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Stories on the theory side

* Mar 2016, Ji-Bo asked to estimate branching fractions

of doubly heavy baryon decays, to search for them at
LHCDb.

* Dec 2016, invited talk at LHCb China working group
- Mar 2017, invited talk at LHCb Charm working group

July 2017, LHCDb reports the discovery [arXiv:1707.01621]

Congratulations on the discovery of ="
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Outline

1. Introduction to doubly charmed baryons

* What are the processes with the largest potentials to
discovery doubly heavy baryons (DHB)

2. Theoretical Framework
3. Discussions and Results

- compare all the decay modes

4. Summary



Motivations

+ Properties and significances of doubly heavy flavor
baryons, see Yan-Xi’s, Anatoli’'s and Merek’s talk

- This talk focus on the decaying processes for the
searches for these particles

In experiments
- The only evidence was found for = by SELEX
= — ATK—rnT =t — pDTK~ |[SELEX, 02’, 04]

—cc CC

- But not confirmed by other experiments
=t — AFK - mt [FOCUS, 02]

—cc

=) — Z0x+(x+) and AY K7t (n1) [Babar, 06’ Belle, 13

=t — AFK -7t [LHCb, 137

—cc
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Cross S_eCtionS o(Z¢e) 18 close to
of production @ LHC 6(B.) @ LHC

— - VS =7.0TeV|VS = 14.0TeV
3 . .
e " 51] 38.11 69.40 in unit of nb

! So] 9.362 17.05
Total|  47.47 86.45 pr > 4GeV  |y| < 1.5

[J.-W. Zhang, X.-G. Wu, T. Zhong, Y. Yu, Z.-Y. Fang, Phys.Rev. D 83, 034026 (2011)]

- ("So))|ICS)1) | 1(%So)sg) | 1(3S1)sg) ||I(*P))|I(CPo)a) || P)1) [|CP2)a)
C LHC 71.1 | 177. | (0.357, 3.21) | (1.58,14.2) || 9.12 | 3.29 | 7.38 | 20.4
LHC (v/S = 14.0 TeV) in unit of nb

[C.-H. Chang, C.-F. Qiao, J.-X. Wang, X.-G. Wu, Phys.Rev. D71 (2005) 074012]

B. well studied at LHCDb,
discovery and establishment of = .. would not be far
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The key issue
IS to select the decaying processes
with the largest possibilities of

observing doubly charmed baryons



Lifetimes in predictions

Literatures

Karliner, Rosner, 2014

Kiselev, Likhoded, Onishchenko, 1998 430+100

110+10
Kiselev, Likhoded, 2002 460+50 16050
Chang, Li, Li, Wang, 2007 670 250

Guberina, Melic, Stefancic, 1998 _1556— 220

Large ambiguity of lifetimes

T(AT) = (200 £ 6) x 107 s,  7(EF) = (442 + 26) x 10~ 15,

Compared to
P (%) = (112733) x 107155, 7(Q%) = (69 & 12) x 10~ s,

/



Lifetimes

Literatures

Karliner, Rosner, 2014

Kiselev, Likhoded, Onishchenko, 1998 430+100

Kiselev, Likhoded, 2002 460+50 160+50

Chang, Li, Li, Wang, 2007 670 250

But much less ambiguity of ratio of lifetimes

T=+
R, = — =025~ 0.37 T(ELT) > 7(EL)
7'52—0+ T

Effect of destructive Pauli interference
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ifati =TT
Longer lifetime of =

T |
R, = —Scc — ()25 ~ 0.37 r(EX+) > ()

CC
T=t+

» Longer lifetime = Larger branching fractions
Bz‘ — Fz - T

» Longer lifetime = Higher efficiency of identification

at hadron colliders

We recommend to search for =1 rather than =

for the first reason




Theoretical Framework

1. Short-distance contributions
— external W-emission diagrams
- Calculate form factors in light-front quark model

- Calculate amplitudes using factorization approach

2. Long-distance contributions
— final-state interacting (FSI) effects
— significantly large in charm decays _
- Calculate rescattering effects <

