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Motivation

Observation of doubly charmed baryon



Prediction from the quark model
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Searching for the doubly charmed baryon

The SELEX collaboration: Phys. Rev. Lett. 89, 112001 (2002) = — AFK—#t

Phys. Lett. B 628, 18 (2005) = — pDtK~

—cc
Mass:

3518.7 £ 1.7 MeV /c? Not confirmed by other experiments !

1987-89 Fermilab,
ARGUS and CLEO

1989 CLEO 1983 CERN




Searching for the doubly charmed baryon

In 2017, the LHCD collaboration observed the = baryon.

Mass: 3620.6+£1.5(stat)20.4(syst) £0.3(ZF)MeV /c?

Phys. Rev. Lett. 112001 (2017)
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It is firstly predicted by: F.-S. Yu, H.-Y. Jiang, R.-H. Li, C.-D. Lii, W. Wang
and Z.-X. Zhao, Chin. Phys. C 42, 051001 (2018)



Searching for the doubly charmed baryon

In 2018, the LHCD collaboration observed a two-body decay of Z/7 :
Phys. Rev. Lett. 121, 162002 (2018)

BE:" — Bint) x BE - pK-n')

=+t i — —cc

Zcc T =T R(B) = BE!/S - AfK ntxt) x B(Af - pK—nt)
\ = 0.035 £ 0.009(stat) £ 0.003(syst)

Also predicted by:

Chin. Phys. C 42, 051001 (2018)

In 2022, a similar two-body decay of £/ was observed by LHCb:
JHEP 05 (2022) 038

B(EL+ — =7 )
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/

It is much larger than theoretical predictions
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The weak decay of E/;F — E_ '™

~ H-I_ ! . . . . .
Eft > & O+ receives contributions from two topological diagrams:

the W-emission diagram (left) and the W-exchange diagram (right):

U U > (7
_ ’/T+ 7I'+
W§<:i d i
c S i W+§< u |
SRmENe > c EZL(/) c 2 s Ee ¢
u > U C > C
Factorizable (fac) Non-factorizable (nf)

Recently, the theoretical prediction show that:

fac + nf : B’/B ~ 0.8 <1 Too small



The W-emission diagram

_|_
il T Color transparency:
W+
c \ The fast running pion
can hardly be caught
=+t ¢ % § c =V up by the soft gluons.
CcC >

U > \€€O U

Naive factorization: Agc o< (7 |ay, (1 — v5)d|O)(EF) |59# (1 — 45)c|ELT)
\ J \ )
Y Y
Pion decay constant Form factors

(n(q)|@7,(1 — 75)d|0) = 2 | A6~ )i Ly ) e

_ o ooy 4 N
(gl(q )V — 92(q7)iou, v, + 93(q°) M) 75] U1




The W-emission diagram

EFD (D — )1 (q)[Het (0)|ELT (9)) tac,nt = @ G(p — ) [AVIBORT 1 pU)facnt T4, ()

=+ =F+| pfac  pfac | grfac  prfac
QCDSR —8.74 16.76 |—3.95 34.13
LFQM 740 15.06 | 4.49 48.50
3LQM —8.13 —12.97|—-4.34 —37.59
NRQM 7.38 16.77 | 4.29 53.65
HQET 9.52 19.45 | 5.10 62.37

QCDSR: Y. J. Shi, W. Wang and Z. X. Zhao, Eur. Phys. J. C 80, no.6, 568 (2020)

LFQM:
3LQM:
NRQM:
HQET:

H. Y. Cheng, G. Meng, F. Xu and J. Zou, Phys. Rev. D 101, no.3, 034034 (2020)

T. Gutsche et al. Phys. Rev. D 99, no.5, 056013 (2019)

} R. Dhir and N. Sharma, Eur. Phys. J. C 78, no.9, 743 (2018)
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The W-exchange diagram

u > U N
d : It is non-factorizable and
- has only been evaluated
Zce - U by the Pole Model in the
c s =i literature.
C > C
Pole Model:
b, *; .
Apole _ _ Z ngB;';P n- n Strong couplings
By(1j2m) LT T T e
ds Bp P (07793 afngB B. P
Bpole _ Z f + nB;
& L mi —mn me—my |

