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Discovery of excited bottom baryons
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Internal structure of bottom baryons

OBased on heavy quark symmetry, the internal structure
of a bottom baryon(b-q; -q,) is :

]=SQ+Sq1+Sq2+lp+l)L

p-excitation

=59 +(Sq1+Sq2 +1, + l;l)]_l
=59 +(s;+1, + l)l)jl

A-excitation

S1 = Sq1 ® Sg2

1= Q1L &1,




Categorization of p-wave bottom baryons

Thus the wave function for baryons can be written as :

| qqq ) 4 = | color) 4 x | space, spin, flavor ) g

The Pauli principle can be directly applied to the two light quarks:

» color— 3, antisymmetric

: O symmetric 3r3;=6p03
> orbital—1, Y : : r & 3r=6r®3r Qi (ssb)
1 antisymmetric
> SBin—s 1 symmetric =0 (ush)  Ep (dsh)
SN = . . =2 (usb
P 1 O antisymmetric \/ s
6 symmetric
> SUQ3) flavor { 3r antisymmetric As (udh) Showb) TP b % (ddb)

3. 6,



Categorization of p-wave bottom baryons

O We defined the notation of the bottom baryon's multiplet :
[F.ji.51.p/A]

P-wave bottom baryons : [,+,=1

> color— 3, antisymmetric | qqq ) 4 =|| color) 4
0 symfhetric
1 antjsymmetric (3¢), (1,=0), |(sqq:o)A (3r),
1 symmetric

O a@isymmetric ‘ y ’

6| symmetric A S
» SU(3) flavor— F13Y . : o
antisymmetric T (1 3 )

[3r.1,0,A) AuiG5 .2 )Em(5 .3 )
7

N

¢ | space| spin, |[flavor ) g

> orbital—1, {

> spin—s,, = {




Categorization of p-wave bottom baryons

We defined the notation of the bottom
baryons multiplet : [F,j,,s;,p/A]

P-wave bottom baryons : 1,+[,=1

> color— 3 antisymmetric
0 syfnmaetric
la ‘risymr?et ic
1 symrmoetnic
O @ntisymgefric

r Symgetric
3r antisymmetric

> or'bi‘ral—>lp{

> spin—s,, = {

» SU(3) flavor—



Categorization of p-wave bottom baryons

We defined the notation of the bottom

baryons multiplet : [F,j,,s;,p/A]

—

1= 3~ 1= 3”
Ju=1:Aps (5

Sqq:OagF ,; )‘-‘bl( : 7 )[3F 1,0,A]
17\~

1,=0
P-wave bottom baryons : I+l QT
> color— 3. antisymmetri
> orbital—1, {Olsa ,r?; "r\'lc N
> spin—ss,, = {1 symreetric o =0
0 @ntisymgetric
m@etric

> SUQ) flavor— 3r antisymmetric

Sqq:O’6F_7'l_1'Zb1(

J1=0:2po(5 )“60(2 >Qbo(2 ) [6F,0,1,A]
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»-wave bottom baryons

Cateqgorization of

). 925G )
> ).2%G)

). 25G )

-

P-wave bottom baryons

of SU(3) flavor 6



.
Contents

Sackground
- P-wave bottom baryons of SU(3) flavor 6,

Mass spectra of bottom baryons
Decay widths of bottom baryons

/ S',Jmmf,f,r/

11



QCD sum rules and light-cone sum rules

O0In QCD sum rules analysis, we considered two-point correlation function:

I (q) =i [ d*xe'™(0|Tn(x)1(0)|0) (1
0 In light-cone sum rules analysis, we considered three-point correlation function:
M(p, k) = [ d*xe™* [ d*ye™ (0] Tn, (x)n3(¥)N1(0)|0) (2)
Further, the three-point correlation function can be rewrite as two-point correlation
function:
N(p) = [ d*xe™P*(0|Tn,(x)72(0)|p\K*) (3)

where n are the currents which can couple to hadronic states.

