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Very short introduction into double heavy baryons

@ Consisted from two heavy quarks and one light
quark: (Q1Q29)-

@ Several scales are in game:

mqg > mQy v, mQy v > 7nQ1v2, mQg 'U2 > AQCD

(v.s. mg > Aqcp for heavy baryons).

@ In the limit mg — oo, the light quark sees the
heavy diquark as a local heavy source of a gluon
field.

@ Two-step calculation are possible:

+|

diquark in 3. quark-diquark system |.

@ The total spin of the diquark is a good quantum
number within this approach.

The alternative way: the solving of three-body problem
[Albertus et al., 2007a, Albertus et al., 2007b] and much
earlier work [Kerbikov et al., 1990].

Scales for 5p.:

The character of strong interactions in the doubly heavy
baryon =;.: the compton lengths of quarks

A@ = 1/mgq, the size of heavy diquark

Tpe ~ 1/(v - m@g) and the scale of nonperturbative
confinement of light quark rqcp = 1/Agcp are
arranged by A\, ~ %)\C ~ é”"bc ~ % TQCD

[Kiselev and Likhoded, 2002a].
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Observation of = at LHCb

T T
LHCb 13 TeV

Confirmed in mode Ej’;’ — Ej'7r+ [Aaij et al., 2018a]
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20E Lifetime is also measured [Aaij et al., 2018b]:
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Spectroscopy

We assume that light quark interact with the heavy
diquark (and not with heavy quarks separately):

To obtain the spectrum of family of doubly heavy baryons
we need:

to obtain the spectrum of the diquark by analogy
with the heavy quarkonium.

for diquark consisted from equivalent quarks
choose the anti-symmetric wave functions.

to obtain the spectrum of diquark - light quark
system by analogy with the heavy-light meson.

to estimate the mixing between states with the
same quantum numbers.

The quark identity simplifies the spectrum:
@ S-wave and D-wave state of QQ diquark:
S =1
@ P-wave state: Sqq =0

The spectrum of =}, [Gershtein et al., 1999a]:
1.5

352

\y B

252

3D2p

5D1s 2P2p

1D1s
152 —

3D1s

1S1s

.

j—

10.0
See also [Flynn et al., 2003, Brambilla et al., 2005].
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=++ =
E." and =], mass spectra

(ngLaniLy), JT mass, GeV || (ngLqn,L;), J* mass, GeV
(1S 15)1/27 3478 || (3P 1s)1/2" 3.072
(1S 15)3/27 3.61 (3D 15)3/2°" 4.007
(2P 1s)1/2 3702 || (1S 2p)3/2 4.034
(3D 1s)5/27 3.781 || (15 2p)3/2" 4039
(25 15)1/27 3812 || (1S 2p)5/2 4.047
(3D 1s)3/27 383 | (3D 1s)5/2°" 4.05
(2P 15)3/2" 3834 || (1S 2p)1/2 4.052
(3D 1s)1/27 3875 || (35 1s)1/27 4072
(1S 2p)1/2- 3027 || (3D 1s)7/27 4.089
(2S 1s)3/2" 3.944 (3P 1s)3/2~ 4.104

Zcc(2P 1s) is metastable, because transition to the ground
state requires the angular momentum and the total spin
diquark to change simultaneously. So, maybe it is worth to
pay attention to the decay Ez’c (2P 1s) — ch+7r7.
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Mass corrections due to diquark finite size

’ Taking into account the heavy diquark size increases the baryon masses. ‘

Within the local-diquark approximation

mlEl/2T)

~ m[EL/?T] = 3478 4 30 Mev,

mE3/2T ) & m[E3/27] = 3610 4 30 Mev.

However, the actual sizes of doubly charmed diquarks are not negligible. As we have found in
[Gershtein et al., 2000, Gershtein et al., 1999b], the sizes of basic vector 1S-diquarks:

(r?)/2 = 0.58 fm

(r?){2 = 0.33 fm
Accounting of diquark size within two different approaches increases the mass values:
@ form factor: M (E..) ~ 80 MeV [Ebert et al., 2002];

@ longer string inside non-local diquark: § M (Z..) ~ 80 MeV [Kiselev et al., 2017].
Therefore:

=1/2++

mlEee” ]

~m[EL/?T] = 3615 & 55 Mev,

33/2++]
“cc

m] ~ m[E3/2T) = 3747 £ 55 Mev.
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Taking into account the diquark form factor

Mass spectrum of =.. baryons in GeV.

