,u(paz,ﬂ _p,.":'fzc:) _1; fﬁ'miV||(L‘,f}‘:) + [:plﬂgi-_# _pctgé_#)f#mivl(ﬂrpz) : (CF’?)

Ball P, et al. PRD. 1998; Ball P., et al. NPB. 1998; Ball P., et al. NPB. 1999;
Ball P., et al. PRD. 2005; Ball P., et al. JHEP. 2007; Ball P., et al. JHEP. 2007.
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Mass spectrum of P-wave bottom baryons

O At first we should update our previous QCD sum rule analyses about the mass
spectrum of P-wave bottom baryons.
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Mass spectrum of P-wave bottom baryons

O The interpolating field of configuration [64, 1,0, p]

-]1/2.—.6F.1.[}.;; = i€gpc( [mflﬂT]C}/Sflb — ffﬂTCYS [mflb])ﬁhhﬁ-

O At the hadronic level, the two-point correlation function can be written as

031""'-*'—1|.f'2-."31."'.3'—1;“2 . L A4 L ﬂl ki 1/0 31 - ,j‘
W prspn (@) = /”ft "OIT; b5y srp2 @ b Fgrosrpya (0110)

-:::131__ G _1/ 2B 1/2 1"‘#‘
S|g; g | X
i

KH}PF,HS;PA( J

_ S[QQISL gf; 1/ 3_;- 12] X

2
2
: f2. . .
;—P‘ y (_ Fji.si.p/A + higher StH‘EEE) .

APy sip/A — W

O At the quark-gluon level, the two-point correlation function can be calculated by
the method of Operator Product Expansion (OPE).

PRD 92, 114007 (2015)



Mass spectrum of P-wave bottom baryons

_ We Working region A Baryons Mass Difference I
Multiplets | B
(GeV) (GeV) (GeV) () (GeV) (MeV) (GeV?)
S| 175 | 0.30<T <033 | 1.20+008 | Ty(1/27) 6.09%0.10 - 0.085 £ 0.017 (S5 (1/27))
6£,0,1,A]| 24| 1.90 | 030<T <034 | 1.44+008 | Z4(1/27) 6.25%0.10 - 0.077 £ 0.016 (=, (1/27))
Q| 2.05 029 <T <035 | 1.59+=0.08 | Q2(1/27) 6.40=+0.11 — 0.143 +0.030 (€2, (1/27))
p(1/27) 6.10£0.11 0.087 £ 0.018 (X, (1/2™
| 1.87 031 <T < 0.34 1.35 £ 0.09 »(1/27) 3+1 (2 (1/27))
Yu(3/27) 6.10£0.10 0.050 £ 0.011 (X, (3/27))
=(1/2° 6.24 = 0.11 0.080 + 0.016 (=, (1/2~
6r,1,0,p]| =5 | 2.02 029 <T <036 | 1.4940.09 o(1/27) 3+1 (=, (1/27))
=0(3/27) 6.2440.11 0.046 + 0.009 (2, (3/27))
p(1/27) 6.424+0.11 0.155 £ 0.030 (€2, (1/2™
0| 217 | 033<T <038 |1.67+000 | 21/2) 341 > €, (1/27))
2p(3/27) 6.42+0.11 0.090 £ 0.017 (€2, (3/27))
Yu(3/27) 6.10+£0.12 0.102 +£0.022 (X, (3/27))
Y| 1.84 0.30 <T < 0.34 1.29 4+ 0.09 135
Y (5/27)  6.11 4 0.12 0.045 £ 0.010 (5 (5/27))
=r(3/2- 6.27 = 0.12 0.099 & 0.021 (=, (3/2~
67,2,1,A\]| =} | 1.99 030 <T <036 | 1.4540.09 o(3/27) 1245 (5, (3/27))
=(5/27) 6.29+0.11 0.044 £ 0.009 (2, (5/27))
25(3/27) 6.46 +=0.12 0.194 £+ 0.038 (€2, (3/27))
(| 2.14 0.32 <T < 0.38 1.62 = 0.09 11 =5
Qy(5/27) 6.47+0.12 0.087 £ 0.017 (€2, (3/27))




S-wave decay properties

O We investigated the following decay channel

(k) T[Zp(1/27) = Ap(1/2%) + Tr] — r[z;(uz—) S A%(1/2) + w—] |
(1) T[Sp(1/27) = Sy(1/2%) + Tr] — 9% r[zgu/z—) s 30(1/2+) +w—] |
(m) T :53(1/2—) s =p(1/27) +w} — ; x F[Eg—(1/2—) L =9(1/2%) + »,f-.——}