O0In sum rules, we can calculate Two-ﬁoin‘r correlation function at quark gluon level
and hadron level and perform quark-hadron duality

Quark gluon level(Operator Product Expansion) quark-hadron | Hadron level

Operator: quark-gluon condensates(QCD sum rules) duality Observables: mass,
light-cone distribution amplitudes(Light- coupling constant

cone sum rules)

12



Mass s

ectra of p-wave bottom baryons
@, Working Baryons Mass Difference
Multiplets (GeV) region (GeV) A (GeV) i8) (GeV) (MeV)
6,.1.0.p] 183 027<T <034 131+£011 %,(1/27) 6.05+0.12 341 Exper‘imen?:
¥,(3/27)  6.05+0.12
198  026<T <036 1454011 Z,(1/27) 6.18+0.12 3+ 1
— —
=,(3/27)  6.194+0.11 ( )
213 026<T <037 1584009 Qu(1/27) [6.32+0.11 %‘Qb 6316
Q,(3/27) 1632 +0.11
6,.0.1, 4] 170 026 <T <032 1254010 %,(1/27) 6.05+0.11
185 027<T <033 1404009 Z(1/27) 620+0.11 -Qb(6 340)
200 027<T <034 1544009 Qu(1/27) 634+0.11
6,1, 1,4] 194 029<T <036 1254011 %,(1/27) 6.06+0.13 ( )
%,(3/27)  6.07+0.13 Oy 6330
197 035<7T <038 1384009 Z,(1/27) 621+0.11
2/(3/27)  6.22£0.11
200 038<T <039 1.48+0.07 ©,(1/27) [6.34+0.10 Eb (609 7)
Q,(3/27) [634£0.09
2, 184 027<T <034 130+0.13 %,(3/27) [6.11+0.16 12+5 =
¥,(5/27)  6.12+0.15 / ub(6227)
196 026 <T <035 1414012 E,(3/27) [6.2340.15 [1+5
=(5/27) 624 +0.14
b( y
208 026<T <037 153+010 Q,(3/27) |635+013—t10=4 .Qb(6350)
Q,(5/27) 6.36+0.12
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Light-cone sum rules studies on the decay widths

O For example, we studied the D-wave decay of the 2,(3/27)
belonging to [67,2,1,A] into Z} and K.

=5(p1) « The two-point correlation function can
be wrote as
Qp(po)
M*(w, o)
g . —_
_ / dhxe (0109, g o1 ,(0)]2 ()|K™(g))
K~ (p2) ’
Feynman diagram of decay of Q}(3/27) 1+9¢ )

=7 Copome (@), (4)

> At the hadron level, we wrote correlation function as

f Q; [%—]f =)

b a *« o .
3_] _ CU,)(/_\E? _ 0)) y qy5q —|_ (5)

G* _ w.0') = go-
QEB‘]—%K_( @) o

Phys. Rev. D 101 (2020) 11, 114013 14




Light-cone sum rules studies on the decay widths

» At the quark-gluon level, we calculated IT* by the method of operator product
expansion(OPE)

a
G 3z (@

/ dt/ due —u wt inwt X 8 X (f4Kmt2u¢2K( )+ me u ( )

12(m, + m)e P>
fxmsmyu fK sU fKM fxmgmyut* o
+48(mu—|—ms) 595k (1) + oA Dk (1) + 12 —5 (38) 2.k (u) + 288(mu+ms)<ss>¢3?1<(u)

K _ K _ .
A (65068} ) + T (5068 ) ) - arsq

iw u z(u l—ar—u ngI/l f3K
f dt/ du/Dae l‘(12+ (13 Z( —0)— (13) X (zﬂ-ztz (I)S;K(Q) _27[2l‘2 (I)3,K(Q)

lf31<” a3 [f3g ifsxu
DO, (a) + D, (a) —
21ty - g sik (@) 21ty - g k(@) 21ty - g

‘Da;K(a)) Xy qysq®+ -, (6)
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Light-cone sum rules studies on the decay widths