State Mass State Mass
(naLngl)J*  EFGM  our  (ngLngl)JP EFGM  our
(1S1s)1/2t  3.620 3.478 (1Pls)1/2~ 3.838 3.702
(1S1s)3/2% 3727 361 (1P1s)3/2~ 3.959 3.834
1S1p)1/2— 4.053 3.927 (251s)1/2T 3.910 3.812

) (
(
(
(

)
( )
(151p)3/2~ 4101 4.039 (251s)3/2%  4.027 3.044
(151p)1/2'~ 4136 4052 (2Pls)1/2~ 4.085 3.972
(151p)5/2~ 4155 4047 (2P1s)3/2~ 4107 4.104
( )

1S51p)3/2'— 4196 4.034 (3S1s)1/2+ 4.154  4.072

EFGM: D. Ebert, R. N. Faustov, V. O. Galkin, A. P.
Martynenko [Ebert et al., 2002]
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Alternative way: to solve the three-body problem

Much earlier work of B. Kerbikov, M. Polikarpov

and L. Shevchenko [Kerbikov et al., 1990]
C. Albertus, E. Hernandez, J. Nieves, J.M. Masse of centes of ey M.

Verde-Velasco [Albertus et al., 2007a, values 8,, and (r2 )
Albertus et al., 2007b]

and the expectation
for baryons

System M., (MeV) 10° 8, (GeV?)
udu 10878403 8=ty
- 498 4 061 - (P )% = 4,480 + 0.009
uds 12717504 84074041 o014
B8y
~6854072
ude 2139213 24085
s1+110 - 363140037
udb 57687+ 20 8= 5212103 4269 40042
Bty -y
- 3461 £0039
e 3935 +0036
$82+0021
307240021
16049+ 13 iy
355710026
su 14449407 358740020
3996 40033
Masses of ground states in GeV e 2048518 T m 3458 40003
= 17 y
Ece 3612 =299 £ 0030
=% 3706123 ssb 60409 5 24 3367 50020
cc .
- +10
S, 10197119 w0
o 9 .
=, 102361 . - :
I%7 £ 860 = 2118+ 0034
Zpe 6919+7 V~~“ w3k 24 81y = 4525 £ 290 £ 0024
=/ +17 :
=, 6948t] c1ss ~van -0
e 698614 V607424 8= 5030425 22185 004
Ebe -5 . %

-18632122
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How to produce doubly heavy baryons

Two steps:

@ To produce doubly heavy diquark in a hard process
in the color triplet state.

@ To transform it into the baryon.

The strategy is analogous to the used one for estimation
of J/1 or B, production cross section:

(Q1Q2)1, = [Q1Q2]3,

|R1,(0)]* = |Rg,(0)|?

Quarks in 3. attract each other and

Q1Q2 2
[R(0)7 \
|RO)F192) ~ —

Some research groups also use [QQ]g,. as a baryon
pattern. Seems, not good idea, because quarks in 6.
repulse each other.

Q1Qs)-meson (Q1Q2q)-baryon

92 92

o o [RQl3,
looks like a "heavy antiquark", and therefore we could try
to use a fragmentation model to transform it to the
doubly heavy baryon:

(QQls, (7 229, H(zp)

Several important problems:
@ Why [Q1Q2]3¢ do not dissociate to mesons?

@ What is the probability value for (QQ)3r to
create the doubly heavy baryon?

@ What is the shape of fragmentation function

[Q1Q2]3, = (R1Q29)?
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(Q1Qo-diquark production amplitude

3
SJj. _ Sss Li, R A
ASJiz — [ pSsz ~ (pi, k(D) - (@ e, .
/ Q1Q1Q2Q2(p1" (@) ( [Q1Q2l3, ((T)> szlz (27)3
where TS:%1Q2Q2 is an amplitude of the hard production of two heavy quark pairs;
\I/[LQI'in]gc is the diquark wave function (color antitriplet);

J and j. are the total angular momentum and its projection on z-axis in the [Q1Q2]§C rest frame;
L and [, are the orbital angular momentum of be-diquark and its projection on z-axis;
S and s, are Q1 Q2-diquark spin and its projection;
C’jjlz are Clebsh-Gordon coefficients;
szlz

p; are four momenta of diquark, Q1 quark and Qs quark;
g is three momentum of Q-quark in the Q1 Q2-diquark rest frame (in this frame (0, ) = k(q)).