(n) T :5;;(1/2—) o A(1/2F) + K] _T {zg—u/z—) L A%(1/27) + K‘}

(o) T :53(1/2—) = (1/2) +w} — ; x F[Eg—(1/2—) L E0(1/24) + »,f-.——}
(p) T :53(1/2—) 3y(1/27) + K: —3xT :5;;(1/2_) o 30(1/2+) +K—} |
(q) T :95(1/2—) L E(1/27) + K: —oxT :95(1/2—) 5 =9(1/2%) +K—} |
(r) T|0(1/27) = Z4(1/2+) + K: —oxT :95(1/2—) =01 /2) +K—} |
(s) T izb(a/z—) L 33(3/27) + ﬁ} —oxT [25—(3/2—) o 330(3/2%) + ﬁ—] _.
() T :E};(B/Q—) L =(3/27) + w] _ ; ) [Eg—(a/z—) _ =20(3/2%) + »,f-.——} |

) I‘-E" 3/27) = S5(3/2T)+ K — Ap(1/27)+ 1+ K
L b b
= 34X 1“[52_(3/2‘) = T30(3/27) + K= — AY(3/2%) + 0 + K—] _.

() T {Qb(B/Q_) L ER(3/2) + K] — 9% F[Qg(g/z—) s =0(3/24) + K—] .



S-wave decay properties

[0 We calculate the S-wave decay of the £, (1/27) belonging to |65, 1,0, p] into
%2 (1/21)m~(07) to introduce the application of light-cone sum rules. At first
we consider the three-point correlation function:

Mw, w') = /d4$ et (0112~ 5= 1.0, (0) s ()7 7)

R /
- ?sz_[%_]—)zgﬁ_ (@,

O At the hadronic level, we can rewrite the correlation function by using double
dispersion relation:

Ger1- 0o _(ww') = ggo-r1- 0 fE;[%—]f?g
2N EE b Mt Xp [ |27 (Ay,

“[17] T w’)(;"\zg — w)



S-wave decay properties

O At the quark-gluon level, we calculate the correlation function using the method
of OPE to expand in terms of light-cone distribution amplitudes
Tsrism1/=
~ — @) (Aso —w)
3 Wm.?r ) ! Tr-:rr?;?l.-a.' e -
/ dz‘/ duet(I—Ww'tgiuwt o g ( 3/ P () + f ! )f_.-‘JS;w('u.)

A2t (g +mg) T 87213 (1 + g
it
g (:r (7 ) .
1bn P60 - q T CV V(1)

O After Wick rotations and double Borel transformation we obtain

_ b
(1 — 1 — e Ty e
957 15 1-sgn oy 1371/

Y g
R I (w,w’) = Is- 117 1=x07- X (ﬂz—[

b=

(qq)u—r(u)

Ta

3 frm2 £ . We i frm? we AP35 (o)
— 8 ( L T2 f.(— )¢ p. — ! gl .TS ;A ,
% 472 (Mmy + my) fal T )QB-‘W(‘UO) * 872 (1M + Mg Tal T ) du

+—f< ) f(T)/UD (u)d Ffr< G >11/UD | ()f)
qq)1 Uy.p(u)du — =—(9sqoGg Pamlu)au ),
16 1 ! Jo Hm e 256 47 0 sm e




S-wave decay properties

O The S-wave decay properties of P-wave bottom baryons are summarized below

TABLE II: S-wave decay properties of the P-wave bottom baryons belonging to the baryon multiplets [65,0,1, A], [65,1,0, p|
and [6,2,1, A].

Multiplets | S-wave decay channels q S-wave decay width (MeV)
(1) Ta(5 ]—?Ea{%Jr)?T 341477 8507 540
(0) E4(37) = Ei(z7)m 2.3170 5 3101355
6r1,0,9|® S = TEOT 228051 350+48
o (t) = (?} ) — %4_}77 15"1_{1 58 1304—_;:3{]
(u) Z4(5° J—z-zb{% VK = Ay(37)7K | 2.105555 0.020%5 533
(v) W)= 5 (20K 2.72+1-29 -
(k) Zu(37) = As(3)m 4.70%7 5 14007 555"
601y | SE) S EE 340415 1000+432°
B OV R=AC I W W EA ) ¢ 4.56277] 1000 535"

(@) (5 )— Ebfé_‘_]ﬁ’

6.38%5 35

390025300

6.2, 1.A]

() Zu(27) = Zp (3 )
(t) Z(37) = E (3 )
(u) Zp(37) - 53 (3

(V) 2(37) 2 E(3K

2K = A(3)7K

A+0.008
D'Dl_l—ﬂ.{]{]'.-'
+0.005
D'GGQ—D.{]{]E‘:
+0.010
D'DGG—D.{]{]E

+0.012
D'DU?—D.{]{]T

+0.019
0.013+0-012
+0. 00k
D'{]Dd—[].uﬂ'&
273t x 1077
0,008
D'ﬂ[}lli-[].ﬂﬂl




S-wave decay properties

O The S-wave decay properties of P-wave bottom baryons are summarized below

TABLE II: S-wave decay properties of the P-wave bottom baryons belonging to the baryon multiplets [65,0,1, A], [65,1,0, p|

and [6,2,1, A].