OWe performed double Borel transformation for these two functions

. , . 2 .
8X(‘lf""ﬁ“'b‘“ﬂfz(&)%ﬂd“o)—u(if'l”ﬂ% 1 (5 Jiatu0 + Lo (st

_ . o 1
+ it (5s)Tfo (&> bk (uo) — QSQ{Kmf(f)n ) (55) Tgbg;K(MO) - U;I;;‘O 557 ¢4 (o)

192 3072

a 1
_( lf3KT3f2( )/ d(xz[_l d(13( (I)BK )_a_3q)3;K(Q)>

+ L (%) e [ oy @@+ @®i() - D) ). (7)

as Oas

. | 1
_ Ukt (9,506Gs) _¢2;K(”O) it (9550Gs) FC[M;K(”O))

—

b- = 3.92 -
gQgE |-2pn- 72715 GeV 2‘
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Light-cone sum rules studies on

O The coupling constant gg_[ﬁ—]_)

g(Qz[3/2 > =8K) [GeV2]

Egn_

as function of the Borel mass T

11

3 ! ! ' 3

0.20 0.26 0.31 0.37 0.42
Borel Mass [GeV]

the decay widths

O Lagrangian:

EX;,(3/2_)—>Y,,(1/2+)P

= 9Xp,(3/27)y,75Y,(1/27)0"O" P

OPartial decay width

NQ;(3/27) - =)+ K7)

A
327[2m3

2
% gQ;[%_]*E(;K_ X P2uP2,P2pP2.6

x Tr [Jf”J/s(ﬂl + my)y°ys

Pl RN L))
y (g,,ﬂ_}' e

3

3m0

PoPo
3’;20> (#o + mo)]
0

- FQ— P—
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Probable decay channels

O We studied the S-wave and D-wave decays of P-wave Q, baryons
info ground-state bottom baryons with a pseudoscalar meson Kaon.

® S-wave( ->ground-state +pseudoscalar ) ® D-wave(-> ground-state +pseudoscalar )

I[Q,(1/27) — 5,(1/27) + K] = 2 x T (1/27) » 20(1/25) + k-] 1 TI[1/27] = Ej + K] =2xT[Q)[1/27] - B}’ + K]

[0, (1/27) = E,(1/2%) + K] = 2 x T[Q;(1/27) = EP(1/2%) + K| 1T[Q,[3/27] =&, + K] =2xT[Q;[3/27] = E) + k7]

D0,(3/2) — E5(3/2%) + K] = 2 x T[Q; (3/2) » 2003/27) + k-] L B/27] =8, + K| =2xT(Q; [3/27] > &)+ K]
[[Q,[3/27] = E;+ K| =2xT[Q;[3/27] > E' + K]
[[Q,[5/27| > 5, +K|=2xT[Q;[5/27] = E) + k]

r[Q,[5/27] =2, + K] =2xT[Q;[5/27] > E0+ K]

T[Q,[5/27] =&+ K] =2xT[Q;[5/27] > E0+ K]

18



Probable decay channels

0 We also investigated their S-wave decaying intfo ground-states with a

vector meson K*. Then, K* decays into double pseudouscalar mesons
pion and kaon.

® S-wave( ->ground-state+ vector -> ground-state + double pseudoscalar )

T|[1/27] 5 S+ K* =S+ K —r] _3x I‘[flb 1/27] - =0 4+ K + ﬂ-} |

T[22+ K* 5 Z,+ K —r] _3x r[fz [1/27] = 20 + K° -|-T.'_]

([1/27]| 55+ K* =5 + K —r' r[fzb 1/27] = 53° + K° +ﬂ-]
x T

03/27 ] 2 S+ K* =S+ K +7 Q;[3/27] =+ 20+ K° -I—F.'_]

0,[3/27] = 55 + K* -5 + K —r} —3xT|Q;[3/27] 5 50+ K* + 7

I_'F,I

r

r |

T[[3/27] =+ K* =S, + K + 7| =3 x I‘[f ~13/27] = =0 + K + T.'_}
r

r

thjs,fz-j LS+ K =S+ K —rJ =3 x r{fzb 5/27] = 510 + K° -|-F.'_J

19



Probable decay channels

multiplets

Q;

z;

