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The Hypothesis:
A seventh quark exists

charge: -1/3 
mass: ~2.8 GeV

The W boson connects this quark with the  
right-chiral component of the charm quark.

arxiv:2203.03007

Right-chiral connection leads to Z being FCNC



Topics
• Mapping exotic hadrons to mesons and baryons

• Reproducing observed production and decay of exotic hadrons

• Predictions testable by LHCb (and other experiments)

• Addressing experiments that rule out an additional quark

• W & Z interactions of the additional quark

• Cancelling gauge anomalies

• Theory motivation: broken supersymmetry, 3u+6d -> 3u+4d

Additional slides…

• More predictions … and possible additional evidence

• Alternative non-SM explanations for a few experiments



Mapping exotic hadrons to mesons and baryons



Properties of the quark:
charge: -1/3 

mass: ~2.8 GeV
Given the symbol: “f”

, ~ 0.03, ~ 0.04Z

bf bcb f Z V V→ +

Z ds→ Z df→ Z sf→
and Hermitian conjugate decays

, ~ 1, ~ 0.01cf f bf c W V  → +

Decays used in the mapping:



Exotic hadrons mapped to mesons and baryons

2 1QM S

Jn L+=



Pentaquarks

Motivates mass of f quark being a bit less than 2800 MeV



Pentaquark Production and Decay
0 :b sP K bds fds Z fds uu fud su

−  − → → + → + → +

0 :sP J fud cud W cud sc sud cc  −→ → + → + → +

FCNC

:NP p J fuu cuu W cuu dc uud cc + −→ → + → + → +

0 :N

b P K bdu fsu g fsu uu fuu su

+ − → → + → + → +
Z

0 :sB P p bu fu Z g fu uu dd fud uud

− → → + + → + + → +

0 :sP J fud cud W cud sc sud cc  −→ → + → + → +

0 : 2N

sB P p sb fd g fd uuuu fuu uud

+→ → + → + → +
Z

:NP p J fuu cuu W cuu dc uud cc + −→ → + → + → +



Predicted Pentaquark decays to 1 c quark

0 0: *b c cP K P pD+ − + → →

Isospin triplets: positively charged

3 31
2 2 2

mass, : ~ 3870, ,~ 4065, ,~ 4260,PJ
+ −+

For neutral members, substitutions like 0 0or andK K p − −  

31 1 1
2 2 2 2

~ 3795, ,~ 4060, ,~ 4085, ,~ 4200,
−+ − −

Isospin singlets:

0 0 0: * :s sB P p P D 

−  → →

0 :b c c cP P pp+ − + + → →

Look for existing pentaquarks … and the following predicted new fuu baryons:

LHCb has studied this in arxiv:1804.09617 

Belle: arxiv:1108.4271

(or replace           with                                          )
* , orK  − − −

K −

Also

Look for                                and ( )0 4338sP


replace             with0*D 0D



Has LHCb seen evidence of a predicted decay?
0 0:b c cP P pD+ − + → →Predicted:

JHEP 1705  030

Could this be mapped to  
existing pentaquarks?

Other lower mass predictions?



arxiv:2011.13738

Hints of the predicted Pc^+(3870) and (4260)?

:c cP K K fuu cuu W g cuu du ss cdu su us+ + + − −→ → + + → + + → + +

0 :b cP bdu fdu g fdu uu fuu du+ − → → + → + → +

When just looking at 
invariant mass of
could there be hints of

resonances at  

c K+ +

c K K+ + −

3870, 1/2^+?

4260, 3/2^-?



