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Introduction	  

4	  

Ground states of b-Mesons and b-Baryons

b-Mesons:

B
u

= B+ : (ub̄), B
d

= B0 : (db̄), B
s

= B0
s

: (sb̄)

These states have been measured with 5.30 ⇠ 5.37GeV for their masses.

The (u, d, s) are light compared with QCD scale of about 1 GeV.

The QCD Lagrangain is approximately flavor SU(3) symmetric

with (u, d, s) as a fundamental representation 3, flavor SU(3) symmetry.

b quark is much heavier, is a siglet under the flavor SU(3) symmetry,

So, (B
u

, B
d

, B
s

) transform as a SU(3) fundamental representation 3, too.

II. SU(3) DECAY AMPLITUDES FOR BEAUTY BARYON DECAYS

b-Baryons:
1
2

+
ground state formed a b quark and two light quarks.

Two light quarks can form 3⇥ 3 = 3̄ + 6 flavor SU(3) representations.

The anti-triplet B: Bi = (⌅�
b

, ⌅0
b

, ⇤0
b

)

⇤0
b

=
1p
2
(ud� du)b; ⌅0

b

=
1p
2
(su� us)b; ⌅�

b

=
1p
2
(ds� sd)b . (1)

The sextet B:

B
ij

=

0

BB@

⌃+
b

⌃0
bp
2

⌅00
bp
2

⌃0
bp
2

⌃�
b

⌅0�
bp
2

⌅00
bp
2

⌅0�
bp
2

⌦�
b

1

CCA (2)

with

⌃+
b

= uub , ⌃0
b

=
1p
2
(ud+ du)b , ⌃�

b

= ddb;

⌅00
b

=
1p
2
(us+ su)b , ⌅0�

b

=
1p
2
(ds+ sd)b , ⌦�

b

= ssb . (3)

These states have been observed also with mass in the range of 5.62 ⇠ 6.05 GeV.
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These states have been measured with 5.30 ⇠ 5.37GeV for their masses.

The (u, d, s) are light compared with QCD scale of about 1 GeV.

The QCD Lagrangain is approximately flavor SU(3) symmetric

with (u, d, s) as a fundamental representation 3, flavor SU(3) symmetry.

b quark is much heavier, is a siglet under the flavor SU(3) symmetry,
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II. SU(3) DECAY AMPLITUDES FOR BEAUTY BARYON DECAYS

b-Baryons:
1
2

+
ground state formed by a b quark and two light quarks.

Two light quarks can form 1⇥ (3⇥ 3) = 3̄ + 6 flavor SU(3) representations.

The anti-triplet B3̄:
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2
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These states have been observed also with mass in the range of 5.62 ⇠ 6.05 GeV.
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This talk

Focuses on CP violation in charmless two body decays of b-mesons and b-baryons:

B mesons decay into two light pesudoscalar mesons MM in octet M: B ! MM ,

B baryons decay into a M and a light baryon F in the octet F : B ! MF .

Here M and F are members in M and F given by

M =

0

B@

⇡

0
p
2
+ ⌘8p

6
⇡+ K+

⇡� � ⇡

0
p
2
+ ⌘8p

6
K0

K� K̄0 �2⌘8p
6

1
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CA . (4)
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Why	  these	  processes	  are	  interesting	  for	  CP	  violation	  ?	  
	  
Both	  tree	  and	  penguin	  amplitudes	  contribute	  to	  the	  decays	  offering	  the	  possibility	  of	  
large	  CP	  violation:	  in	  B	  -‐>	  MM	  CP	  asymmetry	  can	  be	  as	  large	  as	  about	  10%!	  Several	  of	  
them	  measured.	  
Expecting	  similar	  size	  of	  CPV	  in	  b-‐baryon	  charmless	  two	  body	  decays!	  
	  
Some	  predictions	  for	  CPV	  relations	  for	  B	  -‐>	  MM	  to	  better	  than	  10%	  level.	  	  
Universal	  or	  accidental?	  	  
Similar	  things	  will	  happen	  in	  B	  -‐>	  M	  F?	  	  	  Provide	  further	  tests	  
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Well	  tested	  SM	  prediction:	  B	  -‐>	  MM	  relations	  
CPV	  relation	  between	  Bs	  è	  	  K-‐	  π+	  and	  Bd	  è K+	  π-‐	  
LHCb	  collaboration,	  arXiv:1304.6173	  

	  

	  
	  
	  
	  
	  
	  
	  
	  
Relation	  derived	  from	  SU(3)	  flavor	  symmetry.	  	  	  
Confirm	  SU(3)	  prediction!?	  
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E =
A

CP

(B0 ! K+⇡�)

A
CP

(B0
s

! K�⇡+)
+

Br(B0
s

! K�⇡+)⌧
d

Br(B0 ! K+⇡�)⌧
s

= 0 , E = �0.02± 0.05± 0.04 .
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To	  gauge	  the	  level	  of	  the	  relation	  hold,	  define	  

Combining	  all	  data	  show	  that	  the	  above	  is	  at	  about	  5%	  away	  from	  
central	  value	  at	  1-‐sigma	  level	  hold.	  

Bd	  	  

Bs	  

Relation	  holds	  well.	  Consistent	  with	  SU(3)	  prediction	  
What	  will	  happen	  for	  b-‐baryon	  decay?	  What	  are	  the	  
corresponding	  decays?	  Can	  use	  them	  to	  test	  similar	  relations.	  

Heavy Flavor Averaging Group

August 2014

Compilation of CP Asymmetries for B0 modes

In PDG2014 New since PDG2014 (preliminary) New since PDG2014 (published)

RPP# Mode PDG2014 Avg. BABAR Belle CDF LHCb New Avg.

227 K+⇡� �0.082± 0.006 1
�0.107± 0.016+0.006

�0.004 �0.069± 0.014± 0.007 �0.083± 0.013± 0.004 �0.080± 0.007± 0.003 �0.082± 0.006

230 ⌘0K⇤0 0.02± 0.23 0.02± 0.23± 0.02 �0.22± 0.29± 0.07 �0.07± 0.18
231 ⌘0K⇤

0 (1430)0 �0.19± 0.17 �0.19± 0.17± 0.02 �0.19± 0.17

232 ⌘0K⇤
2 (1430)0 0.14± 0.18 0.14± 0.18± 0.02 0.14± 0.18

234 ⌘K⇤0 0.19± 0.05 0.21± 0.06± 0.02 0.17± 0.08± 0.01 0.19± 0.05
235 ⌘K⇤

0 (1430)0 0.06± 0.13 0.06± 0.13± 0.02 0.06± 0.13

236 ⌘K⇤
2 (1430)0 �0.07± 0.19 �0.07± 0.19± 0.02 �0.07± 0.19

241 b�1 K+
�0.07± 0.12 �0.07± 0.12± 0.02 �0.07± 0.12

246 !K⇤0 0.45± 0.25 0.45± 0.25± 0.02 0.45± 0.25
248 !K⇤

0 (1430)0 �0.07± 0.09 �0.07± 0.09± 0.02 �0.07± 0.09

249 !K⇤
2 (1430)0 �0.37± 0.17 �0.37± 0.17± 0.02 �0.37± 0.17

251 K+⇡�⇡0 0.00± 0.06 �0.030+0.045
�0.051 ± 0.055 0.07± 0.11± 0.01 0.000+0.059

�0.061
252 ⇢�K+ 0.20± 0.11 0.20± 0.09± 0.08 0.22+0.22+0.06

�0.23�0.02 0.20± 0.11

253 ⇢(1450)�K+
�0.10± 0.33 �0.10± 0.32± 0.09 �0.10± 0.33

254 ⇢(1700)�K+
�0.36± 0.61 �0.36± 0.57± 0.23 �0.36± 0.61

255 K+⇡�⇡0(NR) 0.10± 0.18 0.10± 0.16± 0.08 0.10± 0.18
257 K⇤

0 (1430)0⇡0
�0.15± 0.11 �0.15± 0.10± 0.04 �0.15± 0.11

261 K0⇡+⇡� �0.01± 0.05 �0.01± 0.05± 0.01 �0.01± 0.05
264 K⇤+⇡� �0.22± 0.06 1

�0.24± 0.07± 0.02 2
�0.21± 0.11± 0.07 �0.23± 0.06

265 K⇤
0 (1430)+⇡� 0.09± 0.07 0.09± 0.07± 0.03 0.09± 0.08

271 K⇤0⇡0
�0.15± 0.13 �0.15± 0.12± 0.04 �0.15± 0.13

278 K⇤0⇡+⇡� 0.07± 0.05 0.07± 0.04± 0.03 0.07± 0.05
279 K⇤0⇢0

�0.06± 0.09 �0.06± 0.09± 0.02 �0.06± 0.09
280 f0(980)K⇤0 0.07± 0.10 0.07± 0.10± 0.02 0.07± 0.10

283 a�1 K+
�0.16± 0.12 �0.16± 0.12± 0.01 �0.16± 0.12

284 K⇤+⇢� 0.21± 0.15 0.21± 0.15± 0.02 0.21± 0.15
311 K⇤0K+K� 0.01± 0.05 0.01± 0.05± 0.02 0.01± 0.05
312 �K⇤0 0.00± 0.04 0.01± 0.06± 0.03 �0.007± 0.048± 0.021 �0.015± 0.032± 0.10 † �0.003± 0.038
314 K⇤0⇡+K� 0.22± 0.39 0.22± 0.33± 0.20 0.22± 0.39
326 �K⇤

0 (1430)0 0.12± 0.08 0.20± 0.14± 0.06 0.093± 0.094± 0.017 0.124± 0.081

333 �K⇤
2 (1430)0 �0.11± 0.10 �0.08± 0.12± 0.05 �0.155+0.152

�0.133 ± 0.033 �0.113+0.102
�0.096

340 K⇤0� �0.002± 0.015 �0.016± 0.022± 0.007 0.008± 0.017± 0.009 �0.002± 0.015

357 ⇡0⇡0 0.43± 0.14 0.43± 0.26± 0.05 0.44+0.52
�0.53 ± 0.17 0.43± 0.24

391 a⌥1 ⇡± �0.07± 0.06 �0.07± 0.07± 0.02 �0.06± 0.05± 0.07 �0.07± 0.06

400 b⌥1 ⇡± �0.05± 0.10 �0.05± 0.10± 0.02 �0.05± 0.10

412 ppK⇤0 0.05± 0.12 0.11± 0.13± 0.06 �0.08± 0.20± 0.02 0.05± 0.12

414 p⇤⇡� 0.04± 0.07 �0.10± 0.10± 0.02 3
�0.02± 0.10± 0.03 �0.06± 0.07

477 K⇤0`` �0.05± 0.10 0.02± 0.20± 0.02 �0.08± 0.12± 0.02 �0.05± 0.10
478 K⇤0e+e� �0.21± 0.19 �0.21± 0.19± 0.02 �0.21± 0.19
479 K⇤0µ+µ� �0.07± 0.04 0.00± 0.15± 0.03 �0.072± 0.040± 0.005 �0.067± 0.039

Measurements of time-dependent CP asymmetries are listed on the Unitarity Triangle
home page. (http://www.slac.stanford.edu/xorg/hfag/triangle/index.html)

† Extracted from measured �ACP = ACP (�K⇤0)� ACP (J K⇤0) = 0.015± 0.032± 0.005.
1 PDG uses also a result from CLEO.
2 Average of BABAR results from B0 ! K+⇡�⇡0 and B0 ! K0⇡+⇡�.
3 PDG quotes the opposite asymmetry.

