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1. Introduction

In this contribution we report on two recent calculations we have doneetnimg exclusive
b — ¢ semileptonic decay of triply heavy baryons [1] ands s,d semileptonic decay of doubly
heavycb baryons [2].

The analysis of triply heavy baryons allows to study the interaction amongy ltgearks in
an environment free of valence light quarks. With no experimental infoomavailable on these
systems so far, previous studies have concentrated on their spectrdqnb[8, 7, 8, 9]. However,
it is likely that triply heavy baryons would be discovered at LHC [10] sd tha study of their
properties beyond spectroscopy seems timely. As for exclusive semilepten s,d decays of
doubly heavy ground stateb baryons, previous studies [11, 12, 13] are very limited. This is in
contrast to their correspondifig— ¢ driven decays which have been more extensively studied [11,
14, 15, 16, 17, 18]. However, the analysis of the> s,d decays ofch baryons could also give
relevant information on heavy quark physics complementary to the one ettom the study of
theirb — c decays.

In both calculations we derive for the first time heavy quark spin symmet@S§) approxi-
mate expressions for the hadronic matrix elements. From these we preaahickiapate, but model
independent, relations among different decay widths.

The calculations are done in a nonrelativistic quark model framework.3&/¢he AL1 poten-
tial of Refs. [19, 5] which contains/t and hyperfine terms, that can be understood as originating
from a one-gluon exchange potential, together with a linear confining teththeAparameters of
this potential have been adjusted to de description of light and heavy mescines

2. b — c semileptonic decays of triply heavy baryons

The wave functions we use to describe triply heavy baryons have tkeeajdéorm

Warapas = O1,hOt,n Oty gcl\/%faq)(fl,fz,flz)(l/l 1/2,1;81,%,81+%)(1,1/2,3;5 +%,%,M),
wherea; represents the spin (s), flavor (f) and color (c) quantum numbersegftin quark. As
we are interested only in spih=1/2 orJ = 3/2 ground state baryons, the total orbital angular
momentum isL = 0. To solve the three-body problem we shall use a variational ansathdor
orbital part of the wave function. We write the orbital wave functions aspttoeluct of three
functions, ®(r1,r2,r12) = @ (r1) @ (r2)@hn(ri2), each one depending on just one of the three
variablesr1,r»,r12, wherery, ro are the relative distances between quark three and quarks one and
two respectively, and;» is the relative distance between the first two quarks. For each ap the
functions above we take an expression consisting in the sum of displacsdigns of the form
o(r) = Z‘j‘:laje*blz(”di)z. We fix the variational parameters by minimizing the energy while the
overall normalization is fixed at the end of the calculation.

In Table 1 we show the calculated masses of the triply heavy baryonse@utsagree nicely
with the Faddeev evaluation in Ref. [5] using the same interquark potentialcofRaparison we
also show results obtained in lattice QCD (LQCD) [9], the bag model (BM)r@&ativistic three
quark model (RTQM) [6], QCD sum rules (QCDSR) [8] and the next tgt e leading order
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This work [5] [9] [3] [6] [8] [20]

Variational Faddeev LQCD BM RTQM QCDSR NNLO pNRQCD
Mo;, 14398 14398 | 14371+12 14300 14569 132806100 14700300
=0 11245 - - 11200 11287 105440110 114006t 300
me,,. 11214 11217 - - 11280 10308-100 11400300
me: 8046 - - 8030 8025 745@-160 8150+ 300
me,., 8018 8019 - - 8018 7410-130 8150+ 300
mo: 4799 4799 - 4790 4803 4676 150 4900t 250

Table 1: Triply heavy baryon masses (in MeV) obtained with the AL1lgmiital of Refs. [19, 5] using our
variational approach. For comparison we also show the teefoim the Faddeev calculation performed in
Ref. [5] using the same potential. Predictions within otapproaches are also compiled. Th&and="*
baryons have total spin 3/2 while tBeones have total spin 1/2.

calculation using potential nonrelativistic QCD (NNLO pNRQCD) [20]. Tlgeegement with the
LQCD result for theQ;,, baryon is good. We also agree with the results in the BM and RTQM
calculations. On the other hand the QCDSR results are much smaller while th® INRQCD
calculation predicts larger masses.