N. Sharma and R. Dhir, Phys. Rev. D 96, no.11, 113006 (2017)
H. Y. Cheng, G. Meng, F. Xu and J. Zou, Phys. Rev. D 101, no.3, 034034 (2020) 1



The W-exchange diagram

Method BErt - EZrat) | BEIT - E7T) | B'/B
LFQM-+PM 0.69 % 4.65 % 6.74
3LCQM 0.71 % 3.39 % 477
HQET-+PM 6.64 % 5.39 % 0.81
NRQM + PM 9.19 % 7.34 % 0.8
Experiment: ~ 5Ga 2 ='m7) B\ L g17401

BELT s=int) B

This mismatching urges us to make a more in-depth study on the
W-exchange contribution.




Theoretical Method

Light-cone sum rules



The framework of light-cone sum rules

To calculate a matrix element:
(EFO(p - 9n(9)|0i(0)[ELF (p) = i alp — ¢) (A" + B y5)u(p)
O1 = 57u(1 —y5)c uy* (1 —75)d,
Oy = 8a7u(1 = ¥5)cp wy*(1 — 75)da;
We have to define a correlation function: \

1O (p, g, ) = & [ dta e 0702 [ty 0w {7 (4

1 T T \ /
=, = —€abe (Uy; Cy58p — 8, Cysu cs ™)
Eec \/5 b < "Y5Sb 5 b)Q

1 Baryon
Jzr = —eabe (Ul Cy*sp + s CyPu .
== /2 ab ( a Y5 T S b) V5@ currents:

JECC = Eabc (QZC’YMQI)) YuV5Uc, i,

[T (q))
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The framework of light-cone sum rules

k

//’W(w K\\

k is an auxiliary

The pion is temporarily )
momentum

set as an initial state

p—q p—k

1O (p,g, k) = [ dta e 0-0= [ aty 00907 {1 () 01(0) (@) } I (@)

N

Hadron level — Quark-Gluon level

'4 N\

Expressed by A" B()i Operator product expansion (OPE)

15



Hadron Level: insert Z,

/ diz i< / d'y 0P VOT { T (1)0:(0) .o (@) } 7 ()
- Insert
d l ]‘ / / / /
Z/ 27T32E |l,0',:l:><l,0',:|:| +

\
1* A‘ﬁ x -

2G| =6

Excited states and
continuous spectrum

We can factorize out the matrix element:
<O|JEc (y) |l7 0,7 +> = )‘ECU(L a/)e—il-y,
<O|JEC (y) |l7 0,7 _> = AECZ’)%'U’(L U,)e_il.ya

If the pion is arranged as a final state at the beginning,

this factorization cannot be realized.
16



Hadron Level: insert Z,

i2/d4xd4y e~ Up—aq)z ji(p—k)y

d3f 1 / / / / T —
<Y [ Grpam OV WL 0, F10:0) o (@) (@)

/p-:c( (p q) P2)
+/35d8 s—(p—-k?

Depends on

p?, ¢%, k*, (p—q)? and P? = (p—k—q)*
There is no 12 since it is on shell

1" 1”
Y DY
Excited states and
continuous spectrum

17



Hadron Level: insert Z,

: 1
1% (p, g, k = i3/d4x e HP—a)w ,
H (p q )WE ;/ (p B l{;)2 . m:E‘I:c2

<O (p— k0 — . o, =01 (0) .. (2) 7 (@)

_|_ /OO dS/pEC(SI, (p o q)27P2)
S s — (p o k)2 ,

—
Pt
—

C

Only depends on

(p—q)? and P? = (p—k—q)*
if for simplicity we require that:
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Hadron Level: Quark-hadron duality

