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Introduction



Discovery of Xi_cc™M+

2140 oS,

ABOUT NEWS SCIENCE

LHCb announces a charming new
particle

The LHCb experiment has reported the observation of a baryon containing two charm
quarks and one up quark

6 JULY, 2017
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Other observations on Z}F

LHCD
C N\

Measurement of the lifetime of the
doubly charmed baryon =TT

CC
PhysRevLett.121.052002

0.256 79922 (stat) 4 0.014 (syst) ps
AYK = mtpt

First observation of the doubly

charmed baryon decay
Eft o Shpt

PhysRevLett.121.162002




Other studies on Z}F

Two most promising channels!
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« ZXF belongs to SU(3) triplet (5, EX., Q.
* Can decayinto A, or &, (SU(3) anti-triplet)

 CandecayintoX ., E., Q. (SU(3) sextet)



List of studies on weak decays

1. Doubly heavy baryon weak decays: Zp. —» pK~,Ef. - X}tK~  1701.03284
2. Discovery potentials of doubly charmed baryons 1703.09086
3. Weak decays of doubly heavy baryons: the 1/2 -> 1/2 case 1707.02834
4. Weak decays of doubly heavy baryons: SU(3) analysis 1707.06570
5. Weak decays of doubly heavy baryons: decay constant 1711.10289
6. Weak decays of doubly heavy baryons: Multi-body decays 1712.03830
7. Weak decays of doubly heavy baryons: the 1/2 -> 3/2 case 1805.10878
8. Weak decays of doubly heavy baryons: the FCNC processes 1807.03101
9. Weak decays of doubly heavy baryons: B.. = B.V 1810.00541
10. Weak decays of triply heavy baryons 1803.01476

...... | am sorry | can not list all of them

* Most of them adopt QCD-based phenomenological model
e Model independent calculation is highly demanded

1. QCD Sum Rules Analysis of Weak Decays of Doubly-Heavy Baryons 1902.01092
2. Light-Cone Sum Rules Analysis of EQqu = Ay Weak Decays 1903.03921
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QCD sum rules
Hadronic side



Form factors

Our standard parametrization:

1(\]4—:f2(q2) + qﬁuf:s(f)]u(m,sl)

. g q
— U(p2, 52)[191(¢%) + ZG#V]V_L?92(Q2) - M"gzs(qQ)]%U(pl, s1)

(B2(p2, s2)|(V — A)u|31 (p1,81)) = u(p2, 82)[’Yuf1(q2) + 10,

Our practical parametrization:

(Ba(p2,s2)[(V — A)u|Bi(p1,51)) = ﬂ(p2,82)[&F1 + 2P 4 Y F3lu(py, s1)

M,y Mo
_ i Pipq~o | P2 G
U(Z?Q,Sz)[Ml 1+ M, 2 +7,Gslvsu(p1, s1)
Mi+Ms My+M
fi 51\111 ? %\Affz = 1 Fy
f2 | = 5 m 0 F,
1 M
I3 2 —om; Y Fs
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¥, R
Hadronic level: version 1 s
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12 Dirac structures

T = X\idy

(p2+M2)(F1pl” +F2p2“ + F3vu)(p, + M)

(pt — M7)(p3 — M3)

{?27 1} X {pluvpm“fyu} X {Zblv 1}

by {p27 1} X {pl,u} X {plv 1}
F {1} xAp2u} x {p,, 1}
b {Z%? 1} X {’VN} X {plv 1}

3 form factors, 12 Dirac structures!

Tonld
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Hadronic level: version 2

Vo _
1L, =

/ dhzdtye= P02y (0T (y)V,,(0) T3 () }]0)
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I_z/dpz
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V,pole
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p1 M2‘

(0]J4[B-(p, s)) = (i75)A\-u(p, s)

(P, + M) (S Py + B + B (py + M)

(P M2+2)(p1 M)

(P, + M) (R + JF + b ) (py — M)

(V3 — M%) (P — M)
e (P MOEEFT o BBy — B O, + M)
o (V3 — M5 %) (0} — M)

(p, — My )(%&—F" + %‘i—F“ Vs ) (=p, + M)
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_ yHat
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Hadronic level: version 2 s
Pyt M) @@@ + )
)\+)\+ G

V.,pole __
I, 7" = — M%) (p? — M;?)
D @@ i
+ f M+2
(3}

] <¢2—M2><%@+@—v@ + M)
| (13— M; ) (0] — M7)

0, — M)+ &t@— w@(—zﬁl + M)

(3 — Mz %) (9 — M)