4/28/15 9:40 AM
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equation, the left hand side is �2.21 ± 1.78 and the right hand side is 5.06 ± 0.59. The central
values do not agree with the prediction, but agree within allowed error bars at 1� level.

Corresponding to the above relations, for each of them there are two pairs. For the first one,
the two pairs are:

ACP (⇤0
b ! ⇡�p)

ACP (⌅0
b ! K�⌃+)

= �
Br(⌅0

b ! K�⌃+)⌧⇤0
b

Br(⇤0
b ! ⇡�p)⌧⌅0

b

,
ACP (⇤0

b ! K+⌃�)

ACP (⌅0
b ! ⇡+⌅�)

= �
Br(⌅0

b ! ⇡+⌅�)⌧⇤0
b

Br(⇤0
b ! K+⌃�)⌧⌅0

b

.

(18)

For the second one, we have the two pairs as:

ACP (⇤0
b ! K�p)

ACP (⌅0
b ! ⇡�⌃+)

= �
Br(⌅0

b ! ⇡�⌃+)⌧⇤0
b

Br(⇤0
b ! K�p)⌧⌅0

b

,
ACP (⇤0

b ! K+⌅�)

ACP (⌅0
b ! ⇡+⌃�)

= �
Br(⌅0

b ! ⇡+⌃�)⌧⇤0
b

Br(⇤0
b ! K+⌅�)⌧⌅0

b

.

(19)

We expect that the similar relations will hold at the same level as their B ! MM counter parts.
One expects that SU(3) symmetry holds are 20 to 30 percent level as seen in Kaon and Hyperon
decays. However, if one takes experimental values, the relation for B̄0

s ! K+⇡� and B̄0 ! K�⇡+

holds at 5% level measured by

� =
ACP (B̄0

s ! K+⇡�)

ACP (B̄0 ! K�⇡+)

�
Br(B̄0 ! K�⇡+)⌧B̄0

s

Br(B̄0
s ! K+⇡�)⌧B̄0

+ 1 . (20)

Whether this is an accidental or SU(3) works better for B decays needs to be understood. The
relations found for b-baryons above can provide important clues. Future data from LHCb can test
these relations to good precisions.

Note that the relation

ACP (⌅
�
b ! K0⌅�)

ACP (⌅
�
b ! K̄0⌃�)

= �Br(⌅�
b ! K̄0⌃�)

Br(⌅�
b ! K0⌅�)

, (21)

does not involve the lifetimes of the decaying particle, making it a potentially good test with less
error sources.

With moderate assumptions about the smallness of annihilation contributions, there are also
new relations. We take ⇤0

b ! ⇡�p and ⇤0
b ! K�p as examples to explain some details. If one

neglects the coe�cients a(i)↵ in the SU(3) invariant amplitudes, one would obtain

T (⇤0
b ! ⇡�p) ⇡ T (⇤0

b ! K�p) ⇡ b(3)2 + b(6)2 + 3b(15)2 . (22)

We refer the contributions proportional to a(i)↵ as annihilation contributions in view of the
fact that the flavor indices of the initial states are contracted by the indices in the Hamiltonian
as if the flavor structure of the initial states are annihilated by the Hamiltonian. Since the initial
flavor structures are annihilated by the Hamiltonian, no flavor information flow directly to the
final states implying that the flavor structure of the final states have to be created completely
by the weak interaction, the probability is smaller than those other terms where the initial state
flows flavor information directly to the final states. Model calculations agree with this picture [4].
Similar situation happens for B ! MM. There have been studied extensively. Theoretical

7

World	  Average	  	  	  (HFAG)	  
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Related	  relation,	  first	  Considered	  in	  1995	  by	  Deshpande	  and	  He	  

Related	  between	  Bs	  è	  K-‐	  π+,	  B	  è	  K+	  π-‐	  and	  more,	  first	  Considered	  in	  1998	  by	  X-‐G.	  	  He	  

Later	  studied	  by	  
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2.	  CPV	  relations	  with	  flavor	  SU(3)	  for	  b-‐mesons	  
	  

SU(3)	  Symmetry	  Derivation	  CPV	  relations	  
(Nation	  change:	  In	  the	  following	  P=M	  discussions)	  

	  
If:	  

	  
Then:	  

	  

How	  to	  get:	  
	  

?	  

Replacing	  	  “-‐”	  to	  “+”	  will	  also	  work	  for	  this	  purpose,	  but	  “-‐”	  is	  predicted	  by	  SU(3)	  flavory	  symmetry.	  
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Test	  for	  SU(3)	  flavor	  symmetry,	  and	  also	  SM	  with	  3	  generations!	  

In	  the	  SM	  with	  flavor	  SU(3),	  one	  has	  

11	  



Effective	  Hamiltonian	  
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Ground states of b-Mesona and b-baryons

b-Mesons: Bu = B+ : (u)̄, Bd = B0 : (db̄), Bs = B0
s : (sb̄)

These states have been measured with 5.30 ⇠ 5.37GeV for their masses.

The (u, d, s) are light compared with QCD scale of about 1 GeV.

The QCD Lagrangain is approsimately flavor SU(3) symmetric

with (u, d, s) as a fundamental representation 3, flavor SU(3) symmetry.

b quark is much heavier, is a siglet under the flavor SU(3) symmetry,

So, (Bu, Bd, Bs) transform as a SU(3) fundamental representation 3, too.

3⇥ 3⇥ 3̄ = 15 + 6 + 3̄ + 3̄

3⇥ 8 = 15 + 6 + 3̄

3̄⇥ 1 = 3̄
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Ai-‐annihilation	  amplitude,	  small.	  	  
C6-‐A6	  appear	  together,	  just	  use	  C6.	  
Smilar	  structure	  for	  penguin	  amplitude,	  
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	  SU(3)	  decay	  amplitudes	  for	  B	  èPP	  

Other	  Similar	  Tests	  

The	  amplitudes	  Ai	  is	  called	  the	  annihilation	  amplitudes	  which	  are	  small!	  
15	  



Several	  other	  SU(3)	  predictions	  	  

16	  



Example:	  

,	  

calculations also agree with the assumption of smallness of annihilation contributions [9]. More
over experimental data support the assumption that the annihilation contributions are small [1, 13].
Under the small annihilation contribution assumption, one has [6, 7]

ACP (B̄0 ! ⇡�⇡+)

ACP (B̄0 ! K�⇡+)
⇡ �Br(B̄0 ! K�⇡+)

Br(B̄0 ! ⇡�⇡+)
,

ACP (B̄0
s ! K+⇡�)

ACP (B̄0
s ! K+K�)

⇡ �Br(B̄0
s ! K+K�)

Br(B̄0
s ! K+⇡�)

.

(23)

For the first equation above, using PDG data [1], we find that the left side is given by �3.78± 0.67
and the right hand side given by 3.82 ± 0.17. For the second equation, the left side is given by
�2.0±1.6 and the right hand side is given by 4.71±0.60. The predicted relations are in agreement
with data within error bars. In particular the first equation about gives additional confidence on
our assumption.

If the annihilation contributions are indeed small, one would obtain

ACP (⇤0
b ! K�p)

ACP (⇤0
b ! ⇡�p)

⇡ � Br(⇤0
b ! ⇡�p)

Br(⇤0
b ! K�p)

. (24)

At present, data have not converged yet. The CDF[3] and LHCb[14] obtain values for the right
handed to be: 0.66 ± 0.14 ± 0.08 and 0.86 ± 0.08 ± 0.05, respectively. The PDG [1] values is:
0.84± 0.22. For CP asymmetries, the PDG [1] and CDF [3] give

PDG : ACP (⇤
0
b ! ⇡�p) = 0.03± 0.17± 0.05 , ACP (⇤

0
b ! K�p) = 0.37± 0.17± 0.03 ,

CDF : ACP (⇤
0
b ! ⇡�p) = 0.06± 0.07± 0.03 , ACP (⇤

0
b ! K�p) = �0.10± 0.08± 0.04 .

The CP asymmetry for ⇤0
b ! K�p from PDG is better than 2�. If we take that as an input,

with the branching ratio also from PDG, we would predict CP asymmetry

ACP (⇤
0
b ! ⇡�p) = �0.44± 0.23 . (25)

This is to be compared with 0.03± 0.08 given by PDG [1]. It is clear that the predicted relation in
eq. (24) does not agree with values given in PDG, not even the signs. The predicted relation agrees
in signs with the CDF data and values are consistent within 1� error bars, but the central values
is o↵. The above relation also can viewed as providing an additional test for small annihilation
contributions. We have to wait future experimental data to confirm the prediction.

There are additional relations beside listed above when annihilation contributions are neglected
which can be read o↵ from Tables I to VI and are given below

(1) ⇡ (2) , (3) ⇡ (4) , (5) ⇡ (6) , (7) ⇡ (8) . (26)

The above relations can provide further tests for the smallness of annihilation contributions along
with SU(3) flavor symmetry.

We have studied CP violating relations for flavor SU(3) anti-triplet B b-baryons decay into two
charmless light particles. These relations can provide cruicial information about how flavor SU(3)
works for systems containing a heavy b-quark and can test the SM for CP violation further. We
eagerly waiting more precise experimental data from LHCb to further test these relations. Similar
analysis can be carried out for sixtet b-baryon to charmless two-body decays. Detailed analysis on
this will be presented elsewhere.