Set the external momentums at the deep Euclidean region:
™ (q) k

(p—k)32~(pP—-—q?%~P2 <0

Calculated by OPE

T

H?Iz (p7 q, k)WE — Hgbp(pa q, k)WE -

/

1 /°° dS/ImHSE’D(S ,(p—q)?, P*)wg
(

Me+ms)? G (p - k)2

Threshold to produce =, Expressed by dispersion integration

19



Hadron Level: Quark-hadron duality

Quark-Hadron duality

1 [o= ImIG5 (s, (p — 9)%, P2 we
1% (p, q, k)wg = IS k :—/ ds'—<
o (0,4, k)we QC’D(p’Q7 JWE 7 Jimotm, )2 § s’ — (p— k)2
L1 /oo L Igen (', (P — 0)°, P)we
™ SEC 8, - (p - k)2
00 - S,, . 2,P2 ’
/ ds’p“c</ (r—4q) 5 ) Canceled above Sz, sz > (m, +mq )2
S= § — (p o k) ¢

C

Borel Transformation for (p — k)

B [( — k) =0
3 exp //T/2]
s = (p— k)2 (n — 1 (p — k)2(n—1)

\

Excited states (large S’) can be suppressed i




Hadron Level: Analytical continuity

We have to move the pion to the final state

1 [ ImII95 (s, (p — q)%, P?)we
HOi p7Q7k WE — _/ dsl @
H ( ) (mc+ms)2 3/ L (p . k)2

(@) T l

An analytical function of P?

P2 <0 v Analytical continuity /wﬂ_q)

Like DIS

7 (q) p—k



Hadron Level: insert Z

The sum rules equation:
2 e 42 2
Y e
+/,+,0',0

x uF (p—k,o")p — k, o, ;77 (—q)|0;(0)|p — ¢, 0, £)we|aF(p — ¢,0)

1 S=. SEcc ) 1l .
— ds'/ ds e ® /T2e_s/T2Im2H86D(SIa37P2)-
4 !

Only depends on P>
Parameterizaed as: ‘

ATHPY) + BEE (P + A5 (P + B () 27

—_
- P
—iCC —iCC

it (p—k, o) u*(p—q,0)

Two extra terms due to the non-vanishing k
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Hadron Level: Extract amplitudes

2X4x2 = 16 structures in total: 4
2 A 2
— R
. _m§/2 12, £2 2 ’ ’ ’ ’ ’ ’ Y5
i Z e Mz /T See/T )\gc)\%cc (p, + m%c) Ali,ii + Bli,ii’)’s + Aét,iimii + Bgfii TZi (P, +m=..)
:l::*:/ ECC ECC

2
T (me+ms)? m?2

]_ SE¢ SEce ’ ’ ]
=— ds’/ ds e=s/T 2e_s/TZImzl'Ig%OD(s’, s, P*)wg, ‘
4
The number of amplitudes is also 16

This enable us to solve out the 16 P? dependent amplitudes.

+
i ms, 2
b — 0 and P? — m? Mgy = A orit2) 1 (1 _m )A;nmzcc)

ZCC
1+ 1+ I i (2 mg, (42
~ )t Bywg =B (mZ;)— |1+ By ( )

=++ (2 =+() e

—cc c
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Quark-Gluon Level

— 2V 2 b eE e / d*zdty e HP—0) - i(p—k)y

x [So(y — 27" CSq(=2)C(1 = 15)1.CS5 (¥)CrsSu(y (1 = 5)] 4 s (W ¥5)p0

x (0@l (z)d} (0)|7 ™ (q)) iq

—~~ | D

Parameterized by light-cone )
distribution functions (LCDA) * T ok
o |-
A @
U k4
k2 8 ks
P—qa . > _ Pk
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Quark-Gluon Level: LCDAs

Light-cone distribution amplitudes of pion:

i 1 _
OO (@) = —gbucts [ du e [(915)sp100(0) + (1) sptene )

1

+ 5 (1503002 r 5 ()

Gegenbauer polynomials
Twist

7 pr(u) = 6uu (1 + a203/2(u — ) + a4(u - ﬂ)) :

far 172 _ farwsnr ~1/2 _
P (u) =1+ 30 C5' " (u—u)—3 C,) "(u—u),
3p qb37r( ) /J'7rf7r 2 ( ) /Mrfﬂ' 4 ( )