Hadrons decaying to J psi pairs

3 3

1 13 ,2S D

3

02 P

e e  + − + −→

hadronse e+ − →
R=

e e  + − + −→

3

11 D

arxiv:hep-ex/0507044

CLEO, arxiv:0706.2813

Wide resonances, 
must be strong decays

cccc cc cc→ +

ff cc cc→ +

ff fu uf→ +



ffbar Production and Decay

( )6900 ... :X J J ff cc g cc cc → → + → +
W

( ), 6900 ... : ,g X g ff → →

This decay is analogous to J J →
W

But in the “CKM” matrix 
4 4

~ 40,000cf cbV V



ffbar meson predictions
Look at pairs of 

New invariant masses:  ~7500 and ~7700 MeV,
corresponding to bumps seen in the                        chart

( ) ( )2 2 :X S S ff cc g cc cc → → + → +
W

( )2S

J J 

Also strong decays

( ) ( ) ( )6600 ... 3250 3250 :X X X ff fu uf+ −→ → +

( ) ( ) ( )0 06600 ... 3250 3250 :X X X ff fd df→ → +



X(3250) (in PDG meson listings: Further States)

( )3250 : 3X pK uf uu W g uu ud ssuudd+ + + +→ → + + → + +

( )3250 : 3X pK uf uu W g uu ud ssuudd+ − + +→ → + + → + +

Look for events with                                                           or h.c.( )( )pK pK + + + − 

Look for invariant mass peaks at ~3250 for hadrons in the parentheses 
(alternatively without the pions for neutral X pairs)

For those events with 3250 invariant masses, look for peaks in the invariant
mass of a pair of 3250s.  See if they are at 6600, 6900, 7200, etc.

( )0 3250 : 2X pK df du W g du ud ssuu+ +→ → + + → + +

1993:  PAN 56 1358 A.N. Aleev et al. (BIS-2 Collab.) Translated from YAF 56 100. 

and Hermitian conjugate decays

( ) 03250 : 3SX ppK K uf uu W g uu ud ssuudd+ + +→ → + + → + +



Has LHCb seen a hint of the charged 3250?

( )0 3250 :B X db df Z df uu uf du+ −→ → + → + → +

( ) 03250 :X D K uf uc W uc us+ + +→ → + → +

Alternative search for strong 
decay of X(6600), X(6900) …?

Look for 

( ) ( ) ( )6600 3250 3250X X X+ −→

( ) 03250X D K+ +→

LHCb
arxiv:1505.01505



And maybe a hint of the neutral 3250?

( )0 3250 :B X bu fu Z fu dd fd du− −→ → + → + → +

( )0 3250 :X D K fd cd W cd su+ − −→ → + → +

Alternative search for strong 
decay of X(6600), X(6900) …?

Look for 

( ) ( ) ( )0 06600 3250 3250X X X→

( )0 3250X D K+ −→

arxiv:1503.02995



mesons

• Mesons in the diagram are in PDG 
listings for the charmonium system

• Model enables                   and   

• 4500, 4407, 3760 are in BESIII 
publications

• The          of                  and                  are 
not determined

• Mass spacings for are somewhat 
similar to those for charmonium

1PCJ −−=
seen in                 collisionse e+ −

Z fd→ Z fs→

( )3350XPCJ ( )0 4020X



Observation of X(3350)

:B X bu fu Z fu dd fd du− −→ → + → + → +

:cX p fd cd W g cd du uu+ −→ → + + → + +

Belle
arXiv:hep-ex/0409005

This was considered an 
observation of X(3350), 
mapped here as the

meson of 1−− fd3

11 S

And maybe also of the                     
meson of          :  

1−−

fd ( )0 4020X

3

12 S

3

02 ?P 3

13 ?S 3

03 ?P

But it could also have been an 
observation of the                     
meson of             at ~3860  

0++

fd

3

01 P



Down, up, strange mesons



Three arguments against the proposed quark

1. The quark was not seen in precision e+e- to Z experiments at LEP/SLD.  

2. The model doubles the coupling of the Z boson with the right-chiral charm 
quark, but LEP/SLD experiments established the charm-Z coupling to be 
the same as the Standard Model.