8

Neglect	  annihilation	  contributions,	  neglecting	  A_i	  

This talk

Focuses on CP violation in charmless two body decays of b-mesons and b-baryons:

B mesons decay into two light pesudoscalar mesons MM in octet M: B ! MM ,

B baryons decay into a M and a light baryon F in the octet F : B ! MF .

Here M and F are members in M and F given by

M =

0

B@

⇡

0
p
2
+ ⌘8p

6
⇡+ K+

⇡� � ⇡

0
p
2
+ ⌘8p

6
K0

K� K̄0 �2⌘8p
6

1

CA , F =

0

B@

⌃0
p
2
+ ⇤0

p
6

⌃+ p

⌃� �⌃0
p
2
+ ⇤0

p
6

n

⌅� ⌅0 �2⇤0
p
6

1

CA . (4)

A = V
ub

V ⇤
uq

T + V
tb

V ⇤
tq

P ,

T (B̄0 ! K�⇡+; B̄0
s

! K+⇡�) = CT

3̄ + CT

6 � AT

15 + 3CT

15 ,

P (B̄0 ! K�⇡+; B̄0
s

! K+⇡�) = CP

3̄ + CP

6 � AP

15 + 3CP

15 ,

T (B̄0 ! ⇡�⇡+) = 2AT

3̄ + CT

3̄ + CT

6 + AT

15 + 3CT

15 ,

P (B̄0 ! ⇡�⇡+) = 2AP

3̄ + CP

3̄ + CP

6 � AP

15 + 3CP

15 .

If annihilation contribvutions are neglected, setting A
i

= 0

T (B̄0 ! K�⇡+; B̄0
s

! K+⇡�) = T (B̄0 ! ⇡�⇡+) ,

P (B̄0 ! K�⇡+; B̄0
s

! K+⇡�) = P (B̄0 ! ⇡�⇡+) .

4
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Focuses on CP violation in charmless two body decays of b-mesons and b-baryons:

B mesons decay into two light pesudoscalar mesons MM in octet M: B ! MM ,

B baryons decay into a M and a light baryon F in the octet F : B ! MF .

Here M and F are members in M and F given by
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If annihilation contribvutions are neglected, setting A
i

= 0

T (B̄0 ! K�⇡+; B̄0
s

! K+⇡�) = T (B̄0 ! ⇡�⇡+) ,

P (B̄0 ! K�⇡+; B̄0
s

! K+⇡�) = P (B̄0 ! ⇡�⇡+) .

4

neglecting	  annihilation	  contributions:	  	  
setting	  Ai	  =	  0	  

Data	  	  left:	  -‐3.78+-‐0.67	  	  	  right:	  -‐3.72+-‐0.17	  
Agree	  very	  well.	  Neglecting	  annihilation	  may	  be	  a	  good	  approximation!	  	  	  
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SU(3)	  breaking	  effects	  
Naïve	  factorization:	  Deshpand	  and	  He,	  1995,	  He	  1998	  

QCD	  factorization:	  other	  SU(3)	  breaking	  effect.	  	  Deshpande,	  et	  al,	  2003	  
Example:	  K,	  pi	  wave	  function	  amplitudes	  	  	  	  	  	  	  	  	  	  	  	  	  	  Beneke,	  2003	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Wang	  and	  Zhu,	  2013	  
	  

	  
rc	  range:	  0.86	  –	  1.67,	  	  
central	  value:	  1.15	  

	  

pQCD	  estimate:	  rc	  range:	  0.90	  –	  1.10,	  central	  value:	  1.0.	  	  
C.	  D	  Lu	  et	  al.	  2007	  
	  
Data	  consistent	  with	  SU(3)	  prediction.	  	  
Not	  conclusive	  whether	  SU(3)	  breaking	  effects	  showed	  up.	  

18	  



Experimental	  observables	  

3.	  CPV	  relations	  with	  flavor	  SU(3)	  for	  b-‐baryons	  
X-‐G	  He,	  G	  -‐N	  Li	  arXiv:1501.00846,	  and	  M	  He,	  -‐G	  He,	  -‐N	  Li	  in	  preparation	  

19	  

III. CP VIOLATING RELATIONS FOR BEAUTY BARYON DECAYS

B ! M+ F decay amplitude A induced by weak interaction in the SM

can have both parity conserving A
c

and violating A
v

amplitudes

A = MF̄(A
v

+ iA
c

�5)B = S + P� · ~p
c

, � = 2|p
c

|(|S|2 + |P|2) ,

|p
c

| =
p
E2

F �m2
F is the final baryon F momentum.

S and P are referred as S- and P - wave amplitudes with

S = A
v

s
(mB +mF)2 �m2

M
16⇡m2

B
, P = A

c

s
(mB �mF)2 �m2

M
16⇡m2

B
.

More observables in the decay angular distribution. In the rest frame of the initial b-baryon,

4⇡

�

d�

d⌦
= 1 + ↵~sB · ~n+ ~sF · [(↵ + ~sB · ~n)~n+ �~sB ⇥ ~n+ �(~n⇥ (~sB ⇥ ~n))] ,

~sB,~sF are the spins of initial b-baryon and final octet baryon,

~n = ~p
c

/|p
c

| is the direction of the final baryon F .

↵ =
2Re(S⇤P)

|S|2 + |P|2 , � =
2Im(S⇤P)

|S|2 + |P|2 , � =
|S|2 � |P|2

|S|2 + |P|2 .

only two of them are independent with ↵2 + �2 + �2 = 1.

12
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CP violating observables

A
CP

=
�� �̄

�+ �̄
, A

↵

=
�↵ + �̄↵̄

�+ �̄
.

In the SM there are tree and penguin contributions to S and P amplitudes can be written as:

S(q) = V
ub

V ⇤
uq

T (q)0 + V
tb

V ⇤
tq

P (q)0, P(q) = V
ub

V ⇤
uq

T (q)1 + V
tb

V ⇤
tq

P (q)1,

S̄(q) = �[V ⇤
ub

V
uq

T (q)0 + V ⇤
tb

V tqP (q)0], P̄(q) = V ⇤
ub

V
uq

T (q)1 + V ⇤
tb

V tqP (q)1 ,

Then

�(q) = �(q)� �̄(q) = �8|p
c

|Im(V
ub

V ⇤
uq

V ⇤
tb

V
tq

)Im[T (q)0P (q)⇤0 + T (q)1P (q)⇤1] ,

�↵ + �̄↵̄ = Re(S⇤P) +Re(S̄⇤P̄) = 2Im(V
ub

V ⇤
uq

V ⇤
tb

V
tq

)[Im(T (q)⇤0P (q)1)� Im(P (q)⇤0T (q)1)],

A
CP

and A
↵

probe di↵erent combinations of CPV amplitudes.

with the property of KM matrix element, we can obtain the relation

[�↵ + �̄↵̄](d) = �[�↵ + �̄↵̄](s), [�� + �̄�̄](d) = �[�� + �̄�̄](s). (12)

A(d)

A(s)
= � [�↵� �̄↵̄](s)

[�↵� �̄↵̄](d)
,
B(d)

B(s)
= � [�� � �̄�̄](s)

[�� � �̄�̄](d)
. (13)

with the approximation ↵ ' (↵� ↵̄)/2 and � ' (� � �̄)/2, we have

A(d)

A(s)
= �↵(s)Br(s)

↵(d)Br(d)
,
B(d)

B(s)
= ��(s)Br(s)

�(d)Br(d)
(14)

Due to di↵erent KM matrix elements in the pair of U -spin related decay amplitudes, although
the amplitudes have some similarities, the branching ratios are not simply related. However, when
considering the rate di↵erence, the situation is di↵erent completely. And here we list those U-spin
related decay rate di↵erences pair with �S = 0 and �S = �1 for the anti-triplets:

(1) �(⌅�
b

! K�n) = ��(⌅�
b

! ⇡�⌅0) , (2) �(⌅0
b

! K̄0n) = ��(⇤0
b

! K0⌅0) ,

(3) �(⌅�
b

! K0⌅�) = ��(⌅�
b

! K̄0⌃�) , (4) �(⌅0
b

! K0⌅0) = ��(⇤0
b

! K̄0n) ,

(5) �(⌅0
b

! ⇡�⌃+) = ��(⇤0
b

! K�p) , (6) �(⇤0
b

! ⇡�p) = ��(⌅0
b

! K�⌃+) , (15)

(7) �(⌅0
b

! ⇡+⌃�) = ��(⇤0
b

! K+⌅�) , (8) �(⇤0
b

! K+⌃�) = ��(⌅0
b

! ⇡+⌅�)

(9) �(⌅0
b

! K�p) = ��(⇤0
b

! ⇡�⌃+) , (10) �(⌅0
b

! K+⌅�) = ��(⇤0
b

! ⇡+⌃�) .

And for the sextet b-baryon decay processes, we have

(11) �(⌃+
b

! n⇡+) = ��(⌃+
b

! ⌅0K+); (12) �(⌃+
b

! ⌃+K0) = ��(⌃+
b

! pK̄0);

(13) �(⌃�
b

! n⇡�) = ��(⌦�
b

! ⌅0K�); (14) �(⌃�
b

! ⌃�K0) = ��(⌦�
b

! ⌅�K̄0);

(15) �(⌦�
b

! ⌅0⇡�) = ��(⌃�
b

! nK�); (16) �(⌦�
b

! ⌃�K̄0) = ��(⌃�
b

! ⌅�K0);
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TABLE VIII: The CP-averaged branching ratios, direct CP asymmetries and the polarization asymmetry

parameter α for the Λb → pπ, pK decays obtained in the conventional and the hybrid pQCD approaches. The

errors for these entries correspond to the uncertainties in the input hadronic quantities, the scale-dependence,

and the CKM matrix elements, respectively. Current experimental measurements at the Tevatron [24] are

also listed.

pQCD (conventional) pQCD (hybrid scheme) Exp.