Under assumption of small dependence of T};S;;‘Z-ZF on k(q)

I}

3 * N

A [ dqu @ {100 D]gg+ T TG Do+ |
and, particularly, for the S-wave states

A~ Rs(0)-Tq,0,0,G, Pl g=o-

where Rg(0) is a value of radial wave function at origin.
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Double heavy baryon production in the hadronic interaction

Epe pr distribution v.s. B. pp distribution
(IR, (01> = |Rpe)4 (0)]%) [ model [ 1R OF/[Rp, (0)F ]

~ - 2 - T Buchmiller-Tye potential
£ [, [Kiselev and Likhoded, 2002a, 0.31
=06y ] St = Gershtein et al., 1997
2 Y A [Ebert et al., 2003, 0.26
9 o Ebert et al., 2002]
. o N RN T
. A . B [Ebert et al., 2011],
0 ° 5, (G0 ’ * b, o) [Galkin, private communi- 0.32
. 2 2 i
Predictions for LHCb (| R, (0)1> = | Ry, (0)]?) cation]
> F T 3
g E 2
S e E oz, Bz OF 1
Ay El - 2 T 3
=3 i - oB, |[RB,(0)] 3
s
of El It is wrong for Ecc and J/4 + c productions due large
=2 0.8/_\*: DPS contribution to J /% + c:
o6F E!
04 E
o2f 3 Zcc KT/ pte
£ | | | i
] 5 10 15 20
p, (Gev)

[Baranov, 1997, Berezhnoy et al., 1996, Berezhnoy et al., 1998, Chang et al., 2006, Chang et al., 2007,
Zhang et al., 2011, Chen et al., 2014]
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Total width within OPE

1
s, = — (=% |TIES.)
—=cc cc cc
2Mzg,,
(Eccl|Eece) = 2BV

T = sm/d% {THepp(2)Hepp(0)}

where H, 7 is the standard effective hamiltonian describing the low energy weak interactions of initial
quarks with the decay products. For the transition of c-quark, u-quark and the quarks g1 > with the
charge —1/3, the lagrangian has the form

Hepyp = QIqul Vigy [C4+(1)O4 + C_()O_] + h.c.

where V' is the matrix of mixing between the charged currents, and
O+ = [q1avv (1 — v5)cplliyy” (1 — v5)q261(8a80~s £ 6as55~p),

«, B are color states of quarks and

6 —12
oL = [as(Mw)] 33=2n o - {QS(MW)} 33—2n;
as(p) as(p)

where n s is the number of flavors.
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OPE for the transition operator T

_ 1 _ y 1
T = Ci(p)éc+ ﬁC’g(u)cgawG“ c+ ﬁO(l).

(&

Main features:
@ ¢c — spectator decays of c-quarks;
@ no operators of dimension 4 contribute;
@ the only operator of dimension 5 ;

@ Pauli interference (operators of dimension
6) essentially contribute to Z1* life time;

@ weak scattering (operators of dimension
6) essentially contribute to =, life time.

(&

Spectator contribution:

u, [
7@70
d, v
Pauli interference:
s
c c
d
Weak scattering
s
c c
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=1 lifetimes

=++ =+
TEED = 2(Tase + TS 0wd): TEee) = 2(Tase + Tws,cd)s
Gt o mu )2
T == et (1= 2)

y 1 1
{[eroreai sl + Gateoreai@oll_,] [+ a-khim] +
[G1 o)) @iy + Galeo)ee) ] (w{f_,] kF Fa .
G2 2 1 1 » L
TWS,cd = Tfmi (1 + %) (1—24)° [(Fs + 3(1 — k2)F5)(Ee)y_ A (dd){/_ 4+

1 L o
k?FS(Ec)Z‘}iA(dd){/LA] ,

Fi3=(Cy FC_)?, Fay=5C7 +C> £60,C_, F;6=C,FC2,
1-22 (1-2)? 1-2% (1-2)3
Gi(z)= —2 -2 Ga(z)=— L
1(2) 5 " 2(2) 5 3
zZ_ = Z+

T (me +ma)?