3. Inclusive hadronic cross sections fit the data with the known quarks



Lifetime of the f quark

Main reason: the new quark has stronger interactions with the W boson

1cf cfV V+ −
0.04cbV +

Heavy quark effective theory zeroth order: 

( )
( )

2 2
5

2 2
5

3
1%

3

b cb cb
f

b
f cf cf

m V V

m V V





+ −

+ −

+

+

Lifetime: ~0.02 ps

First calculate lifetime of f quark



Secondary vertex tagging at LEP & SLD

Experimental Resolution:           
~20-70 microns

Lifetime of b quark: ~1.6 ps
Impact parameter:  ~300 microns

Lifetime of c quark: ~.5 - 1 ps
Impact pmtr:  ~100-200 microns

Lifetime of f quark: ~0.016 ps
Impact parameter:  ~3 microns

b -> c and c-> s vertices were seen 

An f -> c vertex would not have been seen

f quarks would have been lumped with c quarks



Effective Z-charm coupling

4
3

1 4 1
2 3 2

7 1 0

V A

cc ccV V

q x

SM x

−

− −

Z-c coupling

~no FCNC with c

Partial widths: ( ) ( )
2 2

, ,

V A

cc eff cc effV V+

This is consistent with: 
- the best tags for c events were ones that counted c quarks or D mesons
- asymmetry used tags like opposite hemisphere charge, lepton charge

, 2A A A A

cc eff cc f qff qf
q

V V P V P V+ + 

, 2V V V V

cc eff cc f qff qf
q

V V P V P V+ + 

qP is the probability that this survives tagging, cuts, etc. 

reproduces SM partial widths and the data1, 0.5f b s dP P P P= = = =

Asymmetry: ( ) ( )( )2 2

, , , ,2 V A V A

cc eff cc eff cc eff cc effV V V V+

reproduces SM asymmetry and the data46%, 23%f b s dP P P P= = = =



Inclusive Hadronic Cross Section - PDG

e e  + − + −→

hadronse e+ − →
R=



PDG R Graph showing quark levels

u,d,s

( )4 1 1
9 9 9

3 2+ + =

u,d,s,c

( ) 104 1 1 4
9 9 9 9 3

3 + + + =

u,d,s,c,b

( )4 1 1 4 1 11
9 9 9 9 9 3

3 + + + + =

Adding an f quark 
would add 1/3 to R

It will be hypothesized 
calculations may be 
missing an effect that 
would lower R by 1/3



Complete sets of states for inclusive cross sections

It has been argued that:

• Any complete set of orthogonal states can be used; they will all 
generate the same answer

• The final states in the complete set do not need to be observable

The calculation of the inclusive cross section adds exclusive 
cross sections over a complete set of orthogonal final states

The argument appears to be incorrect, at least for some cases.



Two complete sets of final states
Set (a): photon & Z

,V Z=


V

2

l

l

q

q

V



V



Set (b): lepton and quark pairs

l



q



+

V

V

2

2

• When using set (a), the photon and Z boson are treated as orthogonal 
final states, so there is no interference between them.

• When using set (b), interference between the photon and Z boson is 
included, since each can lead to the same final state

• Sets (a) and (b) generate different results
• Set (b) reproduces inclusive lepton data.  Set (a) does not.





q

q

V


q


V

2

Another complete set of final states
Set (b): lepton and quark pairs

l

l

V


l


V

2

+

Hadron 
state X

Set (c): lepton pairs and hadrons

+

l

l

V


l


V

2

q

q

,V q


X


V

2

If there are hadronic states X in set (c) that could have been produced by 
different flavor quark pairs created by V, then interference between those 
quark-pair intermediate states must be considered in the set (c) calculation.



Example “set (c)” final state: 2 pions

If complete set (c) is being used for calculation of the inclusive cross section (hadron states 
instead of q qbar states), then interference between these two diagrams must be taken into 
account for this hadronic state X.  

An inclusive cross section calculation using set (c) would be different than one using set (b).

u

u
Nonperturbative

Nonperturbative

Replace pions with two jets 
with no net beauty, charm, 
strangeness, baryon number

Large class of interfering 
states

d

d

 +

 −

 +

 −

+

2



Is the interference significant?

From isospin symmetry, the nonperturbative parts above should be the same 
(even if they can’t be calculated analytically).

