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ABSTRACT 

As possible extensions to the Standard Model, singlet quarks have interesting and testable conse
quences. We collect and update the constraints from present data on their masses and mixings 
with conventional quarks. The CP asymmetries in BO decays can differ dramatically from Standard 
Model expectations. The d-type singlets are accommodated economically in grand unification sce
narios as pieces of additional 5 + 5* multiplets of SU(5). The u-type singlets could arise in 10 + 10*. 
lllultiplets of SU(5). 

1. Introduction 

Singlet quarks are color-triplet fermions whose left and right chiral compo
nents are both singlets with respect to the SU(2) weak isospin gauge group. As 
such they offer an interesting example of physics beyond the Standard Model (SM). 
They can mix with the ordinary quarks of the SM, and thereby impact a wide va
riety of experimental measurements, as they generate tree-level FCNC's, introduce 
unitarity violation in the SM CKM matrix, influence neutral meson-antimeson os
dilations, and modify CP asymmetries. These objects can be produced by strong, 
electromagnetic and weak-neutral-current interactions, and produce interesting de
cay signatures [1 ]-[12]. They rllight be indirectly detected by looking for additional 
sources of flavor-changing neutral currents (FCNC), flavor-diagonal neutral cur
rents (FDNC), and CP violation[3],[13]-[24]. We summarize here some important 
implications and constraints on the phenomenology of singlet quarks; an expanded 
version can be found in Ref. [25]. 

Consider first the case of one charge -~ singlet field, mixing with the three 
SM fields of this charge. The mass eigenstates d, s, b, x are then linear combinations 
of the three orthonormal linear combinations dL,s£, bL of left chiral components 
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that are 8U(2)L doublet partners of the known Q ~ fields UL,CL,tL; the remaining 
orthonormal combination XL is an 8U(2)L singlet. Then 

~ ) = (~: ~ ~~ ~:) ( :~ ) . (1)( xL Vod Vas Vab Vox XL 

The transformation matrix V is then the generalization of the usual 3 x 3 Cabibbo
Kobayashi-Maskawa (CKM) matrix VCKM. The 8M unitarity constraints on VCKM 

no longer apply. One extra singlet quark added to the usual three generations of 
the 8M gives rise to a 4 x 4 matrix V to which the unitarity conditions vvt = I and 
vtv = I apply. 8M unitarity constraints on the 3 x 3 CKM matrix give linear three
term relations that can be expressed graphically as triangle relations in the complex 
plane as shown in Fig. 1. With 4 x 4 mixing, they become four-term relations; e.g. 
for one Q = -~ singlet, we have 

(2) 

or again, 
(3) 

For i i- j these are expressible as quadrangle conditions' in the complex plane. The 
first three terms in each case, however, are precisely the three sides of a triangle 
if CKM unitarity holds (the most discussed example is Eq.(2) with i = b,j = d). 
Thus 4 x 4 unitarity replaces the CKM triangle relations by quadrangle relations. In 
Eq.(2) the fourth side ofthe quadrangle is ~iVoj -Zij, the FCNC coefficient[20j. In 
Eq.(3) the fourth side is ~~Vjx, that occurs in certain flavor-changing box diagrams 
(see below). 

n~ 
v"JIu~'Ji, 

v.,;VJ, 

Fig. 1. Unitarity of the 3 x 3 CKM matrix implies triangle relations like the one shown. In 4 x 4 
mixing cases the triangle relations become quadrangle relations. 

It is therefore convenient to define the deviation from unitarity of the 3 x 3 
CKM matrix by defining the quantities 

(4) 



Similarly one can consider adding an u-type singlet to the SM quarks. Then 
one defines analogously the transformation matrix V 

Cd Vus Vub 
_ ) Vcd Vcs Vcb ~=Vco ) 

A( u~ C
-I 

L t~ x~ ) = ( UL CL h XL (5)
vtd "Vts "Vtb "Vto 
Vxd Vxs Vxb Vxo 

2. Constraints on singlet quark mixing 

We give in this section the constraints on the singlet quark mixing matrices 
V and V. We first define the source of the constraint, and summarize the resulting 
constraints at the end of this section. 

Without imposing unitarity constraints, the CKM matrix elements lie in the 
following ranges [26]: 

0.9728 - 0.9757 0.218 - 0.224 0.002 - 0.005 
..IVI = 0.180 - 0.228 0.800 - 0.975 0.032 - 0.048 .. ) 

(6)
0.0 - 0.013 0.0 - 0.56 0.0 - 0.9995( 

The constraint due to the unitarity of the 4"x 4 matrix in Eq. (4) together with the 
bounds in Eq. (6) give rise to constraints on the individual entries in the matrix. 

Singlet quarks provide additional contributions to meson-antimeson oscilla
tions in two ways as shown in Fig. 2 for the B~-B~ case: (1) the tree-level FCNC 
z-exchange and (2) an additional contribution to the box graphs. The singlet quarks 
contribute in the two cases according to their charge as shown in Table 1. 