In the limit of very large heavy quark masses, HQSS predicts for the hdransition matrix
elements near zero recoil [1]

Eccb — QéCC 2’7 lj’u U,
Zeeb— Qece _\@’7 lT/\V”(l_VS)U/\a
_ _ 5
Zbbc —7 Zcch _XJ(VIJ - gyﬂyg)uv
— — 2
Zbbc — Zcch - %XJ’“U’
== b —i l]'u“
bbc cc \@ )
Zhbe —* Zecb —2XTMyH (1— o)y,
Qébb—) EbbC 25 l]'u“,
bbb — =bhc —V3ET Y (1- p)uy,

where the factorg), x and & are the Isgur-Wise functions that depend on the product of four
velocities of the two baryons = v- V. We evaluate those Isgur-Wise functions in our model and
we see that, as predicted by the HQSS relations above, they reduce toreslynitlependent ones

in very good approximation. With these functions we get estimates &f-the semileptonic decay
widths that we give in Table 2.

As thedrl” /dw differential decay width peaks at values very close to 1 [1], one can make
further approximations valid in that region. The lepton tensor is approximgitedn by.Z % (q) ~
_anz (g"’B - “Z—?B) whereq is the total four-momentum of the leptonic system. Besides in the

(v-a) . (V9?2
? T @

product of lepton and hadron tensors we can approximatel and ("('1‘3)2 ~ (v
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B — Beve M [ps Y
Zech— QiccVe  8.01x 1072
i QiccEVe  6.28x 1072
Ebbc — Eccbeﬁe 7.98 x 10_2
Spbe—> Sip€Ve  2.42x 1072
e Scob®Ve  1.17x 1072
e SipBVe  T.74x 1072
Qfpp— bbc€Ve  3.95x 1072
Qip — Sppc€V%e  6.34% 102

Table 2: Estimated decay widths in units of pis We useVy,¢| = 0.0410.

Further assuming,,, ~ Mg;, ; Ma,, ~ Mg; _, We predict the approximate ratios

cch

ZI—(EgbC — Eccb)
F(Ebbc — Eécb)
[ (Zhbe — Zceb)
4F(Ebbc — Eccb) — 10—<Ebbc — Eécb)

~ 1,

~ 1.

These approximate, but model independent, predictions are satisfiedowncalculation at the
3.4% and 0.25% level respectively and we expect them to hold in othevagpes as well.

3. ¢ — s,d semileptonic decays of doubly heavy cb baryons

The baryons involved in the present calculation are given in Table 3qliak model masses
qguoted have been taken from our previous works in Refs. [21, 18 revthey were obtained using
the AL1 potential of Refs. [19, 5]. All the details on the wave functionslama they are evaluated
can be found in Refs. [2, 21, 22]. Experimental masses shown in Tarki8ospin averaged over
the values reported by the particle data group [23]. For the actual cideutd the decay widths
we use experimental masses whenever possible.

The classification scheme shown in Table 3 assumes that the two heavg qu#r& two light
quarks have well defined total spi This is not correct for spin-1/2 states. Due to the finite value
of the heavy quark masses, the hyperfine interaction between a liglkt @uda heavy quark can
admix bothS=0 and 1 components into the wave function. We neglect these effectsefay emd
=}, states as the hyperfine matrix elements linking the two states are proportionalitverse of
them, quark mass. On the other hand, for e, =/, (Qcb, Qi) the effect is only suppressed
by the c quark mass and it is relevant. As a result, the actual physical spinkllfaryons are
admixtures of thé=gp, =, (Qcp, Qi) states. The physical states that we obtain in our model are
given by [18}