Too large to
interpret the
newly

Multiplets | S-wave decay channels q S-wave decay width (MeV)
1) Za(37) = Ze(37)m 3417773 8507 530"
(0) E4(37) = Ei(37)m 231755 310% 755

6010, ZE) 2 TE) 29841 350444

| ®EG) = EGE ) 1547055 1307 55"

(u) Z4(27) = S (3K = Mp(37)mK | 210509 0.020+5-538
(v) %(37) = E(3)K 2.725:38 -
(k) Zu(37) = As(3)m 4.70%7 5 14007 555"

601y | SE) S EE 34041 1000+ 20"

F:- = 5 _— -

(m) Zh(37) = Ael(3 K 456277 10002555

(@) (5 )— Ebf%_‘_]ﬁ’
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D-wave decay properties

O We investigated the following decay channel

(w) T

:25(3/2—) o A(1/27) + ﬁ] _T {2-5(3/2—) o A%(1/2+) + ?r_}

: 3 )
=5(3/27) = Zy(1/2%) + ?r] = 2 x r{;g (3/27) = Z0(1/2+) 4+ 7 ] |
= (3/27) = Ap(1/27) + K| = r[zg—(:a/z—) — AP(1/27) + K—] _.

(05(3/27) = S(1/27) £ K| =2 xT {Qg(:z/z—) L =0(1/2+) + K—]

:25(5/2—) L Ap(1/2F) + ﬁ] T {2-5(5/2—) s A9(1/2+) + ?r_}




D-wave decay properties

0 The D-wave decay properties of P-wave bottom baryons are summarized below

TABLE III: D-wave decay properties of the P-wave bottom baryons belonging to the baryon doublet [65,2, 1, A].

Multiplets | D-wave decay channels | g (GeV _2} D-wave decay width (MeV)
(w) Zp(37) = Ap(3 )| 7.207352 46738
=l (3 — 1+ __ A ==+2.17 ++19
[BF 21 /\] (%) Jb(ﬁ ) — —b(§ )7 4.57 7 67 1673
|G = MK | 544G 6.575
5 (3~ = (1+t\7-| @ =q+2.07 - o+65

O We also show the stability of coupling constant as a function of Borel Mass T
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Summary and discussions

0 The masses and decay widths of the ¥, (3/27) and E;, (3/27) belonging to
|65,2,1, A] are extracted to be

Ms, 30—y = 6.10%0.12 GeV . S, (6097)F - M = 6095.8+ 1.7+ 0.4 MeV,
I = 31+55+0.7 MeV,
Theo | L Bu(3/2-) = 46 5% MeV (total) Exp | 3,(6097)" : M = 6098.0+1.7+0.5 MeV
MEé(B/Q_) = 6.27£0.12 GeV , ' = 2894+42+0.9 MeV.
N =,(6227)" : M = 6226.9+ 2.0+ 0.3+ 0.2 MeV,
=y (3/2-) = 23 135 MeV (total), I = 181454+ 1.8 MeV,

OTheir non-vanishing decay channels are extracted to be
U5, 3/2-)=n,n = 46 T35 MeV
Ty, 3/2-)osir = L3710 x 1072 MeV,
Theo L'z 3/2-yozr = 16 To MeV,
Iz (3/2-)=a, 6 = 6.5 753 MeV,
Tz (3/2-)=zin = 4 75 x107% MeV,

FEL(S/?‘)—)EZ‘K = 2 i_é[l X 10_7 MeV .




Summary and discussions

O The internal structures of Z,(6227)~ and %, (6097)* are estimated to be

A-excitation and |65, 2,1, 1] q,

Q




Summary and discussions

O Especially the branching ratio Is extracted to be

B(2,(3/27) — AVK ™) B(Z,(6227)" — AYK )
B(Xy(3/27)" — E)n) B(=,(6227) — E)7—)
Theo Exp
O Furthermore we predict the mass and decay width of Q,(3/27)

Mg, (3/2-) = 6.46 £0.12 GeV, To,3/2-)=2,k = 58 153 MeV
T, 3/2-) = 58 755 MeV, Lo,/2)»zx = 157 x107° MeV.
0 Moreover the differences within the same doublet are extracted to be

~ 1.

L +1.1
= 0.6 —0.5> |

Theo

Ms,(5/2-) = 6.11%£0.12 GeV, Mg, (5/2-) — Ms,(3/2-) = 13 £ 5 MeV,
Theo ;1[33[5//2—) — 6.291+0.11 GeV f\[g;(‘gm—) — f\[gé(gj/g—) = 12+£5 MeV .
;?\IQb(5//2—) = 06.47 £ 0.12 GeV ., *'?\'[Qb(-ﬁfg_) — *;\'[Qb(-?"fz_) — 11 +£5 MeV .




Summary and discussions

O (a)The 24 known charmed baryons and (b) the (9+2) known bottom baryons
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Thanks for
your attention!