W 

b~AAz..AA/b x x bTIb
d/vvvvv'd 

d d 
W 

(a) (b) 

Fig. 2. Singlet quark mixing can give meson-antimeson oscillations via induced FCNC tree diagrams 

(a) and via box diagrams (b), illustrated here for the B~ - B~ case. 

The contributions from the z-exhange graphs gives contraints on the Zij as 



Table 1: FCNC effects of singlet quarks 

Qx = -1/3 Qx = 2/3 
Z-exc ange ox 

box z-exchange 
z-exchange box 
z-exchange box 

they give rise to FCNCs at the tree-level through the coupling 

LFCNC = 1/2gz LZijiiiL'YJ.L ZJ.LqjL , . (7) 
i#j 

For the case of B~-B~ oscillations, one obtains a contribution 

I' 1- V2GF mBf'JJBBTlB I 2 I um - 3 zdb , (8) 

where !B is the Bd decay constant, BB is the bag factor (B = 1 is the vacuum sat
uration approximation) and TlB :::::i 0.55 is a QCD factor. From the measurements [27] 
lomlK = (3.51±0.02) x lQ-l2MeV, lomlD < 1.3 x lQ-loMeV, lomlBd = (3.4±0.4) x lQ-loMeV, 
one obtains bounds given at the end of this section. 

The box-graph in the SM gives . 

G'}Bf'JJmBTlB * 2lomlsM = 67[2 IvtdvtblcKM IIBI , (9) 

where IB(xt = mr!M'tv) is the box-integral (see e.g. Ref. [28]) 

1 2 9 6) 6xr ][(IB(xt) = -4Mw Xt 1 + -- - ( )2 - ( )3lnxt (10)
1 - Xt 1 - Xt 1 - Xt 

IB is a slowly varying function of its argument. Adding an extra singlet in the :1: - t 

degenerate limit is accomplished by making the replacement 

(11) 


using unitarity. However, Ivtdvt'blcKM = !VudV:b + VcdVc'blcKM' so the prediction for loml 
is effectively unchanged in this x, t mass-degenerate limit. Since IB is a slowly varying 
function of its argument, significant changes can arise only if x is much heavier than 
t. Similar conclusions apply· to KO-ko oscillations. Additional constraints arise in 
DO_Do mixing and in €K; we refer the reader to Ref. [25] for details. 

The tree-level FCNC Z couplings give rise to enhancements in some rare 
meson decays. Important constraints arise from the processes KL,Bo,Do -+ f.l+f.l

and B, D -+ Xf+f-. On the other hand, deviations from the SM for B -+ s(dh decays 
are generally smal1[22, 25, 29]. 

The mixing of singlet quarks with the ordinary quarks of the SM changes 
the flavor-diagonal neutral current (FDNC) couplings. For the d-type singlet quark 
one obtains 

LFDNC = gz. L iii'YJ.L ZJ.L [~Zii(l - 'Y5) - ~ sin
2 

Ow] qi . (12) 
t=d,s,b,x 

http:3.51�0.02


Thus for the standard d, s, b quarks, mixing with x reduces direct left-handed FDNO 
by a factor (zu iSin20w)/(1 i sin20w) and leaves right-handed FDNO unchanged. 
[Incidentally, since b - x mixing reduces the Z -t bb coupling, it would make the 
discrepancy between the LEP data [30] and the 8M prediction for the ratio worse[16, 
18, 19]]. 

The global FDNO constraints are comprehensive enough to have useful reper
eussions via unitarity, for d-type singlet mixing. A comparison of all FDNO effects 
with the latest LEP and 8LO data leads to global FDNO constraints (see final paper 
of Ref. [19]) listed below. 

We summarize below the available bounds[25] on singlet quark mixing. 

Q =-! case 

lVodi 
lVosl 
lVobl 
lVuxl 
lVexl 
IlitxI 

lVoxl 


lVosllVadl 

lVobllVodl 

lVobIlVos I 

IVcx IlVux I 


IRe(Vo*dVas) II1m(VodVas)1

IRe(VodVos) I 


Q=i case 
x 

,....<lVuol 
<IVeol 
<IVtol "" < 
rvIVXdl 
<IVxsl 
<IVxbl 
"" 

<IVeo II Vuo I "" <IYxdlIYxbl 

3. CP asymmetries 

limit 
< 0.048
~ 

< 0.060 
< 0.045~ 

< 0.08 
~ 

< 0.09
~ 

< 0.09
~ 

> 0.996
"" < 3 x 10-4 
"" < 8 x 10-4 
'" < 2 X 10-3 

"" < (1.3GeV)/mx
"" < 3 X 10-10 
"" < 7 x 10-6 
rv 

limit origin 

origin 

global FDNC 
global FDNC 
global FDNC 
CKM + unitarity 
FDNC + unitarity 
FDNC + unitarity 
FDNC + unitarity 
€,OmK(tree) 