(@)Y _ @) _ 4 = —()¥_ (@)l 4 =12(me + mg)| ¥ (0)?

(me —maqy)? ’
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Model parameters and life time estimation

e, mg, M(Z++), M(ZL), T and T%(0)

@ m. = 1.6 GeV (taken from the pole c-quark mass (lifetime and
semileptonic decays of D° meson).

@ T = 0.4 GeV — the kinetic energy of diquark and light quark
(potential models).

o [T (0)]2 = (2.740.2) x 1073 GeV*

T(EfT) =048 ps  7(Z}1) =0.12 ps
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Dependence on parameter values: =.., Q.

me = 1.694 £ 0.03 GeV

030 p———
S 025/
———— e
B o0
0.05
0.00
13 14 15 16 17 18 19 20 0.1 02 03 04 05 00026 0.0028 0.0030 0.0032 00034 0.0036
mg, GeV ms, GeV

[4(0)|%, GeV*

(ESN) =0.26 £0.03ps,  T(E],) =0.14+0.01ps, T(Q],) =0.19+0.01ps

Fips™
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Dependence on parameter values: Zp.,

" Topec 43
[

o ol ! =

13 14 15 16 17 18 19 20 13 14 15 16 17 18 19 20 13 14 15 16 17 18 19 20

me, GeV. me, GeV. me, GeV.

0.0026 0.0028 0.0030 0.0032 0.0034 0.0036
1¥(0)]?, GeV*
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Why lifetimes are very important

The contributions of different terms to the life time essentially depend on
baryon composition (40-50%). From Z1* lifetime:

me = 1.73 £ 0.07 GeV, ms = 0.35 £0.2GeV.

The lifetimes of doubly heavy baryons

baryon T, pS baryon T, pS baryon T, pS
=T 10.26 £0.03 = 0.24 +0.02 = 0.52 +0.01
=L [014+001 [ 2 [022+002] ZF,, | 0.53+0.01
[958 0.19 +0.02 QY 0.18+0.01 Q, 0.53 £0.01

The strong splitting of lifetimes contributions of nonspectator terms,
especially in the presence of charmed quark:

TEL > QL] > 7[EL]
T[E;—c] > T[ng] > T[Qch
T[Eyl = T =T [:gb] .

The measurements of doubly heavy baryons would be the crucial test of the OPE approach.
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Exclusive decays
.

of exclusive decays

Estimation within

SR [Gershtein

et al., 1999a]

Mode Br (%) Mode Br (%)
> = +
_.8,) — Ep.li 14.9 H?f — 4.9
Epe = EilT; 4.6 Ep. 4.4
=p. — 5y 41 || =5 — 16.8
=L = 20y, 75 || % — 22
B9, — Ef.p 57 |[ 55 > 0.7
), » el n— 07 [ 5 19
=0, - =5 w7 [ 5 - 7.7
Egc — E;T\'+ 7.1 E;C — 21.7
=), > Z pt 201 || =8F — 15.7
=5 - ngi 12 |[ =77 - 46.8
=L =0 33.6
C

It is very difficult to find the "golden decay
mode" for doubly heavy baryons.

What could be expected at LHCb (Run | +
2015 +2016) for =y [Blusk, 2017]:

@ N(E), - J/wE}) ~ 12
@ N(Ef, - DAf) ~7

Definitely, =; . will be observed in Run IlI.
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Conclusions

@ There are two main approaches to predict HDB masses:
quark-diquark potential models and the three-body model with
Cornell pair potentials. Both approaches successfully predicted the
mass of =.. ground state. The quark-diquark models allow also to
obtain the full particle spectrum including high excitations.

@ It would be very interesting to observe =}, and to compare the life
times of =7 and =, because it would be the crucial test of the
OPE method.

