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Exotic states observed In B decays

 Productions are very important to explore the nature of exotic states, complementary
to their masses and decays.

B decays are a good place for the production of exotic states.

Ay, = J/PpK P.(4312)/P.(4440)/P.(4457) | B* ->D,*m*D- T.50(2900)**
Ep = J/PAK P..(4459) B° > Dt D° T.50(2900)°
B, - J/ypp P.(4337) Bt -» D"K*D* X,(2900)/X,(2900)
B - J/PAp P..(4338) B* —» D°D*0K+ X(3872)
B® - J/ymTK* Z.(4200) B* > Ds'Ds K X(3960)
B* - J/YywK* X(3915) B* - D, n°D° D¢, (2317)
Bt - J/YpK* X(4140)/Z.s(4000), etc Bt - DJ**m®D° D, (2460)
B® - y'mtKt Z.(4430) A, - Dpn A.(2940)
B® 5 y.m¥K* Z.(4051)/Z.(4248)

*Question: Does exist general theoretical method to study decays of B into tetraquarks,

which can help us get more information about tetraquarks?
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Theoretical methods for hadronic weak decays

« QCD-factorization methods are most popular: QCDF, PQCD, SCET.
» They works for energetic final states. First-principle and very predictive.

 Successful for predictions on CPV of B decays.

\A:'/ % L ‘l % factorlzatlon .

» However, tetraquarks are usually heavy. Final states in B decays are not energetic
enough. No factorization ansatz works.

» Topological diagrammatic approach is helpful to study decays of B into tetraquark.



Topological diagrams

*Decaying amplitudes are classified according to : wgé : W
1 (z:)c

the weak flavour flows
(a) T

* All the strong interaction effects are included.

Non-perturbative contributions are all considered. >NW< \/gg
[Chau,’86; Chau,Cheng,’87]
(c) A

(d) E

Topological diagrams Feynman diagrams

[\ X () /\ X
|| ||
\J . \J__

No Feynman rules, cannot directly Have Feynman rules, can be
calculated, but extracted from data directly calculated




Successful prediction on charm CPV

Meson Mode Representation Bexp (%) Bsie (%)
DY K ot VEV, (T + E) 3.91 = 0.08 3.91 +0.17
K070 LV V,(C — E) 2.38 + 0.09 2.36 + 0.08
K°n V;"sVud[\{%(C + E)cos¢ — Esing] 0.96 = 0.06 0.98 + 0.05
K°n’ VesVudl 75(C + E) sing + Ecosg] 1.90 = 0.11 1.91 = 0.09
D+ Ko™ ViV, (T + C) 3.07 = 0.10 3.08 = 0.36
D} K°K* ViV, (C+ A) 298 = 0.17 2.97 = 0.32
at ! 0 <0.037 0
7t n ViV, (v2Acosd — Tsing) 1.84 +0.15 1.82 + 0.32
atn V* V. ,(\2Asing + T cosd) 3.95 +0.34 3.82 + 0.36
U dls
Tree /s
C dls
> >
L_t <€
dls
u
v u q
Penguin ( L

T=314%0.06  C=(2.61 = 0.08)e 152D,

E = (1537380 12=2° A = (0.397343)e’®1=3)"

Cheng, Chiang,’10

Tree diagrams are determined by data
of branching fractions

Understand the dynamics at 1GeV

Relate the penguins to the trees,
with the known dynamics at 1GeV



Successful prediction on charm CPV

AAqp (X1077)

F— Theory
e LLY e Experiment
- T I I =

2011

2012 2013 2014 2016 2019

Saur, FSY, Sci.Bull.2020

AArp=A p(DP = KTK™) — Arp(D° — nt77)

Th: the only predictions of O(10-3)

CC.: topological approach + QCDF H.Y.Cheng, C.W.Chiang, 2012

LLY: factorization-assisted topology (FAT) H.n.Li, C.D.Lu, FS.Yu, 2012

Exp: LHCb, PRL122, 211803 (2019)

Topological diagrammatic
approach successfully
predicted the charm CPV !!!