B(Λb → pπ) 4.66+2.08+0.70+0.35
−1.74−0.35−0.35 × 10−6 5.21+2.42+0.30+0.42

−1.89−0.10−0.37 × 10−6 3.5 ± 0.6 ± 0.9 × 10−6

B(Λb → pK) 1.82+0.74+0.62+0.07
−0.71−0.80−0.05 × 10−6 2.02+0.78+0.55+0.10

−0.86−0.90−0.05 × 10−6 5.6 ± 0.8 ± 1.5 × 10−6

ACP(Λb → pπ) −0.32+0.27+0.41+0.01
−0.00−0.00−0.01 −0.31+0.28+0.32+0.01

−0.00−0.00−0.01 −0.03 ± 0.17 ± 0.05

ACP(Λb → pK) −0.03+0.21+0.13+0.00
−0.00−0.04−0.00 −0.05+0.26+0.03+0.01

−0.00−0.05−0.00 −0.37 ± 0.17 ± 0.03

α(Λb → pπ) −0.83+0.03+0.03+0.01
−0.01−0.07−0.01 −0.84+0.03+0.00+0.01

−0.00−0.00−0.01 —

α(Λb → pK) 0.03+0.00+0.00+0.03
−0.36−0.07−0.05 0.08+0.00+0.05+0.04

−0.38−0.42−0.04 —

We present our results in the two pQCD approaches and compare them with the current ex-

perimental data from the Tevatron [24] in Table VIII. The first error in the pQCD-based entries

arises from the input hadronic parameters, which is dominated by the errors on the normalization

constant of the Λb baryon (taken as fΛb
= 4.28+0.75

−0.64 ×10−3GeV2) and the Λb baryon wave function

shape parameter (taken as β = 1.0 ± 0.2 GeV). The second error is the combined error from the

hard scale t, defined in Eq. (49), which is varied from 0.75t to 1.25t, and the renormalization scale

of the Wilson coefficients, given in Table I. The third error is the combined uncertainty due to the

CKM matrix elements.

We observe from Table VIII that the results for the conventional pQCD and the hybrid pQCD

approaches do not differ very much, although in the hybrid approach the factorizable contributions

have increased by almost an order of magnitude as compared to the conventional pQCD approach.

The reason for this is that in the hybrid approach the factorizable amplitudes fi are still only a

fraction of the non-factorizable amplitudes, as is apparent by comparing the results in Table VII.

Of course, it remains to be checked if the non-factorizable amplitude is correctly estimated in the

pQCD approach for the b-baryonic decays due to the exchange of two gluons. This involves, among

other diagrams, those where both the gluons are attached to the same outgoing quark line (see, for

example, the diagrams in the fourth row in Fig. 4). These contributions are more sharply peaked,

compared to the others encountered here or in the decays of B-mesons, which involve single gluon

attachments on a quark line.

The ratio of the decay rates for the Λb → pπ and Λb → pK decays, called below RπK(Λb), can

Model	  calculations	  

Λb

b

d

u
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d
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ū

(a)

W
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b

d

u
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u

d

q

ū

(b)

W

u

FIG. 1. Contributions to Λb → pM(V ) from (a) color-allowed tree-level and (b) penguin diagrams.

derived as

A(Λb → pM) = i
GF√
2
mbfM

[

αM〈p|ūb|Λb〉+ βM〈p|ūγ5b|Λb〉
]

,

A(Λb → pV ) =
GF√
2
mV fV ε

µ∗αV 〈p|ūγµ(1− γ5)b|Λb〉 , (2)

where GF is the Fermi constant and the meson decay constants fM(V ) are defined by

〈M |q̄1γµγ5q2|0〉 = −ifMqµ and 〈V |q̄1γµq2|0〉 = mV fV ε∗µ with the four-momentum qµ and

polarization ε∗µ, respectively. The constants αM (βM) and αV in Eq. (2) are related to the

(pseudo)scalar and vector or axialvector quark currents, given by

αM(βM) = VubV
∗

uqa1 − VtbV
∗

tq(a4 ± rMa6) ,

αV = VubV
∗
uqa1 − VtbV

∗
tqa4 , (3)

where rM ≡ 2m2
M/[mb(mq + mu)], Vij are the CKM matrix elements, q = s or d, and

ai ≡ ceffi + ceffi±1/N
(eff)
c for i =odd (even) are composed of the effective Wilson coefficients

ceffi defined in Ref. [9]. We note that, as seen from Fig. 1, there is no annihilation diagram

at the penguin level for Λb → pM(V ), unlike the cases in the two-body mesonic B decays.

In addition, without the color-suppressed tree-level diagram, the non-factorizable effects

in these baryonic decays can be modest. In order to take account of the non-factorizable

effects, we use the generalized factorization method by setting the color number as N eff
c ,

which floats from 2 to ∞. The matrix elements of the Bb → B baryon transition in Eq. (2)

have the general forms:

〈B|q̄γµb|Bb〉 = ūB[f1γµ +
f2
mBb

iσµνq
ν +

f3
mBb

qµ]uBb
,

〈B|q̄γµγ5b|Bb〉 = ūB[g1γµ +
g2
mBb

iσµνq
ν +

g3
mBb

qµ]γ5uBb
,

〈B|q̄b|Bb〉 = fSūBuBb
, 〈B|q̄γ5b|Bb〉 = fP ūBγ5uBb

, (4)

3

C.-‐D.	  Lv	  et	  al,	  PRD80,	  034011	  (2009)	  
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IV. CONCLUSIONS

Based on the generalized factorization method and SU(3) flavor and SU(2) spin sym-

metries, we have simultaneously explained the recent observed decay branching ratios in

Λb → pK− and Λb → pπ− and obtained the ratio of RπK being 0.84 ± 0.09, which agrees

well with the combined experimental value of 0.84 ± 0.22 from CDF and LHCb, demon-

strating a reliable theoretical approach to study the two-body Λb decays. We have also

predicted that ACP (Λb → pK−) = (5.8 ± 0.2)% and ACP (Λb → pπ−) = (−3.9 ± 0.2)%

with well-controlled uncertainties, whereas the current data for these CPAs are consistent

with zero. We have used this approach to study the corresponding vector modes. Ex-

plicitly, we have found that B(Λb → pK∗−, pρ−) = (2.5 ± 0.5, 11.4 ± 2.1) × 10−6 with

RρK∗ = 4.6± 0.5 and ACP (Λb → pK∗−, pρ−) = (19.6± 1.6, −3.7± 0.3)%. Since our predic-

tion for ACP (Λb → pK∗−) is large and free of both mesonic and baryonic uncertainties from

the hadron sector, it would be the most promised direct CP asymmetry to be measured by

the experiments at CDF and LHCb to test the SM and search for some possible new physics.

TABLE II. Decay branching ratios and direct CP asymmetries of Λb → pM(V ), where the errors

for B(Λb → pM(V )) arise from fM(V ) and f1(g1), the CKM matrix elements and non-factorizable

effects, while those for ACP (Λb → pM(V )) are from the CKMmatrix elements and non-factorizable

effects, respectively.

our result pQCD [5] data

106B(Λb → pK−) 4.8± 0.7± 0.1 ± 0.3 2.0+1.0
−1.3 4.9± 0.9 [4]

106B(Λb → pπ−) 4.2± 0.6± 0.4 ± 0.2 5.2+2.5
−1.9 4.1± 0.8 [4]

106B(Λb → pK∗−) 2.5± 0.3± 0.2 ± 0.3 — —

106B(Λb → pρ−) 11.4 ± 1.6± 1.2± 0.6 — —

102ACP (Λb → pK−) 5.8 ± 0.2± 0.1 −5+26
− 5 −10± 8± 4 [8]

102ACP (Λb → pπ−) −3.9± 0.2± 0.0 −31+43
− 1 6± 7± 3 [8]

102ACP (Λb → pK∗−) 19.6± 1.3 ± 1.0 — —

102ACP (Λb → pρ−) −3.7± 0.3± 0.0 — —
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Abstract

We study direct CP violating asymmetries (CPAs) in the two-body Λb decays of Λb → pM(V )

with M(V ) = K−(K∗−) and π−(ρ−) based on the generalized factorization method. After

simultaneously explaining the observed decay branching ratios of Λb → (pK− , pπ−) with

RπK ≡ B(Λb → pπ−)/B(Λb → pK−) being 0.84±0.09, we find that their corresponding direct CPAs

are (5.8 ± 0.2, −3.9 ± 0.2)% in the standard model (SM), in comparison with (−5+26
− 5 , −31+43

− 1)%

and (−10 ± 8 ± 4, 6 ± 7 ± 3)% from the perturbative QCD calculation and the CDF experiment,

respectively. For Λb → (pK∗−, pρ−), the decay branching ratios and CPVs in the SM are predicted

to be (2.5 ± 0.5, 11.4 ± 2.1) × 10−6 with RρK∗ = 4.6 ± 0.5 and (19.6 ± 1.6, −3.7 ± 0.3)%, respec-

tively. The uncertainties for the CPAs in these decay modes as well as RπK, ρK∗− mainly arise from

the quark mixing elements and non-factorizable effects, whereas those from the hadronic matrix

elements are either totally eliminated or small. We point out that the large CPA for Λb → pK∗−

is promising to be measured by the CDF and LHCb experiments, which is a clean test of the SM.
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For an initial B b-baryon, it is understood that the Hamiltonian will annihilate the b-quark

Contracting SU(3) indices in an appropriate way with final states F and M
to obtain SU(3) invariant amplitudes.

Example: the T (q) amplitude for antitriplet is gievn by

T
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Similar for penguin amplitudes, and also for S-wave and P-wave amplidues S and P .

a
i

are annihilation amplitudes. Initial baryon is annihilated by the Hamiltonian.

They are expected to be small.
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For the sextet baryons, the SU(3) invariant amplitude can be expressed by
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Bij with (i, j) is symmetric, and due to the nature of matrix H ij

k

,

(i, j) is antisymmetric for (6), while symmetric for (15),

so a(3), a(6), d(6), e(6), f(6), a(15) have no new contribution with the exchange of F and M.

for (15), it do not have d, e, f, g terms like (6) for the symmetric nature of (i, j) of H ij

k

(15).
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Expanding previous relations, one obtains the decay amplitudes for all decay processes.

One finds the following relations for anti-triplet decays:

T (⌅�
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These relations are due to U-spin symmetry: d and s exchange (�S = 0 and �S = �1) .
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While the U-spin related amplitudes (�S = 0 and �S = �1) for sextet satisfy
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In addition to U-spin amplitude relations, there are also some isospin relations
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Again if annihilation contributions are neglected, more relations.

Example:

T (⇤0
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The U-spin related pairs would have
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Comparison of relations for B ! MM and B ! MF .

Well tested relation in B ! MM
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.

The present data give: left 3.41± 0.55 and right 3.56± 0.40.

These two values agree with the prediction very well.

Corresponding to the above relation, there are two relations for b-baryon decays.
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These relations will hold at the same level as their B ! MM counter parts.