The difference between neglecting interference and including it is:

( ) ( )( ) ( )
2 2 2

2 1 2 1
3 3 3 3

vs.C C+ −

Replace pions with two jets 
with no net beauty, charm, 
strangeness, baryon number

Large class of significantly 
interfering states

u

u
Nonperturbative

Nonperturbative
d

d

 +

 −

 +

 −

+

2



Interference for heavy quarks?

Inteference of this kind involving the heavy quarks is neglible.

So for heavy quarks, calculations using set (b) and set (c) should generate 
the same result, so might as well use set (b) for heavy quarks

u

u
Nonperturbative

B+

B−

Nonperturbative
b

b

B+

B−

Negligible since 2 b QCDm 

Almost all the contribution

2 u QCDm 



q

q

V


q


V

2

Comparing complete sets of final states
Set (b): lepton and quark pairs

l

l

V


l


V

2

+

Hadron 
state X

Set (c): lepton pairs and hadrons

+

l

l

V


l


V

2

q

q

,V q


X


V

2

There are hadronic states X in set (c) that could have been produced by 
either a u ubar or a d dbar intermediate state
Interference between those intermediate states must be considered

The set (c) calculation has not been performed
A set (c) calculation would generate different results than set (b)





• Due to up-down interference, inclusive cross section calculation results would be 
different using complete sets of states (b) vs. (c)

• Based on other examples, it is best to use a complete set of observable states: set (c)

• Therefore, the usual calculation of inclusive cross sections is incorrect: set (b)

• Given that the R generated by u ubar is 4/3 and by d dbar is 1/3, it is plausible that if a 
set (c) calculation incorporating interference was performed, it could generate an R 
value for both of ~4/3, rather than ~5/3.

• If so, after including 3-loop pQCD corrections, this new cross section calculation 
would under-predict the measured R values by ~1/3.

• If there was an additional heavy quark with charge -1/3, that would contribute an 
additional ~1/3 to the R value and reproduce the data.

It would be interesting to find some way to do the set (c) calculation.

Hypothesis for a set c inclusive cross section calculation



W & Z interactions of the additional quark



Modified W boson interactions
Add a fourth generation of down-type quark.

( ) 1

1 2 3

2

3

4

0 0 0 0

0 1 0 0 . .

0 0 1 0

L

L L L

L

L

L

d
u u u

d
gW h c

d

d





 
   
    +   
 

  
 

( ) 1

1 2 3

2

3

4

1 0 0 0

0 0 0 1 . .

0 0 0 0

R

R R R

R

R

R

d
u u u

d
gW h c

d

d





 
   
   + +   
 

  
 

Two R and two L connections means gauge anomalies are cancelled for W

Both the 1st and 4th generation down-type 
quark have right-chiral W interactions



Vector (+) and Axial Vector (-) versions 

† †

1 0 0 0 0 0 0 0

0 0 0 1 0 1 0 0

0 0 0 0 0 0 1 0

U U

CKM R R

D D

L LV V V V V

   
   

=    
   
   

Modified “CKM” Matrix

It also helps with the vector vs. axial 3-sigma difference in V_us

This choice of mass matrices can reproduce all normal CKM data

Unitary matrices that 
translate to quark mass 
eigenstates



Quark couplings to the Z boson by generation

2sin Wx =

2 1 2
3 2 3

1 2 1 2
2 3 2 3

1 2 2
2 3 3

1 2 2
2 3 3

Gen

1

2

3

SM

L Rg g

x x

x x

x x

x x

− −

− −

− −

− −

1 1 1
3 2 3

1 1 1
2 3 3

1 1 1
2 3 3

1 1 1
3 2 3

1 1 1
2 3 3

Gen

1

2

3

4

SM

L Rg g

x x

x x

x x

x x

x x

− +

− +

− +

− +

− +

Z boson coupling depends on the generation

Quark gauge anomalies cancel for Z boson: 
For every L interaction, there is an R interaction

Up-type quarks Down-type quarks

Zqq



Example Z Mixing Matrix

• Since the diagonal elements are not the same, the Z boson mixes flavors

• There are 4 mixing matrices for U vs. D and L vs. R

• For the mass matrices that fit CKM data, most off-diagonal elements of 
the Z mixing matrices are very small, no appreciable FCNC