Successful prediction on = . discovery channel

- What decaying channel to search for double-charm
baryons is an important problem before 2017.

. . . . e
» Predictions are required for largest branching fraction. z<
WA 4
. . . . ' . """ i
» Topological diagrammatic approach may help. - S =
. color-favored tree emitted color-suppressed emitted  color-commensurate
» Less data can be used to estimate the order c ds |
: : /4
of magnitude of the branching fractions .d,ng C; . W C; . C!
(E1) (E2) (B)

W-exchange 1 W-exchange 2 Bow ti
FSY, Sci.China.PMA, 2020 exchange exchange ow tie



Relations between topological diagrams

» Hierarchy of topological diagrams in heavy quark expansion

SCET IC/TINIC,/TIfVI E/TINO(AQCD/IHQ) Leibovich, Ligeti, Stewart, Wise, 2004
charm decay: |C/TI~IC’/TI~IE/TI~O(Aqcp/mc)~1

. BESIII measurements on A" decays are very helpful BESIII, 2016

Représentation Bexp
Asd(C + E) (3.04 +0.17)%

Aed(T —C"+ B —E)/V2 (1.24 £ 0.08)%
AodE (1.18 £ 0.27)%

Br(A¢ = pd)/IVus|?=2% —> Br(E& - ZFHK*°) = 0(%)
|
Zee’ > AcmTKm Data support hierarchy relations

w++




Successful prediction on = . discovery channel

Modes Br(first)(x107°) Br(final)(x10~?) Representation
p(DT /D7) o 8. 0.2 Ccm Ved Vud
p(Df /D°K™) 0.4 0.01 Cem Ved Vus
(pK~n /ST (DT /D7) @ 80. 2. Ccm Ves Vud
(pK~nt /ST (DS /D°K™) 3. 0.1 Cem Ves Vus
Vs anlCar 3. 0.2 -(Ct Ved Vud) LHCb’ 2017.07
(Afnt)(KTn™) 0.2 0.008 Ct Ved Vus "
Arrt) (K- 7t) @ 50, 3. Ct Ves Vud R
(Afn ™) (KTK™) A 2. 0.08 Ct Ves Vus ]
Afnt & 30. 1. Ccb Ved Vud + T Ved Vud - - Background |
AFK?F 1. 0.06 Ccb Ved Vus + T Ved Vaus 5 ook b bt g AT
(AFnT K= /E0nt @  400. 20. Ccb Ves Vud + T Ves Vud G
(AfnT K~ /JENK™ 20. 0.9 Ccb Ves Vus + T Ves Vus et

m_, (Ee) [MeV/c?]

> ATK nnt

- discovery channels: Br=0(103-4) | B/ > AJK zn"zn™"

34

Talk at LHCb in 2016.12 [FSY, Jiang, Li, Lu, Wang, Zhao, ’'17]

10



Topological diagrams of decays of B into tetraquarks

7 ] M\ <
f( 1 U 0
b c < ‘ (_‘_/\
e RN 1

|

Vi

<
T By T,
oo
/N : : (‘ {/\ << ' —
“ | < ‘\/‘ > . .
Hﬁi S » [Qin, Qiu, FSY, 23]
[ \‘gl /N ] ]
\ /' . \\/ \J & » \
C E

* No explicit values of decay amplitudes are given. But provide relations between
decay channels.

» Processes with identical topological diagrams share analogous branching fractions.
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Topological diagrams of decays of B into tetraquarks

» Processes with identical topological diagrams share analogous branching fractions,
regardless of what spins and flavor SU(3) representations of the final states.