LHCb go for these.

Another interesting one
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does not involve the lifetimes, potentially good test with less error sources.
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Expanding the above amplitudes, one can obtain the individual decay amplitude. Due to mixing
between ⌘8 and ⌘1, the decay modes with ⌘8 in the final sates is not as clean as those with ⇡ and
K in the final state to study. We will not consider processes invovle ⌘8 further. We find the U-spin
related (exchange d and s quarks) amplitudes (�S = 0 and �S = �1) for anti-triplet satisfy
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b ! ⇡+⌃�) . (24)

While the U-spin related amplitudes (�S = 0 and �S = �1) for sextet satisfy
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T (⌅00
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b ! ⌃�⇡+) = �T (⌃0

b ! ⌅�K+) ,

T (⌅00
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Results and Discussions

For the processes in each of the pairs in eqs.(24) and (25), there are relations in the form given
by eqs.(14) and (13). Some of them may be able to be tested at the LHCb. Experimentally it is
di�cult to measure the neutron in the final state. It is therefore not practical to carry out tests
using decay modes with neutron in the final states. Also for relations associated with polarization
asymmetries, one needs to measure the polarizations of inital or final baryon polarization. It is
di�cult to measure the initial baryon polarization at the LHC because the proton beams are not
polarized. Information on polarization can be extracted by the secondary decay of the final baryon.
Therefore the final baryon which does not decay will not be useful for testing the relations associated
with polarizatiom asymmetries.

Relations associated with CP violating rate asymmetries for anti-triplet b-baryon decays have
been studied recently. The practical tests for the relation

ACP (Ba ! MF)�S=0

ACP (Bb ! MF)�S=�1
= �Br(Bb ! MF)�S=�1

Br(Ba ! MF)�S=0
· ⌧Ba

⌧Bb

, (26)

can be carried out using the following pairs

(⌅�
b ! K0⌅�, ⌅�

b ! K̄0⌃�) ,

(⌅0
b ! ⇡�⌃+, ⇤0

b ! K�p) , (⇤0
b ! ⇡�p, ⌅0

b ! K�⌃+) ,

(⌅0
b ! ⇡+⌃�, ⇤0

b ! K+⌅�) , (⇤0
b ! K+⌃�, ⌅0

b ! ⇡+⌅�) ,

(⌅0
b ! K�p, ⇤0

b ! ⇡�⌃+) , (⌅0
b ! K+⌅�, ⇤0

b ! ⇡+⌃�) . (27)
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Anti-‐triplet	  
Practical	  test	  for	  ACP	  relations	  

Practical	  test	  for	  Aa	  relations	  For polarization asymmetry measurement, the final baryon should decay into other particles. In
the above, three of processes have the stable proton in the final state, therefore these decay modes
the polarization asymmetry cannot be measured. Only the following four pairs

(⌅�
b ! K0⌅�, ⌅�

b ! K̄0⌃�) , (⌅0
b ! ⇡+⌃�, ⇤0

b ! K+⌅�) ,

(⇤0
b ! K+⌃�, ⌅0

b ! ⇡+⌅�) , (⌅0
b ! K+⌅�, ⇤0

b ! ⇡+⌃�) . (28)

may be useful in testing polarization asymmetry relation,

A↵(Ba ! MF)�S=0

A↵(Bb ! MF)�S=�1
= �Br(Bb ! MF)�S=�1

Br(Ba ! MF)�S=0
· ⌧Ba

⌧Bb

. (29)

The initial particles in pair ⌅�
b ! K0⌅� and ⌅�

b ! K̄0⌃� decays are the same making the above
corresponding equation simpler than other pairs above and invovle less experimental measurements.
This may be the best to arry out analysis experimentally.

For sextet, it is possible to test the rate asymmetry relation of the type in eq.(28) using the
pairs below

(⌃+
b ! ⌃+K0 , ⌃+

b ! pK̄0) , (⌃�
b ! ⌃�K0 , ⌦�

b ! ⌅�K̄0) ,

(⌦�
b ! ⌃�K̄0 , ⌃�

b ! ⌅�K0) , (⌃0
b ! ⌃�K+ , ⌅00

b ! ⌅�⇡+) ,

(⌃0
b ! p⇡� , ⌅00

b ! ⌃+K�) , (⌅00
b ! ⌅�K+ , ⌃0

b ! ⌃�⇡+) ,

(⌅00
b ! ⌃�⇡+ , ⌃0

b ! ⌅�K+) , (⌅00
b ! pK� , ⌃0

b ! ⌃+⇡�) ,

(⌅00
b ! ⌃+⇡� , ⌃0

b ! pK�) , (⌅0�
b ! ⌅�K0 , ⌅0�

b ! ⌃�K̄0). (30)

For the polarization asymmetry measurement, one again has to remove the ones with stable
proton in the final state. Therefore the following pairs are good ones for the polarization asymmetry
relation in eq.(29) tests,

(⌃�
b ! ⌃�K0 , ⌦�

b ! ⌅�K̄0) , (⌦�
b ! ⌃�K̄0 , ⌃�

b ! ⌅�K0) ,

(⌃0
b ! ⌃�K+ , ⌅00

b ! ⌅�⇡+) , (⌅00
b ! ⌅�K+ , ⌃0

b ! ⌃�⇡+) ,

(⌅00
b ! ⌃�⇡+ , ⌃0

b ! ⌅�K+) , (⌅0�
b ! ⌅�K0 , ⌅0�

b ! ⌃�K̄0). (31)

For sextet, the best pair to carry out analysis may be the last pair above, (⌅0�
b ! ⌅�K0 , ⌅0�

b !
⌃�K̄0) because that the initial particles are the same.

some model calculation numbers for polarization

su(3) breaking... and etc.
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Pentaquark baryons are a natural expectation of an extended picture of hadrons where quarks
and diquarks are the fundamental units. The parity/mass pattern observed, when compared to that
of exotic mesons, appears as the footprint of a compact five-quark structure. What has been learned
from the X, Y, Z phenomenology informs about the newly found pentaquark structure and suggests
further experimental tests and directions to be explored.
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Introduction

The LHCb collaboration has reported observation of
two new resonances in the Λb decay [1],

Λb(bud) → P
+K− (1)

each decaying according to

P
+ → J/Ψ+ p (2)

Thus the new particles carry a unit of baryonic number
and feature the valence quark composition

P
+ = c̄cuud (3)

whence the name pentaquarks.
The best fit quantum numbers and masses are 1

JP = 3/2−,M " 3380 GeV, fract. " 8.4 %

JP = 5/2+,M " 4450 GeV, fract. " 4.1 % (4)

In this note, we comment on the two pentaquarks
as the logical extension of the picture already proposed
in [2], and for the beauty sector in [3], for the exotic
mesons, X,Y, Z, whereby the latter particles are de-
scribed using diquarks as colored subunits, bound by
QCD color forces. See also the discussions in [4].
Light scalar mesons as four quark states have been con-

sidered in [5] and further studied in [6, 7]. Heavy-light
diquarks as building blocks of hidden charm or beauty ex-
otic mesons have been introduced in [2, 3]. Pentaquarks
from light diquarks are described in [8, 9] see also [10].
In the particular case of the newly discovered pen-

taquarks, we are led to identify the basic (color 3̄) units
as: the charm antiquark c̄, one heavy-light diquark, [cq],
and one light-light diquark, [q′q′′] (q, q′, q′′ denote light
quarks, which we restric at first to be the u, d quarks,
extending later to the flavor SU(3) triplet, u, d, s).

1 We refer to the original article [1] for experimental errors and
more details.

Needless to say, the picture of colored sub-units opens
the door to a rich spectroscopy of states, including orbital
excitations in addition to S-wave states, not dissimilar
from the baryon spectrum, with the 56 positive parity
baryons followed by the 70, L = 1 multiplet of negative
parity baryons.
A precise description of pentaquark spectroscopy has

to wait for more particles to be identified. However, we
shall see that even the two states just observed carry
enough information to corroborate the diquark role in
the new baryons and mesons and lead to identify some
crucial experimental signature that could make decisive
progress in this matter.

Pentaquark Parity

Light, S-wave mesons have negative parity, being made
by a quark-antiquark pair whose components have oppo-
site parity. Negative parity are followed by positive parity
states (A1,2, χJ states, etc.) due to the excitation of one
unit of orbital angular momentum. The negative parity
of the lighter state in (4) reflects just the presence of one
valence antiquark in (3) and the positive parity of the
next state is naturally interpreted as the opening of the
orbital, L = 1, excitation. Parity ordering in the baryons,
that we have just recalled, and in X,Y, Z mesons, is just
the opposite, the X(3872) with JPC = 1++, being lighter
than Y (4260), with JPC = 1−−. This feature, of course,
reflects the fact that there are no valence antiquarks in
the familiar baryons and two quark-antiquark pairs in the
lowest lying X,Z mesons, as required by the tetraquark
picture.

The mass difference

At first sight, the near 70 MeV difference between the
masses in (4) does not go well with the energy associated
to orbital excitation. One orbital excitation in mesons
and baryons carries an energy difference which is typi-
cally of order 300 MeV, as exemplified by the mass dif-
ference in Λ(1405)−Λ(1116)∼ 290 MeV. Mass formulae
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Introduction

The LHCb collaboration has reported observation of
two new resonances in the Λb decay [1],

Λb(bud) → P
+K− (1)

each decaying according to

P
+ → J/Ψ+ p (2)

Thus the new particles carry a unit of baryonic number
and feature the valence quark composition

P
+ = c̄cuud (3)

whence the name pentaquarks.
The best fit quantum numbers and masses are 1

JP = 3/2−,M " 3380 GeV, fract. " 8.4 %

JP = 5/2+,M " 4450 GeV, fract. " 4.1 % (4)

In this note, we comment on the two pentaquarks
as the logical extension of the picture already proposed
in [2], and for the beauty sector in [3], for the exotic
mesons, X,Y, Z, whereby the latter particles are de-
scribed using diquarks as colored subunits, bound by
QCD color forces. See also the discussions in [4].
Light scalar mesons as four quark states have been con-

sidered in [5] and further studied in [6, 7]. Heavy-light
diquarks as building blocks of hidden charm or beauty ex-
otic mesons have been introduced in [2, 3]. Pentaquarks
from light diquarks are described in [8, 9] see also [10].
In the particular case of the newly discovered pen-

taquarks, we are led to identify the basic (color 3̄) units
as: the charm antiquark c̄, one heavy-light diquark, [cq],
and one light-light diquark, [q′q′′] (q, q′, q′′ denote light
quarks, which we restric at first to be the u, d quarks,
extending later to the flavor SU(3) triplet, u, d, s).