30 ¢3,.(u) =6u(l—u) (1 + 5Mf:’}; (1 — %) 03/2(u — fa))
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Quark-Gluon Level: Double imaginary part

2170; / 2
Im*Iloep(s's s, P7) iq
Cutting Rules ©
d
1 . " Y P
P (=2mi)d (1% — m?) gk

Each propagator is set
on shell
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Quark-Gluon Level: Double imaginary part

Convolution of an on-shell triangle integration
and a two-body phase integration:

Coc [ et [amd [awa(rsd) [amaomd

q

(k3 + ky)?> =m3,

triangle integration two-body phase space integration
27



Numerical Results



Numerical Result: Borel parameters

frpe) Sce

. _mj:’2 / 2 / / / / 75
§ YT A S (g, ) | AEE 4 B+ A5 BEE T (e,
++/ Ecc =

1 [5= SZee T a7
/ —s'/T'* —s/T 2170; 2
=— ds ’ ds e/ /T Im HQCD(S , S, PY)we,

2
Q (me+ms)? m?2

The choice of Borel parameter T, T' must satisfy:

s’ A
1. The res,ult has little dependence ! !
onT, T I I )
! ! continuous
2. The contribution from continuous | | spectrum
spectrum must be less than the : :
pole contribution S8 [[TTTFTT-o- b - —————-
1 pole
(mc+ms)2-———:- ----- i- _______
|
>




Numerical Result: Borel parameters

Two assumptions :

(1) T2 M1 1 M, 2 is the mass of the initial (final)

T2 ~ M2 baryon and m,,)is the mass of the
quark before(after) the weak decay.

Used in the study of D meson decays

P. Ball, V. M. Braun and H. G. Dosch, Phys. Rev. D 44, 3567-3581 (1991)

Excited states and

TRee T (401 + 0'1)2 GeV* ) continuous spectrum
(2) sz, = (3.2£0.1)2 GeV2 > ' s
2
sz, = (3.3+0.1)? GeV? 0.5 GeV

An empirical value from the
study of B, decays

Z. G. Wang, Eur. Phys. J. A 49, 131 (2013)
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AT

Numerical Result: Borel parameters

Blue band: uncertainty of the sz _and sz

Red band: uncertainty of MC integration

I 0.00 1
I | r 1
0015 I —0-02-: |
’ . —004 . ]
I ] L : _
T e ~ —006- osameeee |
0.010_ I —— (\:[\‘/ : et — - —I ______________
I - g 008~ _— " | ]
_______________________ T Q // - I i
-0.10 ]
0.005 - I 1 | ]
| -0.12 | ]
I } I
- I -0.14 - I .
0.000 J ‘ \ | i 1 J . J ]
2 4 6 ! 8 1C ) 4 6 ! g
T*[GeV?] T2[GeV?]

Use “ Pole > Continuous” to
determine the upper bound.
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Numerical Result: W-exchange Amplitudes

6 < T2 <8GeV2for Eft — Efna™t O
CC C

5<T? < 7GeV? for =T — =gt
CC C

The uncertainties are used to

_ 2 9
sz, = (41£0.1) GeV? * ovaluate the numerical error.

sz, = (3.24+0.1)2 GeV?
Sz = (33 + 0.1)2 GeV2 w, ‘

Twist-2 Twist-3p Twist-3o Total

Ert =
Awg 0.0084 4+ 0.0024 —0.077 £0.01 —0.056 £0.002 —-0.124 £0.011
Bwg —0.064 £0.01 0.052+0.01 0.165+=0.025  0.153 £0.029
Bt > 2T Twist-2 Twist-3p Twist-30 Total
WE 0.0027 4+ 0.0005 0.0089 £ 0.002 —0.018 £ 0.0003 —0.0062 £ 0.002
Bwg 0.0023 =0.0006 0.052=+0.016 0.011 =0.003 0.066 = 0.016
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Numerical Result: W-exchange Amplitudes