([95,1,0,p

]
[Q5,0,1, 4]
[Q5,1,1, 4]

]

[95,2,1,1

([25,1,0,p

]
[Z5,0,1, 4]
[Z5,1,1, 4]

]

[Ep,2,1,4

[Z5,2,1,4

[£E,,0,1,4

]
]
[Z5,1,1,4]
]

P-wave baryons

Q,(1/27)

Q,(3/27)
Q,(5/27)

X, (1/27)
X, (3/27)
X, (5/27)

Ep(1/27)

Ep(3/27)
Zp(5/27)

ground-state
S-wave
b-wave  RETCZANEA * n
<E;’ 1/2%) 32 decay channels
Ep 3/ 2+)>
S-wave ° oF K*
S-wave " = -
D-wave (Ap(1/2 ))§F .
<Zb 1/2 +)> 32 decay channels
* +
S-wave 2p(3/27) 6F
= (Ab(l/ 2+)>
= \"/ _
SR \ 5 (1/21) )
w 2 (1/29) \°F 64 decay channels
gp, (1/2%)
S-wave 2y (3/2%)

Total: 128 decay channels

2,(3/2%) - 20



O P-wave bottom baryons belonging to the [6,2,1,A] doublet decay into
ground-state baryons accompanied by a pseudoscalar or vector mesons

[6F - 2 - 1 - A] Baryon Mass Difference Decay channels S-wave width | D-wave width | Total width Candidate N (b) Bottom baryons &35
() (GeV) (MeV) (MeV) (MeV) (MeV)
To(§ ) =+ Aem 19.6 1155 5 n
T(27)[6.11£0.16 E% ) a— L6 24 51.4 +185 | mu(6007)F TN ==
- 12+5 Tu(27) = i 0.019 *-8s 0.23 738 ] — L s
%5(27) = Top = Tyrw (1.4 13%) x 10~ -
Ya(37) = Aem 20.8 13534
T, (37)[6.12+0.15 Th(37) = Do 0.36 5.3} 23.3 233 = -2
T(37) > Tiw 2.1 43 = =
ZH(3T) = Sam 19.0 *353 —f — o é
EL(37) = MK 7.4 TR E = E
=(37)[6.23£0.15 s Sh(37) = S 0.70 +1-13 27.3 7155 [[=e(6227) g B E
ZH(E7) = S 0.007 1008 | g2 01T Z Z
4(37) — Shp — Spw (5.6 121) x 10~ = L, O
ZHET) = MK 34133
S(37) = Ser 8.1 F12
=H(37)|6:24£0.14 SET )= T 0.17 133 12.7 H124 B
=3) =S 1.0+l
EWET) = Eip— Siwr (1.4 *35) x 1071 L 5.7
(3 )[6a5x013] Q,(37) =+ T K 16 1] 1633 |oue3s0)- (] it
2(27)6.36 £0.12 M(27) = S K 2.5 138 2.5 133 T
Ab Th ZEb  Ap



Results

O Partial and total decay widths of P-wave bottom baryons belong to the
[6r,1,0,p]. [6F,0,1,A] respectively

[6£,1,0,p]

Baryon Mass Difference S-wave width | D-wave width | Total width .
, Decay channels Candidate
(57) (CeV) (MeV) (MeV) (MeV) (MeV)
Tu(37) = T 710
Ty(i7) = Diw 0.62 710
,(17)]6.05 £0.12 o3 ) , :
4t h(3 ) =+ Avp = Aurr 4.3 x 107%
Th(37) = Dem 0.84
L HY R 410 0.098 410
¥, (37)|6.05 £ 0.12 ulz )2 % ,
Th(27) = App — Aprrr 5.1x 1077
=HEY =i 250
E(iTy|6.18 £ 012 Sh(57) = Siw 0.29 250
SHLT) = Eup — S 1.2 % 107%
141 b[ 5] :I P LTI
EL(3T) = S 0.47
Ef7)|6.19£011 i3 ) = Sin 160 0.064 160
ZL(537) = Eup = Sawrm 8.0 > 107%
Qu(i)|632+0.10 ~ 0
2 241 Q4(6316) [Ag
(3 )|6.32+0.11 ~ 0 { ‘