3. Relative branching fractions

— most theoretical uncertainties cancelled
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Transition form factors (FF)
In light-front quark model

<BC(pf)|JZLV|ECC(pi)> C
= uf(ps) [%fl(qQ) w,wq fa(a®) + gz_if?’(f)] ui(pi) Ecc .CC/

109"

92<q2> ; q—“gg<q2>] s ()

i my;

~a(py) [wl«f) n

See = Ec/Ec(07)

See = Ee/Ec(17)

The di'quark piC’[ure: i ;v f2 9 | i g1 fo g3
a F(0)]0.75 0.62 —0.78 —0.08]0.74 —0.20 0.80 —0.02
[Cq] — O+ Or 1+ mge | 1.84 2.16 1.67 1.29 [1.58 2.10 1.62 1.62

o [0.25 0.35 0.30 0.52

0.36 0.21 0.31 1.37

Zoe — Ao /Yo (17)
fi g f2 g9

= -
e V3 o V3 . Bee = Ac/Xc(07)
<Bc(3)|‘]u |:'cc> — I<J,u >O+ T<J >1+7 h g1 g2
5 . F(0)/0.65 0.53 —0.74 —0.05
B.(6)JVI=..) = — (Tt + —(JV ma: [1.72 2.03 1.56 1.12
(Bc(6) “| ) 4< “>O+ 4< “>1+ 5§ 10.27 0.38 0.32 1.10

0.64 —0.17 0.73 —0.03
1.49 1.99 1.53 2.03
0.37 0.23 0.32 2.62
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Transition form factors (FF)
In light-front quark model

* Isospin symmetry relates
FF's of =717 and =+

 Flavor SU(3) symmetry
relates FF’s of c—s and
c—d transitions

» Uncertainties in FFs are
mostly cancelled in the
relative branching fractions.
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C—S§

Bee — Ze/EL(0T)

fi g1 fo g2

Zee — Eo/EL(17)

fi g fo g3

F(0)

d

0.75 0.62 —0.78 —0.08
1.84 2.16 1.67 1.29
0.25 0.35 0.30 0.52

0.74 —0.20 0.80 —0.02
1.58 2.10 1.62 1.62
0.36 0.21 0.31 1.37

c—d

Bee = Ae/2e(07)
f1 g1 f2 g2

See — AC/ZC(1+)
fi g f2 g9

F(0)

meat

d

0.65 0.53 —0.74 —0.05
1.72 2.03 1.56 1.12
0.27 0.38 0.32 1.10

0.64 —0.17 0.73 —0.03
1.49 1.99 1.53 2.03
0.37 0.23 0.32 2.62




Short-Distance -
Contributions = ——— =

u

» External W-emission processes using factorization approach
A(Ecc — B M)SD
Gr

EV* qual(a2)<M\u7 (1— 75)(1|0><B \q %(1 —75)|Ece)

* Relative branching fractions are reliable
B = =077 /B(ET - ZfnT) =R, =0.25 ~ 0.37,
BEIT - Afr +)/l§’("++ — ZF7T) = 0.056,
BEMT - 2 y)/B(EST — :+ ) = 0.71,

Uncertainties of form factors are mostly cancelled

B(ErT — =Zr7T)is the largest one

13



small lifetime

B(Er = Z0)/BET - =nt) =R, =0.25 ~ 0.37,
— B(EIT 5 ATa ) /BENT - EFnT) = 0.056,
B(’:++ — '—+€+ )/B( ++ N :+ +) = 0.71,

missing energy

Cabibbo-
suppressed

Other processes with large branching fractions, but
- either have neutral final-state particles
=tot (o mta®) B Byt

* Or have more tracks
=raf (— ntata™)

=+t+T — =Zrxt is the best one to search for doubly
heavy baryons among external W-emission processes
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=+t St S
— = :‘TJOC , O:+

Tet+
B(Er+ 5 =tat ( = ) 3 4
(5 ) =305/ X 3%

large enough for measurement

Absolute branching fractions:

We suggest to measure =+ — =" x+ with the
reconstruction of = — pK mt

[FSY, et al, 1703.09086]