@ The =, production cross section should be comparable to the cross
section of B.-meson production. This is why we hope, that =,
baryon will also be observed at LHC.
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DHB from [Albertus et al., 2007b] (1)
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Comparison of predictions for different ground states of

Reference Ece Ene Zbb =
[Albertus et al., 2007b] 3612717 [ 370672 10197710 | 1023677,
[Ebert et al., 2002] 3620 3727 10202 10237
[Kiselev and Likhoded, 2002a] 3480 3610 10090 10130
[Narodetskii and Trusov, 2002b] 3690 10160
[Tong et al., 2000] 3740 3860 10300 10340
[Itoh et al., 2000] 3646 3733
[Vijande et al., 2004] 3524 3548
[Gershtein et al., 2000] 3478 3610 10093 10133
[Ebert et al., 1997] 3660 3810 10230 10280
[Roncaglia et al., 1995a, Roncaglia et al., 1995b] 3660 + 70 3740 £ 80 10340 + 100
[Korner et al., 1994] 3610 3680
[Mathur et al., 2002] 3588 + 72
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Comparison of predictions for different ground states of

DHB from [Albertus et al., 2007b] (I1)

Reference Zpe Egc She
[Albertus et al., 2007b] 6919717 69487L7 [ 69867 L
[Silvestre-Brac, 1996b] 6915‘t51;7
[Ebert et al., 2002] 6933 6963 6980
[Kiselev and Likhoded, 2002a] 6820 6850 6900
[Narodetskii and Trusov, 2002b] 6960
[Tong et al., 2000] 7010 7070 7100
[Gershtein et al., 2000] 6820 6850 6900
[Ebert et al., 1097] 6950 7000 7020
[Roncaglia et al., 1995a, Roncaglia et al., 1995b] 6965 + 90 7065 £ 90 7060 £+ 90
[Mathur et al., 2002] 6840 + 236
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[Karliner and Rosner, 2014] (1)

Reference Value (MeV) Method
[Karliner and Rosner, 2014] 3627 + 12
[De Rujula et al., 1975] 3550 — 3760 QCD-motivated quark model
J. Bjorken (unpublished draft, 1986) 3668 + 62 QCD-motivated quark model
[Anikeev et al., 2001] 3651 QCD-motivated quark model
[Fleck and Richard, 1989] 3613 Potential and bag models
[Richard, 1994] 3630 Potential model
[Korner et al., 1994] 3610 Heavy quark effective theory
[Roncaglia et al., 1995b] 3660 + 70 Feynman-Hellmann + semi-empirical
[Lichtenberg et al., 1996] 3676 Mass sum rules
[Ebert et al., 1997] 3660 Relativistic quasipotential quark model
[Silvestre-Brac, 1996a] 3607 Three-body Faddeev equations.
[Gerasyuta and Ivanov, 1999] 3527 Bootstrap quark model + Faddeev egs.

[Itoh et al., 2000]

[Kiselev and Likhoded, 2002a]
[Narodetskii and Trusov, 2002a]
[Ebert et al., 2002]

uce: 3649 + 12,
dce: 3644 £ 12
3480 + 50
3690
3620

Quark model
Potential approach + QCD sum rules
Nonperturbative string
Relativistic quark-diquark




[Karliner and Rosner, 2014] (11)
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Comparison of predictions for M (=) fi

Reference Value (MeV) Method
[He et al., 2004] 3520 Bag model
[Richard and Stancu, 2005] 3643 Potential model
[Migura et al., 2006] 3642 Relativistic quark model + Bethe-Salpeter
[Albertus et al., 2007b] 3612117 Variational
[Roberts and Pervin, 2008] 3678 Quark model
[Weng et al., 2011] 3540 + 20 Instantaneous approx. + Bethe-Salpeter
[Zhang and Huang, 2008] 4260 + 190 QCD sum rules
[Lewis et al., 2001] 3608(15)(%§
3595(12) (55 Quenched lattice
[Flynn et al., 2003] 3549(13)(19)(92) Quenched lattice
[Liu et al., 2010] 3665 + 17 £+ 14t$8 Lattice, domain-wall + KS fermions
[Namekawa, 2012] 3603(15)(16) Lattice, Ny =2 +1
[Alexandrou et al., 2012] 3513(23)(14) LGT, twisted mass ferm., m =260 MeV
[Briceno et al., 2012] 3595(39)(20)(6) LGT, Ny = 2+ 1, mz = 200 MeV
[Alexandrou et al., 2014] 3568(14)(19)(1) LGT, Ny =241, mz = 210 MeV




Dependence on parameter values:

T, ps

1.30
125
120
115
1.10
1.05
1.00
0.95
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Zvp, b

Tb,spec

~110xTp

5.00
my, GeV

5.05

5.05

4.95 5.00

my, GeV.