1 We refer to the original article [1] for experimental errors and
more details.

Needless to say, the picture of colored sub-units opens
the door to a rich spectroscopy of states, including orbital
excitations in addition to S-wave states, not dissimilar
from the baryon spectrum, with the 56 positive parity
baryons followed by the 70, L = 1 multiplet of negative
parity baryons.
A precise description of pentaquark spectroscopy has

to wait for more particles to be identified. However, we
shall see that even the two states just observed carry
enough information to corroborate the diquark role in
the new baryons and mesons and lead to identify some
crucial experimental signature that could make decisive
progress in this matter.

Pentaquark Parity

Light, S-wave mesons have negative parity, being made
by a quark-antiquark pair whose components have oppo-
site parity. Negative parity are followed by positive parity
states (A1,2, χJ states, etc.) due to the excitation of one
unit of orbital angular momentum. The negative parity
of the lighter state in (4) reflects just the presence of one
valence antiquark in (3) and the positive parity of the
next state is naturally interpreted as the opening of the
orbital, L = 1, excitation. Parity ordering in the baryons,
that we have just recalled, and in X,Y, Z mesons, is just
the opposite, the X(3872) with JPC = 1++, being lighter
than Y (4260), with JPC = 1−−. This feature, of course,
reflects the fact that there are no valence antiquarks in
the familiar baryons and two quark-antiquark pairs in the
lowest lying X,Z mesons, as required by the tetraquark
picture.

The mass difference

At first sight, the near 70 MeV difference between the
masses in (4) does not go well with the energy associated
to orbital excitation. One orbital excitation in mesons
and baryons carries an energy difference which is typi-
cally of order 300 MeV, as exemplified by the mass dif-
ference in Λ(1405)−Λ(1116)∼ 290 MeV. Mass formulae

2

for the orbital excitation in X,Y, Z mesons are discussed
in [11] and the associated energy difference is estimated
to be ∆M(L = 0 → 1) ∼ 280 MeV.
However, the mass difference between light-light di-

quarks with spin s = 1, 0 [12], estimated from charm
and beauty baryon spectra, is of order 200 MeV, e.g.

Σc(2455)−Λc(2286) $ 170 MeV, Σb(5811)−Λb(5620) $
190 MeV.
If we assume the perfectly possible compositions

P(3/2−) = {c̄ [cq]s=1[q
′q′′]s=1, L = 0}

P(5/2+) = {c̄ [cq]s=1[q
′q′′]s=0, L = 1} (5)

the orbital gap is reduced to about 100 MeV, which
brings it back to the range of spin-spin and spin-orbit
corrections indicated by (4).

Flavor SU(3) structure of pentaquarks

Pentaquarks realizing the valence quark structure (3)
are of two types

Pu = εαβγ c̄α [cu]β,s=0,1 [ud]γ,s=0,1 (6)

Pd = εαβγ c̄α [cd]β,s=0,1 [uu]γ,s=1 (7)

where greek indices are for color, diquarks are in the
color antisymmetric, 3̄, configuration and overall anti-
symmetry requires flavor symmetric light-light diquark
with s = 1.
Extending to flavor SU(3), we have two distinct series

of pentaquarks according the light-light diquark symme-
try

PA = εαβγ {c̄α [cq]β,s=0,1 [q
′q′′]γ,s=0, L} =

= 3⊗ 3̄ = 1⊕ 8 (8)

PS = εαβγ {c̄α [cq]β,s=0,1 [q
′q′′]γ,s=1, L} =

= 3⊗ 6 = 8⊕ 10 (9)

For S-waves, the first and the second series give the
angular momenta

PA(L = 0) : J = 1/2 (2), 3/2 (1) (10)

PS(L = 0) : J = 1/2 (3), 3/2 (3), 5/2 (1) (11)

(in parenthesis the multiplicity of each spin value). In
consideration of (5), we propose to assign the 3/2− and
the 5/2+ states to the symmetric and antisymmetric se-
rieses, respectively.
To study the flavor properties of pentaquark produc-

tion and decay, we recall that

Λb(bud) ∼ 3̄ (12)

with respect to flavor SU(3) and is isosinglet I = 0. The
weak non-leptonic Hamiltonian for b decay is2

H(3)
w (∆I = 0, ∆S = −1) (13)

2 We denote strangeness by S, not to be confused with the diquark
spin s.

Therefore, denoting by M a nonet light meson, the weak
transition amplitude

〈P,M |Hw|Λb〉 (14)

requiresP+M to be in the 8⊕1 representation. Recalling
the well known SU(3) formulae

8⊗ 8 = 1⊕ 8⊕ 8⊕ 10⊕ 10⊕ 27

8⊗ 10 = 8⊕ 10⊕ 27⊕ 35 (15)

we see that the decay (14) can be realized with P in either
octet or decuplet. The first case is exemplified in Eqs.
(1) and (2). However, decays such as

Λb → πP
S=−1
10

→ π (J/ΨΣ(1385))

Λb → K+
P

S=−2
10

→ K+ (J/ΨΞ−(1530)) (16)

might also occur when the [ud] diquark shell in the initial
state gets broken in the decay.
The Ξ0

b(bus),Ξ
−(bds) and Ωb(bss) particles undergo

visible weak decays. Example of weak decays from bot-
tom strange baryons involving pentaquarks in the 10 and
respecting ∆I = 0 and ∆S = −1 are

Ξb(5794) → K (J/ΨΣ(1385)) (17)

in various charge combinations, which would correspond
to the formation of the pentaquarks

P10(c̄ [cq]s=0,1[q
′s]s=0,1) (18)

with q, q′ = u, d. The [ss] pair in Ωb is in pure 6 SU(3)
representation (with spin one) and we might expect its
decay to produce decuplet pentaquarks in association
with kaons, with spectacular experimental signatures.
Examples of pentaquark production in Ωb decays are

Ω−

b (6049) → φ (J/ΨΩ−(1672)) (19)

Ω−

b (6049) → K (J/ΨΞ(1387)) (20)
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the initial [ss] diquark in Ω−

b is left unbroken by the de-
cay process. More transitions can be found relaxing this
condition.

Conclusions

The new pentaquarks, with the parity/mass pattern
observed by the LHCb collaboration, are an evident con-
firmation that diquarks work as an organizing princi-
ple for a new class of hadrons we are observing since
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Introduction

The leading e↵ective Hamiltonian inducing B ! M + P decays in the SM has both parity
conserving and violating parts given by

Heff (q) =
4GFp

2
[VcbV

⇤
cq(c1O1 + c2O2), (1)

where q can be d or s. Vij is the CKM matrix element. The coe�cients c1,2 are the Wilson
Coe�cients (WC) which WC have been studied by several groups and can be found in Ref. [13].
The operators Oi are given by

O1 = (q̄icj)V�A(c̄ibj)V�A , O2 = (q̄c)V�A(c̄b)V�A , (2)

where (āb)V±A = ā�µ(1±�5)b. In the above, we have neglected contributions from penquin diagrams
since they are much smaller than the tree contributions given above.

The low-lying 1
2

+ B b-baryons are made up of a b quark and two light quarks. Here the light
quark q is one of the u, d or s quarks. Under the flavor SU(3) symmetry, the b quark is a singlet
and the light quark q is a member in the fundamental representation 3. The b-baryons then have
representations under flavor SU(3) as 1⇥3⇥3 = 3̄+6, that is, the b-baryons contain an anti-triplet
and a sextet in the SU(3) flavor space[16]. The anti-triplet B and the sextet C b-baryons will be
indicated by

(Bij) =

0
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Their quark compositions are as the following[16]

⇤0
b =

1p
2
(ud� du)b , ⌅0

b =
1p
2
(us� su)b , ⌅�

b =
1p
2
(ds� sd)b ,

⌃+
b = uub , ⌃0

b =
1p
2
(ud+ du)b , ⌃�

b = ddb ,

⌅00
b =

1p
2
(us+ su)b , ⌅0�

b =
1p
2
(ds+ sd)b , ⌦�

b = ssb . (4)

The two charmless states in the final state of B decay are the 1
2

+
octet baryons F and the

pseudoscalar octet mesons M, respectively. They are

(Mj
i ) =

0

B@
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p
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At the hadron level, the decay amplitude can be generically written as

A = hFM|Heff (q)|Bi = VubV
⇤
uqT (q) + VtbV

⇤
tqP (q). (6)

2

The operators O1,2 transfer under the flavor SU(3) as a 3̄. We indicate it as H(3). The non-zero
entries of the matrices H(3) are given as the followed [7, 8]. ,

H(3)2 = 1 , for �S = 0 ,

H(3)3 = 1 , for �S = �1 . (7)

To obtain the SU(3) invariant decay amplitude for a b-baryon, one first uses the Hamiltonian
to annihilate the b-quark in B and then contract SU(3) indices in an appropriate way with final
states F and M. As far as SU(3) properties are concerned, the S and P amplitudes will have
various SU(3) irreducible amplitudes. Taking the anti-triplet tree amplitude Tt(q)0 and sextet tree
amplitude Ts(q)0 in S as examples, we have[6]

Tt(q)0 = a(3)hFk
l Ml

k|H(3)i|Bi0i00i✏ii
0i00 + b(3)1hFk

j Mi
k|H(3)j|Bi0i00i✏ii

0i00

+ b(3)2hF i
kMk

j |H(3)j|Bi0i00i✏ii
0i00

+ c(3)hMi
jF i0

j0 |H(3)i
00 |Bjj0i✏ii0i00 + d(3)1hMi

jF i0

j0 |H(3)j|Bi00j0i✏ii0i00
+ d(3)2hF i

jMi0

j0 |H(3)j|Bi00j0i✏ii0i00 + e(3)1hMi
j0F i0

j |H(3)j|Bi00j0i✏ii0i00
+ e(3)2hF i

j0Mi0

j |H(3)j|Bi00j0i✏ii0i00 , (8)

and

Ts(q)0 = a(3)hMi
jF i0

j0 |H(3)i
00 |Cjj0i✏ii0i00 + b(3)1hMi

jF i0

j0 |H(3)j|Ci00j0i✏ii0i00
+ b(3)2hF i

jMi0

j0 |H(3)j|Ci00j0i✏ii0i00 + c(3)1hMi
j0F i0

j |H(3)j|Ci00j0i✏ii0i00
+ c(3)2hF i

j0Mi0

j |H(3)j|Ci00j0i✏ii0i00 . (9)

For the invariant amplitudes above, although some of them are written with the same symble for
both anti-triplet and sextet, it should be understood that they are actually di↵erent ones. The
penguin amplitudes P have the same structure and can be obtained to replace the expressions for
T by P . Also the P-wave amlitudes can be similary constructed.