• are significant, non-negligible FCNC

• Non-negligible          facilitates                          and could help with the 3 sigma 
difference between inclusive vs. exclusive measurements of CKM 

, , ,L L L A

fs dsfb fd
V V V V

L

fb
V

cbV
b f c→ →



Cancelling gauge anomalies

• In the Standard Model, quark gauge anomalies are cancelled by leptons

• In this model, quark gauge anomalies cancel among themselves

• A full theory should have additional right-handed leptons, so that gauge 
anomalies also cancel separately among leptons

• These right-handed leptons can include neutrinos needed for neutrino 
mixing (Twisted Superfields:  arxiv:2112.04469)



“Twisted Superfields”
A theory with broken supersymmetry

• Supersymmetry helps solve the hierarchy problem (Why doesn’t the Higgs 
Boson have a much larger mass?)

• But supersymmetry predicts a lot of new particles that are not observed, 
since no existing particles can be N=1 superpartners with each other:  HLS

• Breaking supersymmetry can allow existing particles to be superpartners
with each other:  quarks can be “superpartners” of the gauge bosons

• 3 key features of supersymmetry

• Invariance to global superspace translations

• Invariance to local superspace gauge transformations

• Holomorphic superpotential

Twisted superfields break supersymmetry to allow this



Each q is a 3x3 matrix with 3 colors, and 3 flavors (1 up-type, 2 down-type)

Twisted Superfields for U(3)xU(3)

†

2

†

1 ,

,

VL VR

VL VR

A q q
V

q q A





 
 
 

Real twisted superfield

gluons are in       ,         is in 

And 3 flavors of fundamental and conjugate representation fields (1 u 2 d)

No gauge anomaly – like Supersymmetric QCD

Adding up quarks:  

Symmetry breaking to SU(3) x SU(2) x U(1)^2 gives unification-scale masses 
to 2 quarks, leaving the 7 quarks and the CKM matrices discussed earlier

1A

1

2

R

L

q

q









 
  

 

Adjoint twisted superfield

3 , 3 , 4 , 4L R L Ru u d d→3 , 3 , 6 , 6L R L Ru u d d

2AW 

1

1

F

F

LFl

 
  

 
2

2

RF

F

F

q



 
  

 



Summary
• Hypothesis: A fourth down-type quark exists

• It has a mass of ~2.8 GeV 

• The W boson connects this quark with the  right-chiral component of the charm quark

• The right-left combo generates FCNC with the Z boson

• The quark explains the mass, spin, parity, production and decay processes of 
most exotic hadrons

• Inclusive cross sections and precision electroweak measurements do not 
definitively rule it out

• Predictions have been made for where to find more mesons and baryons

• Many published papers have charts that could be evidence of the predictions

• In the theory, gauge anomalies cancel separately among quarks



Look for resonances in existing LHCb data?
In each decay below, look at invariant masses in parentheses:

• arxiv:1804.09617 

• arxiv:2011.13738                                                                                                (2nd: fsd baryon)

• arxiv:1109.6831

• Phys Rev Lett 108, 161801

• Phys Rev D87, 112009

• arxiv:1704.07581

• arxiv:1803.06444

• arxiv:1704.08497

( ) ( )0 0,b c b cpp p p + − + − →   → 

( ) ( ) ( )0 0 0 0 0, ,b c b c b c     + − − + ++ − − →   →   → 

( ) ( )0 0,B D K B D K   − + − − − − + −→ →

( ) ( )0 0 0 0, sB D K B D K + − + −→ →

( )( ) ( )( )* * 00,B D l B D l   
−+ + + + −→ →

( )*B D K + − + +→

( )0 0or , is orsB B pph h h K + −→

( )0 0or , is orsB B ph h p h K + −→

( ) ( )0 0,b c b cK K K K + + − − + − − + →   → 

( ) ( ) ( )0 0 0, ,s sB D B D B D        + − − + + − − + − + − −→ → →

( ) ( ) ( )0 0 0, ,s sB D B D B D        + − − + + − − + − − + −→ → →



Questions?