B(ZF — pK~n") has never been directly measured
but predicted to be (2.2 £ 0.8)%

15



Branching Ratio of =.-*—pK-#*

Under U-spin symmetry, d<s

(AEF = pR™%) = —A(AF — SHE0)

|

B(A}F — LT K*0) = (0.36 £ 0.10)%
[FOCUS, 01’]

—*O

v
)/B(E pK_7T+) = 0.54 = 0.10

+ [FOCUS, 027

Br(ZF - pK— ") =(2.2+£0.8)%

B(EF —p

[FSY, et al, 1703.09086]
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Short-distance v.s. Long-distance
Contributions

C S S C X
Eé—c—l— \C S C/ Eg— Eérc—l— \C > C/ Zéﬁ-
L , u | u , u |

short-distance

Sr=3.4% branching fractions 5r=0.003%
external W-emission internal W-emission
color-favored color-suppressed
ai(Mdec)=1.07 az(Mc)= - 0.02

But long-distance contributions are significantly
enhanced in charmed hadron decays
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Indication from pure y
Internal W-emission

> =

A —po|  w O » ;Qp

Short-distance v.s. Long-distance

Br(SD)=10- Br(exp)=(1.04+0.21)x10-3
las([c)[=0.02 lasett(juc)l=0.7
large-N; limit

Understanding long-distance contributions
Is essential to find a best process
for the searches for doubly heavy baryons
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—++ ++4 7 *0
o = 2 TK

72 Fsl_ eg.
- 47“ »

& _
P . 5 =+t [|c
e (/ U S U K) ZC « \/‘ u

Rescattering mechanism of the
final-state interacting effects

=+t
—cc

Absorptive part:

weak vertex

AbS./\/l(pz' — pfq) =

g

dc

o
EC

>

rescattering

%zj: <kli[1/ (2:;§9;Ek> (27‘(‘)4 X54(pf +q— ;pkW(p — {pk}ﬁ* (pfq — {pk}j

19



Effective Lagrangian

Les =7?ng%P Tr{V*[P,0,P} + z‘gvfav Tr{(9,Vy — 0.V2)V*V"} —igppy (D;0, D7t — 8,D; D7) (V1)

+igv DD+ (D;* 0, D571 — 9, D;* DT (VH); + di fy p-p-D;} (9*V” — 8" V), D}

— igppp+(D'O*Py; DT — h.c.) + gpsTr[Bivs PB] + g1vsTr[By,V"B] + g;?‘;l:? Tr(Bo,, 0" V"B

+ {gPBchchT[Bc3i75PBc3] T (Bcg — BCG)} T {gPBceBchT[BCGi’}%PBcg] + h.C.},

+ {91VBC§BC§,TT[BC37uV“Bc§] + 92‘;:;35303 TT[BCL?’»O-MVaMVMBcZ_’,] + (Bci_’» — Bcﬁ)}
c3

T {glVBcsBcé TT[BC67uV“Bc3] T ni2:l?;6:;§_ TT[BC60-,U'V8“VMBCS] T h'c-} + IA.(Z.)ND, {Kc(ic)i75DqN + h~c-}
C c3

g2Ac(Ec)ND,"; {Kc (EC)O'NV({)“D;VN + hC}

+ g1auEN D AA(Z) VDN + hee} + R

Hadronic coupling constants are related under the flavor SU(3)
symmetry and the chiral and heavy quark symmetries

Uncertainties are Yan, et al, PRD46,1148(1992)]
mostly cancelled in ‘Casalbuoni, et al, Phys.Rept.281,145(1997)]

. : ‘Meissner, Phys.Rept.161,213(1988)]
relative Br’s




Theoretical Uncertainties

« Transition form factors —cancelled in relative Br’s

» Hadronic coupling constants
—cancelled in relative Br’s

« Off-shell effects of intermediate states

A2 — m?\n
F(t,m)—<A2_t> t=(p1—p3)* n=l
A = mee + NAgep [Cheng, Chua, Soni, PRD 71, 014030 (2005)]

Results are very sensitive to the value of n
No first-principle calculations for n
We take n from 1.0 to 2.0
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Relative Branching Fractions
with long-distance contributions