12 equations, 12 unknowns HIY’OPE = E Aieiu

e1234 = {P,, 1} x{p1u} x {p,, 1}
€5,678 = P, 1} X {p2,} X {p, 1}
€9,10,11,12 = {Py> L} X {7} X {p,, 1}
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Hadronic level: version 2
NOF(FETT/MT) (M7 My, My, My, 1} { Ay, Ag, As, Ag}
(p? — M) (3 — M%) (M" + M) (M, + M)
NCAFESTT/MY) My My, My, My, 1}.{ A5, Ag, Az, As}
(p? — M2 (p3 — My?) (M + My ) (Mg + My)
NATES™ MMy, My, My, 1) {Ag, Avo, An, Ara}
(p? — M%) (p3 — MS?) (M;" + M )(My + M)

AT (R /M) exp (_Ml“ - Mé”) My My, My, My, 1} ABr2 12 Av, Brz 1 Ao, Brz g A3, Brz gz Aa}
© T T3 (M;" + My )(My + M,y)

AT (EF M) exp (_Ml+2 B M2+2> {My My, My, My, 1} {Brz2 12 As, B2 12 Ae, Brz 12 A7, Br2 12 As}
Poree (M + My ) (Mg + My)

T? T3
M1+2 M2+2> {M{MQ_,MQ_,M{,1}.{BT12,T22A9,BTf,TgAlo,BTf,TgAll,BTf,TgAH}

ANATES T exp (— —
S Tt T3 (M + My )(My + My)

T,%, T,% Borel parameters

14



Hadronic level: version 2

AT (FHT /M ]\/[1+2 ]\4;2 {]\'/Il_JV[2_>A12_7A/[1_=1}'{BT12,T22‘417BTf,TQQA?aBTf,T;A?):BTf,T§A4}
i f(l /M) exp T2 T e e At =
i 5 (M{" + M ) (M5 + M)
ot M M2 {My My, My, My, 1} {Brp2 12 As, B2 12 A¢, B2 12 A7, B2 12 As}
A /\f(F2 /A[2)6‘XP T2 T e T = T —
i 5 (M{" + M ) (M5 + M)
M2 ]\»J2+2> {M My , My, My, 1} {Bry2 12 Ag, Bp2 12 Aro, B2 12 A1, Bz r2 A1}

)\+A+F++ (_ _
i gt ST e T T (M; + M{)(My + Mj)

How can we get these A4;?

12
OPE 2
HOPE:ZA'G' 2 92 92 _/ P; <31a82)q )
" i€ip A; (p1,03,q°) = | dsidsy

(w22 ) (51— ) (52— )

- Cutkosky rul
_ o)
B; =Tr [HMPE.ef}-‘] =Tr [(Z Aiew> .e?] utkosky rules

i=1
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QCD sum rules
OPE side



Dim-0 and dim-3

~

Y

{

A

no contribution

pevk
LLL
/\ \
\ \i’_}/ 1
1% |
2 ko NIL‘L/» (qq),b
- / (2m)* (g2 — m7) (k3 — m3)((p2 — k2)? — m3)
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Dim-5

\\le/’

1911

\\ﬁiy/’

19492

/\;a/\

1993
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Dim-4
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2 topologies

pert, g8 gbarqg, qgq

cutting rule
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An example

How to calculate

£\

/@

13!

?
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Feynman rules

b= (] s Lo

Ou,

d'ky [ d'ks [ d'u [ d'
_ '2 TH! A7 2 3
= 2\/52 €a'b'c Eabc/ (27'(')4 / (27.‘.)4 / (27‘()4 / (27T)4

>
A
/ \ * [’71/ 5
k3
' —i 0

(dej/(igﬂ/ﬂﬂ) ( 5 (27T)4%54(U)G25(0)> ﬁ%‘ )

33[ ol

i —i 0 i
67:(1 ) Ta/ « - 2 4—54 Gaa 0 ) 5&”1:/
<¢1k2k3+m1 (Zg 117)(2(77-) 811/'0 (U) p() Pl—kg—k3+%+m1 )
T
- 5
Py —Ko— ks —p+mf " 1. integrateoutuandv
) ol 2. write the amp in terms
15 gamma’s ; .
N St of 12 Dirac structures
, by = ma 3. integrate out k2 and k3
19 gamma’s
Y5
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1. Integrate out uand v

0 0 0 0
a, 4 9 a9 o4 _
d*ud fuauaé u>81}55 (v) f(u,v) 905 (auaf(u,fu)
o 1 SRR B
8u0“¢—|—3/4—mu_0_ p_m7 p—m
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2. Project onto 12 Dirac structures

12
11, = E Aieiy, ey 112 Dirac structures
i=1

B; =Tr [Hu.eﬂ = Tr

Advantages:
e A, are all scalars.