Additional slides
- more experimentally testable predictions
- more possible evidence of these predictions in published papers
- non-SM explanations for some experiments (e.g. forward Z+c)

arxiv:2203.03007



More experimentally testable predictions
… and possible sightings



3872 Production and Decay

( )1 3872 :cB K ub uf Z uf ds df us+ +→ → + → + → +

( ) 0 0 0

1 3872 :c D D df dc W g dc cd uu  +→ → + + → + +

If there is a                                        , it cannot decay by W boson exchange. ( )1 3872c uf + =

This explains no significant signal in ( ) 0

1 3872c J   + +→

( ) 0 *0

1 3872 or :c J D D df cc g cc uu  → → + → +

Decay from valence quarks exchanging a W boson

W

( )1 3872c J   + −→Assume                                                     is mostly from ( ) ( )0

1 3872 orc J   →

Same decay mechanism as above W exchange.



Expected Production and Decay

( ) 0

1 3872 :cB ub uf Z uf uu + +→ → + → +

( ) 0 0 0 0

1 3872 or :c D D D D uf uc W g  + + + +→ → + +

Expected decay

( )1 3872c
+

( )0

1 3872 :cB db df Z df uu uf du + −→ → + → + → +

If the            did a                            fluctuation and then decayed,0D

this would look just like decays seen for 

0 0D D→

( )3875ccT +

Why not a much larger signal for                                                            ?( ) 0 03875ccT D D + +→



with            having h.c. decays

Predicted 3872+ decays to 1 c quark

( )1 3872 :c sD K uf uc W g uc ud ss + − + + +→ → + + → + +

( ) 0 0

1 3872 :c D uf uc W g uc ud uu  + + +→ → + + → + +

1c
−

( )1 3872 :c D uf uc W g uc ud dd  + − + + +→ → + + → + +

( )0

1 3872cB  + −→( ) 0

1 3872cB  + +→

( )0

1 3872cB  − +→

LHCb has measured 0B D   + − − +→ 1109.6831.pdf (arxiv.org)

Check invariant mass of                        ?D  + − −

https://nam11.safelinks.protection.outlook.com/?url=https%3A%2F%2Farxiv.org%2Fpdf%2F1109.6831.pdf&data=05%7C01%7Cschapman%40chapman.edu%7Cad1e790e14b048a2023008dbc123fd73%7C809929af2d2545bf9837089eb9cfbd01%7C1%7C0%7C638316132735812113%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000%7C%7C%7C&sdata=OEDjwRuuSgAftpRmm1J%2Bqk%2Bh%2Bz%2Bw3%2FVJrU%2FOoC%2BpnqQ%3D&reserved=0


A predicted decay to 3860+

( )0 3860 :cB ub uf Z g uf dduu  + + + −→ → + + → +

( )0 3860 :c p uf us Z g us dduu + → → + + → +

Belle
arXiv:0910.5817

All mass combinations of                                      
were studied, and there was no mention of 
any structure in any other mass 
combination. 

p + −



Look for f bbar mesons in e+e-?

( ) ( ) ( )3

1 13 ? 3250 5721fb S X B→ +

CLEO, arxiv:0706.2813



Alternative non-SM explanations 
for a few experiments



Forward Z + c jet data

Data only reproduced by Standard Model with PDFs that have significant intrinsic charm

d

f -> c+W

d

s -> c+W

This model has two additional ways that valence d quarks can produce Z + c jet.
It is possible this model could reduce or eliminate the need for intrinsic charm.

Suggestion:  Measure forward Z + c jet in heavy ion collisions where there are more 
neutrons.  This model would predict much more than intrinsic charm models



Charm abundance is larger than most event generators

The model’s FCNC mechanisms could help explain the 
excess of charm seen in high energy collisions with intrinsic 
charm or doubling the strange content of the proton

arxiv: 1512.02913



Weak Radiative Hyperon Decay Puzzle
p+ →

In hadronic field theory, the only allowed parity-violating interaction term is:

For baryon magnetic moments, flavor SU(3) has been shown to be a very good 
symmetry, but in                           decays, parity is strongly violatedp+ →

In the limit of flavor SU(3) being a good symmetry, this vanishes and
these decays show little or no parity violation.