E(t) = —0.902=},+ 0.431=¢, ; M_u) = 6967 MeV,

¢ —cbh

INote that here we use the orddx whereas in Ref. [18], we usdxt. Thus ourE(:b andQ’cb states, where the heavy
quark subsystem is coupled to spin zero, differ in sign with those usedfiflRg
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Baryon Jm I Sn Quark content Mass [MeV]
Quark model  Experiment
[21, 18] [23]

Ze 3 : 1+ cbn 6928 ~

=, it : 0" cbn 6958 -

= 3t : 1+ cbn 6996 -

Qb N 0 1 cbs 7013 ~

QL it 0 o+ cbs 7038 -

Q:, 3t 0 1 cbs 7075 -

MAp it 0 o udb 5643 562+ 1.6
Sy 3" 1 1+ nnb 5851 58115+ 2.4
5 3" 1 1 nnb 5882 58327+ 3.1
= it : ot nsb 5808 57906+ 2.7
= 3" 3 1+ nsb 5946 -

= 3t : 1 nsb 5975 -

Qp it 0 1 ssc 6033 6071+ 40
Q; $" 0 1 ssc 6063 —

Table 3: Quantum numbers of the baryons involved in this study. Theludassification scheme in which
the two heavy quarks or the two light quarks have well defiogal spin is used)™ andl| are the spin-parity
and isospin of the baryo®" is the spin-parity of the two heavy or the two light quark sidtem.n denotes
auord quark.

E((:f)) = 0'431E::b+0~90250b i M_p = 6919MeV,

—cbh

Qg = —0.8990Q4,+0.437Qqp, ; Mw = 7046 MeV,
ch

Qéi) = 0.437Q,+0.899Q ; M_2) = 7005MeV.

ch

These physical spin-142b baryon states turn out to be very close to the states stands foi=
or Q)

. V3 1
Beo = —7B::b+ éBcb7
. 1 V3

é:b = EBéb—’_ TBCD‘

in which thec and the lightg quark couple to well defined spig =1 (I§Cb) or0 (|§gb), and then
the b quark couples to that state to make the baryon with total spin 1/2. Hyperfinegrodithe
I§Cb, Eagb states is much less important since it is inversely proportional tb theark mass.

While masses are not very sensitive to hyperfine mixing, it was pointed dre:fin[24] that
hyperfine mixing could greatly affect the decay widths of doubly heauy-${2 cb baryons. This
assertion was confirmed fdr— ¢ semileptonic decay in Refs. [16, 18] and for electromagnetic
transitions in Refs. [25, 26]. We expected configuration mixing to also piayngortant role for
¢ — s,d semileptonic decay afb baryons.
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The decay widths we evaluate appear in Tables 4 and 5. We show ouedults and, in
between parentheses, the results where configuration mixing is not eetidn all cases we find
a good agreement with the few other previous calculations. We also semitffigiuration mixing
effects are very important for transitions to final states where the two ligdrkg couple to spin 1,
where we find enhancements or reductions as large as a factor of 2.

r[10 *GeV]

This work Others
—(1 —
:ﬁg)f —=0etve 3.74 (3.45) (3.4)[11] BRI
ng>u+ — =0etve 2.65 (2.87) R E s 110
—(1)+ =0 o+ B + cbs — be Ve 7. 1( A )
Zan = =06t ve 3.88(1.66) 44+3.28[12] Bo P
-2+ =0t Qcps — Qp € Ve 3.49 (7.12)
=i = =06t ve 1.95 (3.91) oD% A
o 2 QLY — O etve 2.98 (6.90)
=" =% e 1.52 (3.45) o -
i 267 (1.02) Q20 o etve 5.50 (2.07)
= — =K € Ve . . 0 -
:((:E)u+ :g + =0 ot —=x0at 7.27 (7.80 9.7+1.3)¥113 chs_> Qb &' ve 1.35
:(*:39 *)_Ebf Ve+_b e Ve+_b €' Ve 408( . ) ( . . ) [ ] Qét())S;)nge-ﬁ—ve 10.2
:cbu_> :be Ve .
Zip — EPetve 0.747
=i = =06t ve 5.03

Table 4: T decay widths foc — sdecays. We usp/:s| = 0.973. Results where configuration mixing is not
considered are shown in between parentheses. The redulhvitorresponds to the decay of thg state.
The result with an f is our estimate from the total decay wadtti the branching ratio given in [13].