Expanding the above amplitudes, one can obtain the individual decay amplitude. Due to mixing
between ⌘8 and ⌘1, the decay modes with ⌘8 in the final sates is not as clean as those with ⇡ and
K in the final state to study. We will not consider processes invovle ⌘8 further. We find the U -spin
related amplitudes (�S = 0 and �S = �1) for anti-triplet satisfy the following relations

Tt(⌅
�
b ! K�n) = Tt(⌅

�
b ! ⇡�⌅0) , Tt(⌅

0
b ! K̄0n) = Tt(⇤

0
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�
b ! K0⌅�) = Tt(⌅

�
b ! K̄0⌃�) , Tt(⌅

0
b ! K0⌅0) = Tt(⇤

0
b ! K̄0n) ,
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0
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0
b ! K�p) , Tt(⇤

0
b ! ⇡�p) = Tt(⌅

0
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0
b ! K+⌅�) , Tt(⇤

0
b ! K+⌃�) = Tt(⌅

0
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b ! ⇡�⌃+) , Tt(⌅
0
b ! K+⌅�) = Tt(⇤

0
b ! ⇡+⌃�) . (10)

While the U -spin related amplitudes (�S = 0 and �S = �1) for sextet satisfy

Ts(⌃
+
b ! n⇡+) = �Ts(⌃

+
b ! ⌅0K+) , Ts(⌃

+
b ! ⌃+K0) = �Ts(⌃

+
b ! pK̄0) ,

Ts(⌃
�
b ! n⇡�) = �Ts(⌦

�
b ! ⌅0K�) , Ts(⌃

�
b ! ⌃�K0) = �Ts(⌦

�
b ! ⌅�K̄0) ,
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At the hadron level, the decay amplitude can be generically written as

A = hFM|Heff (q)|Bi = VubV
⇤
uqT (q) + VtbV

⇤
tqP (q). (6)

2

The decuplet Pijk is totally symmetric in exchange the sub-indices. The coponent fields are

P111 = ⌅++
10 , P112 = ⌅+

10/
p
3 ,

P122 = ⌅0
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p
3 , P222 = ⌅�

10 ,

P113 = ⌃+
10/

p
3 , P123 = ⌃+

10/
p
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At the hadron level, the decay amplitude can be generically written as

A = hPM|Heff (q)|Bi = VubV
⇤
uqT (q) + VtbV

⇤
tqP (q). (7)

The operators O1,2 transfer under the flavor SU(3) as a 3̄. We indicate it as H(3). The non-zero
entries of the matrices H(3) are given as the followed [7, 8]. ,

H(3)2 = 1 , for �S = 0 ,

H(3)3 = 1 , for �S = �1 . (8)

To obtain the SU(3) invariant decay amplitude for a b-baryon, one first uses the Hamiltonian
to annihilate the b-quark in B and then contract SU(3) indices in an appropriate way with final
states P and M. As far as SU(3) properties are concerned, the S and P amplitudes will have
various SU(3) irreducible amplitudes. Taking the anti-triplet tree amplitude Tt(q)0 and sextet tree
amplitude Ts(q)0 in S as examples, we have[6]
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For the invariant amplitudes above, although some of them are written with the same symble for
both anti-triplet and sextet, it should be understood that they are actually di↵erent ones. The
penguin amplitudes P have the same structure and can be obtained to replace the expressions for
T by P . Also the P-wave amlitudes can be similary constructed.
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i |H(3)l|Biji ,
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Results and Discussions

For the processes in each of the pairs in eqs.(10) and (11), there are relations in the form given
by eqs.(??) and (??). Some of them may be able to be tested at the LHCb. Experimentally it is
di�cult to measure the neutron in the final state. It is therefore not practical to carry out tests
using decay modes with neutron in the final states. Also for relations associated with polarization
asymmetries, one needs to measure the polarizations of inital or final baryon polarization. It is
di�cult to measure the initial baryon polarization at the LHC because the proton beams are not
polarized. Information on polarization can be extracted by the secondary decay of the final baryon.
Therefore the final baryon which does not decay will not be useful for testing the relations associated
with polarizatiom asymmetries.

Relations associated with CP violating rate asymmetries for anti-triplet b-baryon decays have
been studied recently. Practical tests for the relation

ACP (Ba ! MF)�S=0

ACP (Bb ! MF)�S=�1
= �Br(Bb ! MF)�S=�1

Br(Ba ! MF)�S=0
· ⌧Ba

⌧Bb

, (12)

can be carried out using the following pairs

(⌅�
b ! K0⌅�, ⌅�

b ! K̄0⌃�) ,

(⌅0
b ! ⇡�⌃+, ⇤0

b ! K�p) , (⇤0
b ! ⇡�p, ⌅0

b ! K�⌃+) ,

(⌅0
b ! ⇡+⌃�, ⇤0

b ! K+⌅�) , (⇤0
b ! K+⌃�, ⌅0

b ! ⇡+⌅�) ,

(⌅0
b ! K�p, ⇤0

b ! ⇡�⌃+) , (⌅0
b ! K+⌅�, ⇤0

b ! ⇡+⌃�) . (13)

A(B ! MP ,�S = 0) = VcbV
⇤
cdT , A(B ! MP ,�S = �1) = VcbV

⇤
cs)T ,

�(B ! MP ,�S = 0)

�(B ! MP ,�S = �1)
=

|Vcd|2

|Vcs|2
. (14)

For polarization asymmetry measurement, the final baryon should decay into other particles to
provide polarization information. In the above, three of processes have the stable proton in the final
state, therefore these decay modes are not useful for testing relations for polarization asymmetry.
Only the following four pairs

(⌅�
b ! K0⌅�, ⌅�

b ! K̄0⌃�) , (⌅0
b ! ⇡+⌃�, ⇤0

b ! K+⌅�) ,

(⇤0
b ! K+⌃�, ⌅0

b ! ⇡+⌅�) , (⌅0
b ! K+⌅�, ⇤0

b ! ⇡+⌃�) . (15)

may be useful in testing polarization asymmetry relation,

A↵(Ba ! MF)�S=0

A↵(Bb ! MF)�S=�1
= �Br(Bb ! MF)�S=�1

Br(Ba ! MF)�S=0
· ⌧Ba

⌧Bb

. (16)
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Consider	  B3	  to	  M	  P8 	


The operators O1,2 transfer under the flavor SU(3) as a 3̄. We indicate it as H(3). The non-zero
entries of the matrices H(3) are given as the followed [7, 8]. ,

H(3)2 = 1 , for �S = 0 ,

H(3)3 = 1 , for �S = �1 . (7)

To obtain the SU(3) invariant decay amplitude for a b-baryon, one first uses the Hamiltonian
to annihilate the b-quark in B and then contract SU(3) indices in an appropriate way with final
states F and M. As far as SU(3) properties are concerned, the S and P amplitudes will have
various SU(3) irreducible amplitudes. Taking the anti-triplet tree amplitude Tt(q)0 and sextet tree
amplitude Ts(q)0 in S as examples, we have[6]

Tt(q)0 = a(3)hFk
l Ml

k|H(3)i|Bi0i00i✏ii
0i00 + b(3)1hFk

j Mi
k|H(3)j|Bi0i00i✏ii

0i00

+ b(3)2hF i
kMk

j |H(3)j|Bi0i00i✏ii
0i00

+ c(3)hMi
jF i0

j0 |H(3)i
00 |Bjj0i✏ii0i00 + d(3)1hMi

jF i0

j0 |H(3)j|Bi00j0i✏ii0i00
+ d(3)2hF i

jMi0

j0 |H(3)j|Bi00j0i✏ii0i00 + e(3)1hMi
j0F i0

j |H(3)j|Bi00j0i✏ii0i00
+ e(3)2hF i

j0Mi0

j |H(3)j|Bi00j0i✏ii0i00 , (8)

and

Ts(q)0 = a(3)hMi
jF i0

j0 |H(3)i
00 |Cjj0i✏ii0i00 + b(3)1hMi

jF i0

j0 |H(3)j|Ci00j0i✏ii0i00
+ b(3)2hF i

jMi0

j0 |H(3)j|Ci00j0i✏ii0i00 + c(3)1hMi
j0F i0

j |H(3)j|Ci00j0i✏ii0i00
+ c(3)2hF i

j0Mi0

j |H(3)j|Ci00j0i✏ii0i00 . (9)

For the invariant amplitudes above, although some of them are written with the same symble for
both anti-triplet and sextet, it should be understood that they are actually di↵erent ones. The
penguin amplitudes P have the same structure and can be obtained to replace the expressions for
T by P . Also the P-wave amlitudes can be similary constructed.