e We need not calculate I1,,! Calculate scalar B; = Tr [Hu.e? } instead!
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3. Integrate out k2 and k3

/

1
4 4
/ F o R o S — m2)a (k2 — m2)a (k2 — m2)

” /d4k2d4k35(k% —m7)o(K? —mP)o(k3 — )5(k2 3)

- Jonf |

/ /d4k d* K d ko30 (k3 — m3)6 (K2 — m/2)6(k3y — m33)6* (p1 — ky — ko3)d* (p2 — k] — kas3)
A

/.-

d*kod* k30 (k3 — m3)d(k3 — m3)6* (kog — ko — k3)

N}
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3. Integrate out k2 and k3

/d4k2d4k35(k% = mp)d(ky = my)d(ky — m3)d(ky —m3) = /dmg?’ /A /z

rank /dm§3/A/2(...)
0: 1

1:  ko-p1, kg -po
2: (k2 - p1)(k2-p1), (k2-p1)(k2-p2), (k2-p2)(ka- p2)

£\

/@ Building blocks: Ko

3
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Numerical results



Inputs '

=1 T (ccu) — X (deu):

= (1.35+0.10) GeV, m, =mg =0,
= (4.1 GeV)?, s9=(3.2GeV)2, T?¢c [4.8,6.8 GeV?,
Azt = 0.109 £0.020 GeV®,  Ags = v/2(0.046 £ 0.006) GeV?,
= 3.621 GeV, M-+ (3.77 £ 0.18) GeV,

M:;*f( ) =53 T) T
(2.74 4 0.20) GeV,
(qq) = ((=0.24 £ 0.01) GeV)?, (qg9s0Gq) = mi{qq), m3 = (0.8+0.2) GeV?

M2+(1+) = 2.453 GeV, Mz+(2—) =

T2 M} —m3

T2~ M2 —m/? \

P. Ball, V. M. Braun and H. G. Dosch, Phys. Rev. D 44, 3567 (1991)
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Tonld

¥, R
2 criteria are satisfied s

o loﬂ"f

TABLE I: E/;" — X7, T € [4.8,6.8] GeV?, ¢* = —0.75 GeV?, pole contribution dominated

Fl F2 F3 Gl G2 GB
(58 —82)% (55 —80)% (50 —77)% (55 —82)% (54 —82)% (56 — 76)%

TABLE 1I: =" = S, Tf =5.8 GeV?, ¢°* = —0.75 GeV?, contributions from dim-0, 3, 5
F F5 F3 G1 G2 Gz

dim-0{0.321 0.135 —0.548 —0.692 0.373 0.157

dim-3{0.481 0.327 —0.938 —1.197 0.829 0.211

dim-5[0.036 0.047 —0.097 —0.214 0.160 0.016
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¥, 2
Reminder: Form factors as

Our standard parametrization:

v

(Ba(p2, $2)|(V — A)u|Bi(p1,51)) = u(pa, s2)[vuf1(q”) +i0uu§4—2f2(q2) + %f?)(qQ)]U(PbSl)

. g q
— U(p2, 52)[191(¢%) + ZUMVJV_L?92(Q2) - M"Qs(f)hs?ﬁ(pu s1)

Our practical parametrization:

(Ba(p2,s2)[(V — A)u|Bi(p1,51)) = ﬂ(pz,sz)[&Fl + 2P 4 Y Fslu(p1, s1)

M,y Mo
_ P1 P2
— u(pg,sz)[]v—[’IGl - ﬁZG2 + v, G3]vsu(p1, s1)
My+Ms M;+M
fi 51{11 : %\]\ffg = 1 Fy
2] = 2 21’\/;f 0 B
1 M
I3 2 —om; Y Fs
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¥ R
Error estimate s

Mi+Ms My+ M, 1
1 20, 2M Fy
S 4 1
f 2 — % 2 ]y\[f O ? 2
1 M
/3 5 57, 0 3

TABLE III: error estimate

Central value| m. s s T¢f XN Xf M; M, {(qq) (GgscGq)
fi]f1(0) —0.30 0.07 0.00 0.02 0.02 0.05 0.03 0.01 0.00 0.02  0.00
Mpole 1.76 0.04 0.50 0.43 0.02 0.00 0.00 0.00 0.01 0.05 0.02
) —0.65 0.38 1.12 1.06 0.28 0.00 0.00 0.01 0.00 0.03  0.03
F(g?) = F(0) :
L o (o)

when mg¢ — Mmpole and 6 — 0
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Results and comparison

TABLE IV: =17 — ¥, Comparison with other works

=+ + 7+
Zee 7 ch 14

TABLE V: Comparison with other works (in units of 107'> GeV)