[ [10*GeV] [ 10 GeV]
=" 5 Aletve 0.219 (0.196) Q0= etve 0.179 (0.164)
0" Aletve 0.136 (0.154) Q20 = ety 0.120 (0.133)
=Ur 50ty 0.198 (0.0814) Q0 = etve 0.169 (0.0702)
= 20etve 0.110 (0.217) QR0 =1 gty 0.0908 (0.182)
=UF 506ty 0.0807 (0.184) Q0 = ety 0.0690 (0.160)
0% 5:0ety, 0.147 (0.0556) Q20 =gty 0.130 (0.0487)
Zipu— NpeT Ve 0.235 Q0 = etve 0.196
Zoou— Zp€T Ve 0.0399 Q0 = etve 0.0336
Zi— 5h0eve 0.246 Q:0 = etve 0.223

Table 5: T decay widths forr — d decays. We us@/.q| = 0.225. In between parentheses we show the
results without configuration mixing.

Now, in the limit of very large heavy quark masses we can use HQSS toamately evaluate
the hadronic matrix elements for semileptonic transitions between hatted Sateel defined).
Close to zero recoil those matrix elements are given by [2]

® Boo— Ap, = %UJ(—V“VS)U,
° /B\éb—>/\b7£b nﬁ’yf‘u,
o By = Ap,Zp  —nUUH,

L4 B\Cb_)vaEi)aQb Bl]’(y“—%y“ys)u,
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L4 B/b%zba—bagb %BG’(—VHV;})U,

oY = 1
o By —2p=,Q —=BUUH,

=) = 1
o B 2,550 HBUMY,
o B, —5,55,Qr  —BiHy,

o By 5,Qp  —BUMH(1-p)u,

These relations impose restrictions on the form factors for the diffeszatyd that are well satisfied
within our model [2] over the wholev range accessible for the decays and for the actual heavy
guark masses. With the use of the above HQSS relations, and the appromsr(atiact a zero
recoil) similar to the ones described in the previous section, we are ablediztpapproximate,

but model independent, relations among decay widths for hatted statese &r® given in the
following where we also show the results of our full calculation using playgose to hatted)
states.

[ (Zep— Ao) ~ T (E5 — Av) 0.219~ 0.235,
[ (Bep — Zp) ~ T (B — =p) 0.179~0.196(B= Q) 3.73~4.08, (B=X)

r(:éb — Zb) ~ 3r(:cb — Zb) =~ ér(:cb — Zb) ~ ér(:éb — Zb)

0.110~ 0.120 ~ 0.121=~ 0.074,

P _ ~ 3 1
[ (Bep — =p) ~ 37 (Bgp — =p) ~ Qr(Bcb—> Zp) ~ ZF(B/b_> =b)
0.097~0.101 ~ 0.104~ 0.065(8 = Q)
195~ 224~ 229~ 134 (B=23),

1~
M (Qep — Q)

_ . 3_ .~ .
F(ng—> Qb) ~ BF(ch—> Qb) ~ EF(ch—> Qb) ~ >

349~ 4.05 ~ 4.48~ 2.75,

M(Eh = 5 ~T (S — )+ T (Eep— ) 0.246~0.238
F(B, — i) ~T (B — =p) + (B — Z)  0.223~0.203(B=Q) 5.03~4.62(B=23),
M(Qs, — Q) ~ T(Qf — Qo) + T (Qep — Q) 10.2 ~ 8.56,

Our results agree with the HQSS based predictions at the 10% level in nsest. c&he large
discrepancies present in a few notable cases are mainly due to therdiffbese space as a result
of baryon mass differences [2]. We expect the above relations to halthér approaches to the
same level of accuracy.
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