Data implies:  Flavor SU(3) is a good symmetry for the EM interaction
Flavor SU(3) is badly broken for the weak interaction.

2009.12552.pdf (arxiv.org)

In this model:  the d and s quarks have the same electric charge
d and s quarks have opposite chirality of weak interactions

https://arxiv.org/pdf/2009.12552.pdf


Papers on arXiv

arxiv:2203.03007
arxiv:2112.04469

schapman@chapman.edu



Hints of Predicted f quark decays
Invariant mass data



Hints of f meson resonances?
Belle,  arxiv:1505.03362

0 0 0 *:B X X D + −→ →

3250
3350
3860, the predicted             meson
3985

fd

fs
3600            meson ?

1

01 S

3

01 P



Hint of predicted Pc+(3870)?

A larger hint of 3870 
resonance is seen in D* 
events relative to D events

The decay
is suppressed relative to

0 *0:c cB P p P D p+ +→ →

BaBar,   arxiv:1111.4387

1 1
2 2

1
+ +−−→

1 1
2 2

0
+ +−+→



Hint of 3250?

( )3250 :B X ub uf Z uf dd df ud+ +→ → + → + → +

( )3250 :X df du W du ud + − +→ → + → +

In this model                             is mapped to the                                           meson of  ( )3250X 1

01 0PCS J −+= df

Babar
arxiv:0902.2051

~ 0.009ufV



Hint of 3350?

Even larger invariant mass in 
K- pi+?  Not shown in that 
range in the paper.

BaBar, arxiv:0803.4451
:B XK X  − − + −→ →



Hints of       mesons?sf

:B XK ub uf Z uf ss sf us+ +→ → + → + → +

:X sf Z   + − + −→ → →

LHCb, arxiv:1307.7595

3960?

4360?

4407?



Hints of 3250, 3350 and 3860?

The peaks are consistent with

for 3250, 3350, and 3860, but where 
3250 and 3860 decays also include a 
soft photon 

0 *B D + −→BaBar, hep-ex/0604009

( )0 *:B X X D  + −→ →



Hint of charged X(3860)          meson?

looked at                                             and also with D*0

A meson with an f quark cannot have positive 
charge, so cannot decay to

But                                is OK

Squinting, it looks like there might be more dots 
where needed for                to make a 3860
… and maybe to make a 3350.

0 0B D  + −→

3

01 P

Belle 2002,   arxiv:hep-ex/0211022

0fu D  −→

0D  +

0D  −



Hints of Predicted f quark decays
Partial Invariant mass data



Hint of X(3860)         state?

A meson with an f cannot have positive 
charge, so cannot decay to

But                                    is OK

A bump in the bottom but not in the top 
graph is consistent with the above 
X(3860) allowed decays

invariant mass would be 
interesting

0B D pp+ −→
0:B X X D pp− −→ →

BaBar,   arxiv:1111.4387 3

01 P

D pp+

0fd D pp→

0D pp



Hint of X(3860)         state?

LHCb,   arxiv:1109.6831

3

01 P

A meson with an f cannot have positive 
charge, so cannot decay to

But                                       is OK

A bump in the bottom but not in the top 
graph is consistent with the above 
X(3860) allowed decays

invariant mass would be 
interesting

D  + + −

0fd D  + −→

0D  + −



LHCb, 10.1103/PhysRevLett.108.161801

Hint of X(3860)         state?3

01 P

invariant masses would be interesting
0 0,D K D  − + − +



Hint of 4020?

The invariant mass is of the 3 pions that 
make the omega

The omega peak below 2 GeV could be 
consistent with

*0B D − −→
CLEO, hep-ex/0103021

( ) ( ) *04020 : 4020B X X D − −→ →

invariant mass would be interesting

*0D 