Expanding the above amplitudes, one can obtain the individual decay amplitude. Due to mixing
between ⌘8 and ⌘1, the decay modes with ⌘8 in the final sates is not as clean as those with ⇡ and
K in the final state to study. We will not consider processes invovle ⌘8 further. We find the U -spin
related amplitudes (�S = 0 and �S = �1) for anti-triplet satisfy the following relations

Tt(⌅
�
b ! K�np) = Tt(⌅

�
b ! ⇡�⌅0

p) , Tt(⌅
0
b ! K̄0np) = Tt(⇤

0
b ! K0⌅0

p) ,

Tt(⌅
�
b ! K0⌅�

p ) = Tt(⌅
�
b ! K̄0⌃�

p ) , Tt(⌅
0
b ! K0⌅0

p) = Tt(⇤
0
b ! K̄0np) ,

Tt(⌅
0
b ! ⇡�⌃+

p ) = Tt(⇤
0
b ! K�pp) , Tt(⇤

0
b ! ⇡�pp) = Tt(⌅

0
b ! K�⌃+

p ) ,

Tt(⌅
0
b ! ⇡+⌃�

p ) = Tt(⇤
0
b ! K+⌅�

p ) , Tt(⇤
0
b ! K+⌃�

p ) = Tt(⌅
0
b ! ⇡+⌅�

p ) ,

Tt(⌅
0
b ! K�pp) = T (⇤0

b ! ⇡�⌃+
p ) , Tt(⌅

0
b ! K+⌅�

p ) = Tt(⇤
0
b ! ⇡+⌃�

p ) . (10)

While the U -spin related amplitudes (�S = 0 and �S = �1) for sextet satisfy

Ts(⌃
+
b ! n⇡+) = �Ts(⌃

+
b ! ⌅0K+) , Ts(⌃

+
b ! ⌃+K0) = �Ts(⌃

+
b ! pK̄0) ,

Ts(⌃
�
b ! n⇡�) = �Ts(⌦

�
b ! ⌅0K�) , Ts(⌃

�
b ! ⌃�K0) = �Ts(⌦

�
b ! ⌅�K̄0) ,
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Ts10(q) = as10hPkjlMk
i |H(3)l|Ciji+ bs10hPijkMk

l |H(3)l|Ciji . (11)

Expanding the above amplitudes, one can obtain the individual decay amplitude. Due to mixing
between ⌘8 and ⌘1, the decay modes with ⌘8 in the final sates is not as clean as those with ⇡ and
K in the final state to study. We will not consider processes invovle ⌘8 further. We find the U -spin
related amplitudes (�S = 0 and �S = �1) for anti-triplet satisfy the following relations

Tt(⌅
�
b ! K�n8) = Tt(⌅

�
b ! ⇡�⌅0

8) , Tt(⌅
0
b ! K̄0n8) = Tt(⇤

0
b ! K0⌅0

8) ,

Tt(⌅
�
b ! K0⌅�

8 ) = Tt(⌅
�
b ! K̄0⌃�

8 ) , Tt(⌅
0
b ! K0⌅0

8) = Tt(⇤
0
b ! K̄0n8) ,

Tt(⌅
0
b ! ⇡�⌃+

8 ) = Tt(⇤
0
b ! K�p8) , Tt(⇤

0
b ! ⇡�p8) = Tt(⌅

0
b ! K�⌃+

8 ) ,

Tt(⌅
0
b ! ⇡+⌃�

8 ) = Tt(⇤
0
b ! K+⌅�

8 ) , Tt(⇤
0
b ! K+⌃�

8 ) = Tt(⌅
0
b ! ⇡+⌅�

8 ) ,

Tt(⌅
0
b ! K�p8) = T (⇤0

b ! ⇡�⌃+
8 ) , Tt(⌅

0
b ! K+⌅�

8 ) = Tt(⇤
0
b ! ⇡+⌃�

8 ) . (12)

While the U -spin related amplitudes (�S = 0 and �S = �1) for sextet satisfy

Ts(⌃
+
b ! n8⇡

+) = �Ts(⌃
+
b ! ⌅0

8K
+) , Ts(⌃

+
b ! ⌃+

8 K
0) = �Ts(⌃

+
b ! p8K̄

0) ,

Ts(⌃
�
b ! n8⇡

�) = �Ts(⌦
�
b ! ⌅0

8K
�) , Ts(⌃

�
b ! ⌃�

8 K
0) = �Ts(⌦

�
b ! ⌅�

8 K̄
0) ,

Ts(⌦
�
b ! ⌅0

8⇡
�) = �Ts(⌃

�
b ! n8K

�) , Ts(⌦
�
b ! ⌃�

8 K̄
0) = �Ts(⌃

�
b ! ⌅�

8 K
0) ,

Ts(⌃
0
b ! ⌃�

8 K
+) = �Ts(⌅

00
b ! ⌅�

8 ⇡
+) , Ts(⌃

0
b ! p8⇡

�) = �Ts(⌅
00
b ! ⌃+

8 K
�) ,

Ts(⌅
00
b ! ⌅�

8 K
+) = �Ts(⌃

0
b ! ⌃�

8 ⇡
+) , Ts(⌅

00
b ! ⌃�

8 ⇡
+) = �Ts(⌃

0
b ! ⌅�

8 K
+) ,

Ts(⌅
00
b ! p8K

�) = �Ts(⌃
0
b ! ⌃+

8 ⇡
�) , Ts(⌅

00
b ! ⌃+

8 ⇡
�) = �Ts(⌃

0
b ! p8K

�) ,

Ts(⌅
00
b ! ⌅0

8K
0) = �Ts(⌃

0
b ! n8K̄

0) , Ts(⌅
00
b ! n8K̄

0) = �Ts(⌃
0
b ! ⌅0

8K
0) ,

Ts(⌅
0�
b ! n8K

�) = �Ts(⌅
0�
b ! ⌅0

8⇡
+) , Ts(⌅

0�
b ! ⌅�

8 K
0) = �Ts(⌅

0�
b ! ⌃�

8 K̄
0). (13)

For decuplet pentaquark, we have

T (⇤0
b ! ⇡+⌅�

10) =
1p
3
T (⇤0

b ! K+⌃�
10) =

1p
6
T (⇤0

10 ! ⇡0⌅0
10)

= � 1p
3
T (⇤0

b ! ⇡�⌅+
10) = � 1p

6
T (⇤0

b ! K0⌃0
10)

=
1p
3
T (⇤0

b ! ⇡0⌃0
10) =

p
2

3
T (⇤0

b ! ⌘8⌃
0
10) =

1p
3
T (⇤0

10 ! ⇡+⌃�
10)

=
1p
3
T (⇤0

b ! K+N�
10) = � 1p

3
T (⇤0

b ! K�⌅+
10)

= � 1p
3
T (⇤0

b ! K̄0⌅0
10) . (14)

Results and Discussions

For the processes in each of the pairs in eqs.(12) and (13), there are relations in the form given
by eqs.(??) and (??). Some of them may be able to be tested at the LHCb. Experimentally it is
di�cult to measure the neutron in the final state. It is therefore not practical to carry out tests
using decay modes with neutron in the final states. Also for relations associated with polarization
asymmetries, one needs to measure the polarizations of inital or final baryon polarization. It is
di�cult to measure the initial baryon polarization at the LHC because the proton beams are not

4
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Can	  be	  tested	  at	  the	  LHCb!	




Neglect	  annihilation	  contributions	  

Several	  other	  SU(3)	  predictions	  	  

calculations also agree with the assumption of smallness of annihilation contributions [9]. More
over experimental data support the assumption that the annihilation contributions are small [1, 13].
Under the small annihilation contribution assumption, one has [6, 7]

ACP (B̄0 ! ⇡�⇡+)

ACP (B̄0 ! K�⇡+)
⇡ �Br(B̄0 ! K�⇡+)

Br(B̄0 ! ⇡�⇡+)
,

ACP (B̄0
s ! K+⇡�)

ACP (B̄0
s ! K+K�)

⇡ �Br(B̄0
s ! K+K�)

Br(B̄0
s ! K+⇡�)

.

(23)

For the first equation above, using PDG data [1], we find that the left side is given by �3.78± 0.67
and the right hand side given by 3.82 ± 0.17. For the second equation, the left side is given by
�2.0±1.6 and the right hand side is given by 4.71±0.60. The predicted relations are in agreement
with data within error bars. In particular the first equation about gives additional confidence on
our assumption.

If the annihilation contributions are indeed small, one would obtain

ACP (⇤0
b ! K�p)

ACP (⇤0
b ! ⇡�p)

⇡ � Br(⇤0
b ! ⇡�p)

Br(⇤0
b ! K�p)

. (24)

At present, data have not converged yet. The CDF[3] and LHCb[14] obtain values for the right
handed to be: 0.66 ± 0.14 ± 0.08 and 0.86 ± 0.08 ± 0.05, respectively. The PDG [1] values is:
0.84± 0.22. For CP asymmetries, the PDG [1] and CDF [3] give

PDG : ACP (⇤
0
b ! ⇡�p) = 0.03± 0.17± 0.05 , ACP (⇤

0
b ! K�p) = 0.37± 0.17± 0.03 ,

CDF : ACP (⇤
0
b ! ⇡�p) = 0.06± 0.07± 0.03 , ACP (⇤

0
b ! K�p) = �0.10± 0.08± 0.04 .

The CP asymmetry for ⇤0
b ! K�p from PDG is better than 2�. If we take that as an input,

with the branching ratio also from PDG, we would predict CP asymmetry

ACP (⇤
0
b ! ⇡�p) = �0.44± 0.23 . (25)

This is to be compared with 0.03± 0.08 given by PDG [1]. It is clear that the predicted relation in
eq. (24) does not agree with values given in PDG, not even the signs. The predicted relation agrees
in signs with the CDF data and values are consistent within 1� error bars, but the central values
is o↵. The above relation also can viewed as providing an additional test for small annihilation
contributions. We have to wait future experimental data to confirm the prediction.

There are additional relations beside listed above when annihilation contributions are neglected
which can be read o↵ from Tables I to VI and are given below

(1) ⇡ (2) , (3) ⇡ (4) , (5) ⇡ (6) , (7) ⇡ (8) . (26)

The above relations can provide further tests for the smallness of annihilation contributions along
with SU(3) flavor symmetry.

We have studied CP violating relations for flavor SU(3) anti-triplet B b-baryons decay into two
charmless light particles. These relations can provide cruicial information about how flavor SU(3)
works for systems containing a heavy b-quark and can test the SM for CP violation further. We
eagerly waiting more precise experimental data from LHCb to further test these relations. Similar
analysis can be carried out for sixtet b-baryon to charmless two-body decays. Detailed analysis on
this will be presented elsewhere.

8

Data	  	  left:	  -‐3.78+-‐0.67	  	  	  right:	  -‐3.72+-‐0.17	  
Agree	  very	  well.	  Neglecting	  annihilation	  is	  a	  good	  approximation!	  	  	  
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CP	  asymmetry	  relation	  for	  B	  è	  PV	  
Deshpande,	  He	  and	  Shi,	  2000	  

Neglect	  annihilation	  contributions	  
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B	  è	  PP	  data	  
Branching	  ratios	  	  (HFAG	  averages)	  
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CP	  asymmetries	  and	  predictions	  for	  B	  è	  PP	  

New	  from	  LHCb:	  arXiv:1308.1428.	  	  
ACP(π+π-‐)	  =	  0.38+-‐	  0.15+-‐	  0.02,	  ACP(K+K-‐)	  =	  -‐0.14+-‐0.11+-‐0.30	  
With	  in	  error	  bar	  with	  theory	  prediction!	  
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Data	  for	  B	  è	  PV	  
Branching	  ratios	  
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CP	  asymmetries	  and	  predictions	  for	  B	  è	  PV	  
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