This work LFQM NRQM MBM

f1(0
f2(0

g3

f5(
91 (
g2(
(

0

o O O

)
)
)
)
)
)

—0.30 = 0.10 —-0.46 —-0.28 —0.30
1.04+044 1.04 0.14 091

0.10 = 0.06 - - —0.10 0.07
0.47=+0.19 -0.62 —-0.70 —0.56
—0.09 £0.07 0.04 -0.02 0.05
—2994+1.32 -- 0.10  2.59

I' = (5.58 +£4.42) x 10~ 1°

B=(217+1.72) x 1073
Iy /Tr=1.12+0.24

This work LFQM HQSS NRQM MBM

=++ 5 o+,

e O

5.08 £4.42 9.60 5.22  6.58
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Summary and outlook



Summary

We have adopted QCDSR to investigate the weak decays
of spin-1/2 doubly-heavy baryon to spin-1/2 singly-heavy
baryon

On the OPE side, dim-0, 3, 5 are considered, and dim-4
can be neglected

We have also considered the contribution from the
negative parity baryons to eliminate the ambiguousness
on the choice of the form factors

No model-dependent parameters are introduced

Our results are comparable to other works
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Outlook

 Go ahead to investigate
--1/2 ->3/2 cases
-- FCNC processes

* More important, the lifetime of doubly-heavy baryon!

Tot++ 2> Tt

B. Guberina, B. Melic and H. Stefancic, hep-ph/9911241
H. Y. Cheng and Y. L. Shi, Phys. Rev. D 98, no. 11, 113005 (2018)
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Thank you for your attention!



backup
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Outline

e Hadronic level

e QCD level

Dimension 0: perturbative
Dimension 3: (qq) condensate

Dimension 4: (GG) condensate

Dimension 5: (gGq) condensate
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Calculation: the 15t step

int[4] [u] int[4] [v]
Hold[ (2 7)%]  Hold[(2m)%]

(amp["l"] = {2 ‘\/?Hold[iz] e[ap, bp, cp] e[a, b, <],

int[4] [k2]  int[4] [k3]
Hold[ (2 7)%]  Hold[(2m)%]

gal[vp] .ga[5],
prop["£f", "1g", "n"][{k2, v}, m2, {cp, b}][B, B, o],

Dot[

galv],

prop["f", "lg"I "a"] [{Pl-k2_k3l u}r mll {appl a}] [AI a, P] ’
galul,

prop["f", "a"][p2-k2-k3-v, mlp, {bp, app}],

galvp],

prop["£f", "n"][k3, m3, {ap, c}],
gal[v].ga[5]

]}] // StandardForm

e e [ [ ds [t db
J%— = 2\/5 a’'b’c abc/ (271')4 / (271')4 / (27T)4 / (27T)4
v * |:71/’75
i . —i 9 !
jgi (m5c/j’(ZgT?'j7ﬁ) <?(2W)48—%64(U)G35(0)> m& >
’yl/
<p1 —~ %2 - %3 +m162a( gTz,z'y ) < D) (2 ) 8up6 ( )Gpa(0)> pl _ %2 — k?) —|—¢,+m16a 1)
Tu
?2 - kQ - k?, - ¢+m,15b’a”
o .
%3 — mséa’c
’7V’Y5:|
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Calculation: intermediate results

1 3 B
- d[GG] Hold 5[A, B] &[ap, c] & , b
{ 96 \/2 Hold[ (2 m)*]” g cond[66] Bold[i*] o ] [ap, c] S[app, bp]

ela, b, c] e[ap, bp, cp] int[4] [k2] int[4] [k3] T[A] [app, a] T[B] [cp, b],

( alvp] .gal[5] ! al[fB] 1 al[v] 1
galvpl-9 ""m2 + slash[k2] "9l Tho i s1asn(k2] ¢ "ml +slash[kl]
ala] : alo] - alul .
9 "ml+slash(kl] 20'° nm1l+slasn(k1l] 9% nip < slash(kip]
1 1
. . ) . .gal[5
galol Sip+slasnikip] 92 Pl - 3T s1asn k3 (9a vl -9al>] +
1 1 1
.ga[5]. . ) .gal[B] . ) )
galvel.galo] . oo T onikz] "9%19) 2 s stasnxz] " 9%°) 2 T s1asnkz " 921!
1 1 1 1
-gafa] .galp] -gau]

ml + slash[kl] "ml + slash[kl] "ml + slash[kl] "mlp + slash[klp] ~

1
“m3 + slash (k3] "2

ga[vp] - alv].ga[5]] lor[-g[8, o] glo, o] +qlB, al glo, 011}
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