Baryons Modes Bip
=4 (ccu) S (2455)K defined as 1
Largest pD** 0.04
pD™t 0.0008
= (ccd) AFET (R+/0.3) x 0.22
>+t (2455)K (R-/0.3) x 0.008
=1 p” (R+/0.3) x 0.04
AD* (R-/0.3) x 0.004
pD" (R~/0.3) x 0.002

Uncertainties of the relative branching fractions
induced by the parameter of n are less than 10%



—x(
=t +
ot K"
=1t K* + =i
=/ Be St
++
7r+/p+ PN
— + —
=t Al + =i
= E/C-I— F*O

K**

5

F*O

S

e

F*O

—S ATK nrn™

dominant

n =10~ 2.0

.

B(E+ Zj+F*O) = (1.6 ~ 10.3)%

To++
>< ccC
300 fs

.

Large enough for measurements
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[,_++ — ATK—; J

CC

K or (K’]T)S—Wave

K- 7t =h o N (2455)K
.S du IS actually a four-body decay
P
=i dﬁ | ;HH(2455) or X(2520)
wu 7T+

In charmed hadron decays,
final-state particles are not energetic,
and easily located in the momentum range of resonances

. T—
B(Er+ — S+ (2455)K ) = (3556;) % (1.6 ~ 10.3)%

It would be expected to be as large as O(10%)
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q, 80 A — T T T T T3 K~ —+
R = - 70
> T0F LHCb 13 TeV =
s — -
- 605— 1 + K*(892)0 : S d
2 OF LTl ] : - —
g 40F E , AT
S 30F g s E — y
USRI B <
S ok M e o at
0:_+_______.____.___ ES ca S
) S N A T See Yan-Xi’s talk
600 800 1000 1200 _
m(K-mr*) [MeV/c2 Resonances dominated
RS 8O:' L - RS 8O:' L
z T0F LHCb13TeV 3 3 70F]i x 2455y LHCb 13 TeV 3
= 0F 1 2 oof] "
a¥ - 4 = - C o .
g F + 1 8 Y& E
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= - - g - 3
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=t 5> AFK ntantvs. ZL > ATK ™«
SELEX’s discovery channel,
LHCb measured
Baryons Modes B1p
=47 (ccu) Ej+(2455)F*0 defined as 1 A;"K_
* - A
T % (~3) pD N 0.04 Br x5
pD 0.0008
=+ (ccd) AT (R-/0.3) k 0.22 A+ R
ST (2455) K~ (R-/0.3) ¥ 0.008 | “*c
=+ p” (R+/0.3) x 0.04
ADT (R~/0.3) x 0.004
pD° (R~/0.3) x 0.002

=" = AFK~m 7" has more signal yields
around one more order than =}, - AT K —n™



=t 5 AfK—ntntws. Ef — pDTK™
SELEX’s discovery channel
Baryons Modes B1.p
=1t (ccu) Ei+(2455)?*0 defined as 1 A+K_
pD*T 0.04 -
pD™T 0.0008
=4 (ccd) ATK"™ (R+/0.3) x 0.22 A is below
¥4 T (2455) K~ (R+/0.3) x 0.008 pK threshold
=1 p° (R~/0.3) x 0.04
AD+ (R./0.3) x 0004 pDTK™
pD" (R~/0.3) x 0.002

" We recommend to measure =/t — AFK-7ntgat

CC

 to search for doubly heavy baryons

B

V.
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[FSY, et al, 1703.09086]



Summary

» We systematically study the weak decays of doubly
charmed baryons

» By comparing all the decay modes, we recommend to

measure the following processes to search for doubly
heavy baryons

=t — ATK ot =it - 2w

—cc —icc

- And LHCb observed it via the first process.
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Thank you !



7T+
=+t
—cc
o
7r+/p+
=+t
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: u + =

—cc

=+ \ ¢ > ¢ / + “\‘ d >
—cc @ P : ; O Ac \L¢

O | /e \& | @

Y

+ +
T A pT A
=+ 0 =+ 0
—icc EC + —cc 2ic
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