(EF0 (0 — @ () Het (0) 2L (P)) fac,nr = i ulp — q) [AVROM 4 BORH ATy (p)

fac+nf <

=t 5 2t Afac Anf Atot Bfac Bnf Btot
This work —— —16.67£1.41 —— —— 2047 £3.89 ——
QCDSR  |-8.74£2.91 —— —— 16.76 = 5.36 —— ——
LFQM + PM 7.40 —10.79 —3.38 15.06 —-1891  —-3.85
3LQM —8.13 10.50 3.37 —12.97 18.53 9.56
NRQM + PM 7.38 0 7.38 16.77 24.95 41.72
HQET + PM 9.52 0 9.52 19.45 24.95 44.40
E;%c+ — E;F/th Alfac A/nf A’tot B'fac B/nf B/tot
This work —— —0.83+0.28 —— —— 8.86 =2.16 ——
QCDSR —3.59 £ 0.68 —— — 34.13£11.6 —— ——
LFQM + PM 4.49 —0.04 4.45 48.50 —0.06 48.44
3LQM —4.34 —0.11 —4.45 —37.59 —-1.37  —38.96
NRQM + PM 4.29 0 4.29 53.65 0 53.65
HQET + PM 5.10 0 5.10 62.37 0 62.37

in unit 102G r GeV?
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Numerical Result: Branching fraction

’fac” from literature and “nf”’ from this work

Method Atot Bt |B(ELF o =Fqt)| At Bt |B(ELF 5 EHrY)| BB
QCDSR+LCSR|—25.4 +4.32(37.23 £9.25| 40+14% |-4.38+£0.96/42.99 +13.76 | 3.91+2.5 %  [0.098 +0.14
LFQM+LCSR |—9.27 +1.41|35.53 £3.80| 7.54+222% | 3.66+0.28 | 57.36+2.16 | 5.83+0.5% (0.77 +0.42)
3LCQM+LCSR|—24.8 +1.41| 7.5+3.89 | 3555 £4.20 % |—5.17 +£0.28|—28.73+2.16| 2.75+0.35 % | 0.08 = 0.02
NRQM-LOSR |-9.29 + 1.41(37.24 + 3.80| 7.8242.25 % | 3.46 4 0.28 | 62.51 £2.16 | 6.70 = 0.54 % 0.85 + 040
HQET+LCSR |—7.18 £1.41(39.92 £ 3.80| 6.22+1.94 % | 4.27+0.28 | 71.23+2.16 | 8.85+0.62 % \| 1.42 +0.78
LFQM+PM —3.83 3.85 0.69 % 4.45 48.44 4.65 %
3LCQM 3.37 5.56 0.71 % —4.45 —38.96 3.39 %
HQET+PM 7.38 41.72 6.64 % 4.29 53.65 5.39 %
NRQM+PM 9.52 44.40 9.19 % 5.1 62.37 7.34 %
FSR(n = 1.0) —— —— 7.11% — — 4.72 % 0.66
FSR(n = 1.5) — — 8.48% — — 4.72 % 0.56
FSR(n = 2.0) — —— 10.75% — — 4.74 % 0.44

Final state rescattering
Chin. Phys. C 45, no.5, 053105 (2021)

The interference between B/%¢ and B

tends to be constructive

/

Consistent with experiment

(B'/B)exps = 1.41 £0.17 £ 0.1
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Summary

CRRI () +

» The W-exchange amplitudes of = are calculated by

light-cone sum rules.

» The possible branching fractions are obtained by combining our
W-exchange amplitudes with the factorizable amplitudes from

various theoretical works in the literature.

» One of the possible branching fractions is consistent with the

experimental result.



Outlook

» Further studies on the W-emission contribution are required to

determine the sign of the amplitudes

Effects of soft gluon d

exchange? \W’ .
e J.

» Contributions from higher twist LCDAs for the calculation of the

W-exchange diagram.
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Thank you for your attention !