5.05 5.10

0.845

0.835

0.830

0.825

0.820

0.815

00026 0.0028 0.0030 0.0032 0.0034 0.0036
149(0)|2, GeV®
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Fragmentation to diquark

J/

+ e~ -annihilati 2/s i . . . .
Furdel € :nnlhllla_tlg-n at 4m; /s <1 the fragmentation The identical quarks in the color anti-triplet state must
model can be applied: have the symmetrical spin wave function in the S-wave,
i.e. cc must be in the total spin S = 1 state.

. D(z)d=z ~ D z) has a common "Peterson-like" shape:
Q(p) ——— [QQ]EL(ZP> c—ece(z) P
2 |Rec(0)]?
Desee(z) = “73 X o2
9T my \
2(1 — z)2 \\
Xa§(4mz)¥ (16—322+7222—322%+52%), b \
(2 — 2)6 \
oosf- \
An absolute analog of the fragmentation function for [ U

c — J/v¢ + c. [Falk et al., 1994]
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Comparison with other Results

Karliner, Rosner // PRD 90 (2014) 094007

mg = 538 MeV, me = 1.7105 GeV
2 —1
oz, (M
- = |10 = A 0.185 ps
adt 19273 M2, P
=cc

@ Do not agree with n total life

@ No PI, WS = T4 =T_44

Zce Sce

OPE = T_+4++ =0.32ps
=cc

Karliner, Rosner // Phys.Rev. D97 (2018) 094006

ms = 482.2 MeV,
No lifetime predictions presented
OPE = T_4++ = 0.37ps

=cc

me = 1.6556 GeV

Cheng, Shi // arXiv:1809.08102v1 [hep-ph]

me = 1.56 GeV
Dimension 7 operators

T_++ = 0.298 ps, T_+ = 0.044 ps, Tot = 0.2ps
=cc cc cc
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Exclusive decays

The formfactor of decay for the baryon with the spin % into the baryon with the spin % is expressed in

the general form as follows:
= \%4 I ~V F ~V A I ~A F ~A
(Hp ()| TulHy (01) = 6o {vuGY +vLGY +0FGY +5(vu G + 0!G + 07 G }ulpr).
At small recoils v* ~ v/ and v’ - v/ = w ~ 1. Thisis why only two of six form factors are not
suppressed by heavy qaurk mass, namely
4 A
G{ =Gy =¢&(w),
where £(w) is so-called Isgur-Wise form factor. CVC gives £(1) = 1.

£(1)

fw) = T

2
pol

mp°|(b — c) = 6.3 GeV

mp°|(c — s) = 1.85 GeV
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SELEX results

Peak interpreted as Ez’c is seen at fixed target experiment

SELEX for baryon beams only( £~ and p, not 7~ ) in
modes E:ru — ACK77rJr and E:,rc — pDJrK*
[Ocherashvili et al., 2005].

T(pDTK™) n
——— =0.36 £ 0.21 T7(21.) < 0.033 ps
T(A.K—7t) (Bee)
N(EIC)/N(AF) =~ 20% The resonance observed by SELEX and interpreted as
Zcc have an extremely short lifetime and an extremely
No confirmation from other experiments. large cross-section.
K ALK T and D' pK® .
28f For fist time these problems were discussed in
S fitted masses: || 3518(3) and 3519(2) [Kiselev and Likhoded, 2002b].
H Mev/c?
@6
st
af
5
2
1h -
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Five narrow QY states decaying to =7 K~

LHCb

N
(@]
(@)

Candidates/ (1 MeV)
w
(@]
P P P

10044

3000 3100 3200 3300
m(=cK ") [MeV]

[Aaij et al., 20173]
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