Baryvon| Mass |Difference S-wave width | D-wave width | Total width .
, Decay channels Candidate
(i) (GeV) (MeV) (MeV) (MeV) (MeV)
Ta %_] 605 =0.11 Eb[%_] — Ay 1300 1200
Sh(% ) = S 990
Ei(z )|6.20£011 h[i_ ) 1900
S5 )= MK 910
E?f,-l%_:l 6.34 +£0.11 ﬂl.[%_] — EpK 2700 2700

— (b) Bottom baryons

0.8 —

0.6 —

= haseline (GeV)

_é —
b Y+
= 37—
— T
1z — 39
Y2+
0.2 u
— O |
Tias
B L 57
Y
Ab Eh Zh Qp 22

Botom baryon mass (GeV)



O P-wave bottom baryons belonging to the [6,1,1,A] doublet decay into
ground-state baryons accompanied by a pseudoscalar or vector mesons

[6r.1,1,A]

Baryon| Mass |Difference S-wave width | D-wave width | Total width o
) Decay channels Candidate
(") | (GeV) | (MeV) (MeV) (MeV) (MeV)
Ta(17) = Dyr 14.1 +232
Tu(37) = Eiw 0.076 tH11 | 143 T3
Yp(3)|6.06 £0.13 - 13 ) o — —0.076 10.9
6+ 1 Eh[% :I —+ "‘l'-hf*' —+ "‘l'-f.l-"T‘J_- 0.087 +t.'[;:’
Te(37)— L 0.55 £2-22
b3 i 7.0 5.8 -y +0.006 48 5.9
E,—_u:%_:- 6.07 £ 0.13 : ol )= & 3.9 o 0.070 Ty o4, —2.0
Ta(37) = Avp = Merrm 0.23 *048
Ef"l:jj — =LA —15 _r;i
Si(37) (621 £ 0.1 E4(37) = Sim 016 015 | 47753
- Z(3 ) = Eup =+ S 0.043 5078
Sh(3 )= Sin 0.34 05
: B2 )= Eiw 1.3 £o 0.051 H50eT .
=5(37)[6.22:40.11 o3 ) fis | 0051 Tos | gsaon
] Zh(37) = Eop = By 0.078 +0-147
Zh(37) = Ehp = Shaw (5.5 84y x 1078 )
Qu(37)|6.34 2010 ~ 0 W"
0(37)|6.34£0.00) ~ 0  [os(6340) [17]]

0.8 —

0.6 —

0.4 —

Mass ahove baseline (GeV)

(b) Bottom baryons

-

12+

— 6.l

— 5.9

0.0

Bottom baryon mass (GeV)



OWe categorized the P-wave bottom baryons of the SU(3) flavor
6y into four multiplets: [6,,1,0,p],[6£,0,1,A], [6£,1,1,A] and
[6£.,2,1,A]

OWe studied the mass spectra and decay properties of P-wave
bottom baryons using the method of QCD sum rules and light-
cone sum rules within the framework of HQET

> 3,(6097)* — P-wave I, baryon € [65,2,1,A], JP=3/2"
i > E,(6227)" - P-wave Z;, baryon € [6;,2,1,A], J'=3/2"
i > 0,(6350)" — P-wave Q, baryon € [6,2,1,1], JF=3/2"
i > 0,(6330) — P-wave Q, baryon € [65,1,1,1], JP=1/2"
i > ,(6340) — P-wave Q, baryon € [6f,1,1,4], JP=3/2"
i > 0,(6316)" — P-wave Q, baryon € [65,1,0,p], JP=1/2 or 3/2—

Thank you for listening
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