Meson  Mode Amplitudes Bexp(x107°) BraT(x107°)

E0 VsV, Brexp
DK~ E B ioF 3.45+0.32 3.010:5+0.0+£0.3 B~ s D~ Xo(2900)° (123 + 0.41) x 10-5
Dt K~ E xX Y€ 2.19 £ 0.30 2.27994+0.0+£0.3 B~ - DX, (2900)° (6.73 + 2.26) x 10-3
DFK*- E 3.5+ 1.0 3.87054+ 0.0+ 0.6

B’ Ven Vi
DK’ C 5.2 4+ 0.7 4.0+0.0+1.0£0.0
DK’ ¢ o yCei?” 36+12 45102 £ 0.9+ 0.5 v
DK™ C 4.2+ 0.6 3.74+0.2+0.7+0.2

Meson  Mode Amplitudes Bexp (X 1073) Brat(x1073) B

§2 Vo VX, — - :-\'(,..(29()())
Dfm- T ¢ ctorization 304+ 0:23 3.02 £ 0.00 £ 0.6 £ 0.01 g O 1 \ )
D*+r- T 2.0+ 0.5 2.71 £ 0.00 + 0.54 £ 0.01 T
D p T 70+ 1.5 7.86 4 0.00 + 1.57 = 0.79 )

[Zhou, Wei, Qin, Li, FSY, Lu, '15] [Chen, Han, Lu, Wang, FSY, '20]
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B decays into hidden-charm tetraquarks

Modes Topological amplitudes Experimental processes Experimental processes
B~ — T T VeV B~ — D®WOpW—g B~ — J/YK ¢ [29]
B’ - T ;a9 T Ve Vi B’ - DW+DM ¢ B — J/yK™¢
U

B — J/ynTK™ [24]
B~ — TiazK"" T VyV* B~ — D®Op®-KX  p—  jrunr— K
B. » Tes K" (Ty+E) VyV* B. —» DM p»-x° B 5 jykoKk™
B — T.aus K- (Ty + E) Ve V* B — DWD™ k- B, > JJYK+tK-
B, > T.-m" E Vo,V B, > DWTD™n- B, > J/yntm-
B) — Tegan* E VeV B) — DMOD® =g+ B) - J/yn—nt
B’ — Taan™ Ty Vo V¥ B’ — DWODM~x+ B > J/yK -t
B~ > T..n" Ty VoV B~ — DM+t D&~ - B~ — J/YK 7
B~ — Tz %Tl Vep VX B~ — DWOpH®~70 B~ — J/YyK ="
B’ > T n° +5Ti Ve Ve, B’ — D®W+pM 70 B’ > J/yK
B, > T. ;K™  (T\+E)V,V: B) — D®W+p®-g®0  B) gy K K®O
B) - T.euKt (Ty + E) Vo VX B) — DWOpW~ g+ B, > J/yK~ K+

[Qin, Qiu, FSY, 23]
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Z.(4200)", Belle 2014



B decays into hidden-charm tetraquarks

Modes Topological amplitudes Experimental processes Experimental processes

» Suggest to search for all the

B~ — D®OpH- B~ — J/YK ¢ [29 . .
” ? 5T vE el processes with T, diagrams.
— DM+ PP~ 4 B — J/UK "¢
— pW+p™ k- B - jwntk- 41| ¢ Itis helpful to explore the
K B~ > J/yn K" nature of observed Z. (4000)
* )+ ~(x)— 7 0 —0 0% ()0
(Ta + E) Vep Vi = D" DK By = JIYKTK and Z.(4200).
(T + E) Ve V* — DWDM k-
It might be used to
BY - Toqan™ E VyV* BY > DWOD®—7+ B > J/yn—nt distinguish whether the
B > Tzant Ty Vo V¥ B — D®OpW—+ B — J/yK nt exotic states are resonances
B~ > T, n~ Ty Ve VX B~ — DW+DHM g B~ — J/YyK - or non-resonant kinematic
B~ — Tcgsgn'o %T] Vcbvct BT — D(*)ODg*)_n’O B — ]/lﬁK—NO eﬁeCtS
B’ — T, ;7° +5Ti Ve Ve, B’ — DWH DX~ 70 B’ — J/yK =° . -
BY"—->T.:K  v.s. B >1T._.,K
B, - T.. ;K0 (Ty + E) Vo VX B) — D®W+p®-g®0  B) gy K K®O ccud cedu
B) - T.euKt (Ty + E) Vo VX B) — DWOpW~ g+ B, > J/yK~ K+

[Qin, Qiu, FSY, '23] i



B decays into open-charm tetraquarks

Modes Topological amplitudes  Experimental processes Experimental processes , |

[\ ] A
B~ — TsqasD®*t  C VapVE B~ — D 7 D™t [32,33] B~ — D® K- D®* > [ d | D~
B > T.; DM CV,V* B’ > DM x+Dp™®0(3233] B’ — DK D®0 (a4 _
B~ — Trgs DO V2C VeV B~ — DK~ D* 5~ T T

\) —

B’ > T.; DY J2C vy B’ > DK’ DY - - Citds

L U \J

C

T°,(2900)**9, LHCb 2022

Eg — Tequsm’ %(7@ —12) Vo V), Eg — Dt 70 Eg — DWIKI70
B, > TeassK~  ~2T3 ViV, B, > DM KOK-

B~ = TausK~  (T1 +T3) Ve V5, B~ — DM n—K- B~ — D®OKOK-
B~ — T.gagn’ (i+T-T) VeV, B~ — DWg—x0

B, > Tkt 2T VoV, B, > DWOg—K+

B — T.uis Ty VoV, B — DM n—¢ B) — DWOKOp

B > TaisK™  (E+T) Vo V¥, B - DYk’ B’ — DWOgOE™’
B' > Taguan®  NAE+T)VaVY B — D®Og—g+

B~ > TeuaK™0 V2T, Vi VY, B~ — DWOK - K ™0

B - T, ;K™ (E+Ty) Ve V7, B’ — DWHK—K®0 B’ — DWOK’ ™0
B’ = T.i:K*t V2 E Vap V¥, B s DO -+ X0,1(29OO), LHCb 2020
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B decays into open-charm tetraquarks

. : imental processes
Modes Topological amplitudes  Experimental processes Exper1 p -
— e
B~ — Taas DV C VeV B~ — D\ x~ DO [32,33) » Suggest to search for a
CuU
— (¥)— _ 4+ n(%)0
D7t DWY [32,33] .
C VcbV:g B =D th C Or T
~g-p®+ Ses Wi
B~ — Ts:io DT V2C Vep Vi B~ — Ds(*) K Ds(*) prOCGS 3
e ) 20 p®—p0 p+ .
ST, DY A Vv KD N diagrams.
C - ®+ K= D®= [30] B~ - DWYK'D
T3 Vep Vi B~ = D™k —0—(%)0
CcS — (%
_=(#)0 70 @E’D .
T3 Vs V5, B - DWK-D B’ > D » It is helpful to explore the
— (*)OK—E(*)O a
2T3 V., V* B~ > D (2900
VI Va Vs 9+ 70 - nature of observed T ( )
VT3 Ve Vs N 20 ()0 g0 0
B.—> D T
75 (T = T2) Vo Vg ’ and X() 1(2900)'
«/zT3 Vcqu*d . . n
B~ — DWOKVK- : ISh
(Ty +T3) Ve Vi3 * It might be used to distinguis
T+T—T2)va*d .
L T = whether the exotic states are
B~ Taaak ™ V2T VoV, 0o BY - DMOKO Nt
B - Touus T VeV, B - D g B, > DK% resonances or non-resona
s cdus 0 )+ —=(*)0 B — DWOE0E
B > Tk ™ (EXT) Vo, gy K+ kinematic effects.
O —
B — Teaaam™ V2E +Ty) Ver Vg B — D ()0
_— 0 — *
B~ — T..;: K™Y \/§T2 VcbV*d B~ - D®PK~K —0
cSUil u 0 DO+ g — g (0 EO — D®OE" g ()0
B’ — T, qK™  (E+T) Vay V5, fo - o
B’ — T.aaK™* V2 E VoV, B — DPK K
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Summary

» Topological diagrammatic approach has been successfully used in the
phenomenological analysis in charm CPV and double-charm baryons.

» Topological diagrammatic approach is applied in the tetraquark production in B
decays.

» Some relations are obtained for branching fractions between different channels.
» Experimental searches can help to distinguish the nature of exotic states for

resonances or non-resonant kinematic effects.

Thank you!
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