·omB(tree) 
B -t f.+t- X 
omD(box) 
€K 


KL -t f.Lf.L 


0.049 globalFDNC 
0.065 globalFDNC 
1.0 unitarity 
0.15 CKM + uuitarity 
0.56 CKM + uuitarity 
1.0 unitarity 
9 X 10-4 omD(tree) 
0.03 CKM + uuitarity 

The amount of OP violation in the 8M is measured by the size of the unitarity 
triangle in Fig.!. How this OP violation shows up in decays is determined by the 
angles of the unitarity triangle(s), which appear as OP asymmetries in decays to 
OP eigenstates. The angles shown in Fig. 1 are defined as 

_ (VCdv"i,) _ (lItd~b){3 = arg - V; V* , a := arg - Yo V* , (13) 
td tb ud ub 

are directly measurable in Bd decays with b -t c and b -t u respectively. The pro
totype processes for measuring {3 and a in the 8M are Bd -t vJKs and Bd -t 1f+1f



respectively. In the presence of mixing with singlet quarks, the CP-asYlllmetries 
are no longer simply related to these angles, since there is an additional Bd - Bd 
oscillation contribution from tree-level z-mediated graphs. Present information on 
the third generation couplings does not tell us much about the asymmetries. Future 
improved measurements of the CKM mixing angles at a B-factory, for example, will 
pin down the 8M prediction more precisely[32]. 

The time-dependent CP asymmetry in the decay of a B~ or ~ into some 
final CP eigenstate f is (assuming as usual r l2 « M12 ) 

r(B~(t) -+ f) - r(B~(t) -+ f) 
-1m A(Bd -+ f) sin(8m t) , (14)

r(B~(t) -+ f) + r(B~(t) -+ f) 

where 8m is the (positive) difference in meson masses, the mesons states evolve from 
flavor eigenstates B~ and ~ at a time t = 0, and 1m A(Bd -+ f) is the time-independent 
asymmetry. 

The allowed range[31] for the CP-asymmetry in the 8M for the quantity 
1m A(Bd -+ 'if;Ks) is shown in Fig. 3 as a shaded band (for fixed Tnt). The expectations 
for the same quantity in the presence of a d-type singlet quark is shown in Fig. 1 
for different values of the parameters[22] 

Zbd ] (15)
Obd == arg [ vtd I'tb ' 

which characterize the unitarity violation. The effect of singlet quarks on CP 
asymmetries can be dramatic [20, 22, 32]. One notices that the CP asymmetry 
1m A(Bd -+ 'if;Ks) is negative (with our conventions) in the 8M, but with sufficiently 
large 8d one can obtain positive values[20, 22]. 
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Fig. 3. The CP asymmetry 1m A(Bd -t '1fJKs) in the presence of down-type singlet quarks. The 
band indicates the present uncertainty in the SM prediction. For some values of 5d and ebd (defined 
by Eq. (15)) there are no solutions as the unitarity quadrangle cannot be made to close. 



The CP-asyulllletry 1m )"(Bd -1 1l"+1l"-) is not as well constrained in the SM; 
but given well-determined CKM elements, deviations from SM predictions could be 
significant and could provide evidence for singlet quarks[25, 32]. 

4. GUT sources of singlet quarks 

Singlet quarks cannot simply be added by themselves to the SM or MSSM 
and gauge coupling unification still be successful. Considered alone they do not 
introduce gauge anomalies, but they change the running of the SU(3) and U(I) 

couplings but not the SU(2) coupling. For down-type singlets, this can be remedied 
by adding more fermions to fill out the 5 and 5* representations of SU(5), or a 
10 of SO(10)[33, 34}; see Fig. 4. This exotic matter together with the SM matter 
content fits neatly into the 27 representation of E6 [33, 35] (which decomposes to 
10 + 5* + 1 + 5 + 5*1 + 1 in an SU(5) subgroup). Adding extra complete multiplets of 
SU(5) preserves (at the one-loop level) the successful unification of gauge couplings 
in the MSSM, since a complete multiplet contributes equally to the evolution of 
each coupling. However, more than three generations of exotic matter will destroy 
asymptotic freedom for a3 at one-loop. 

Fig. 4. One-loop gauge coupling evolution with the addition of different numbers of light 10 
multiplets of 50(10) to the MSSM. Successful gauge coupling unification is preserved with the 
addition of complete lO-plets. 

An up-type singlet quark is not contained as elegantly in GUT Models; it 
does not appear in the smallest representations, and its role is less clear. As a 
minimal prescription, it can be introduced by adding one extra light 10 and one 
10* representation of SU(5) that get their mass from an SU(5) singlet Higgs boson; 
this implies extra vector-doublet quarks and a vector-singlet charged lepton too, 
preserving MSSM gauge coupling unification with b3 = 0 at one loop. Less mini
mally, it can also be realized in the SO(10) group with an extra light 45 (adjoint) 
representation (which decomposes to 24 + 10* + 10 + 1 in an SU(5) subgroup), but 



this leads to nonperturbative gauge couplings at the GUT scale if the entire 45 is 
required to be light. 

Fixed points playa role in these extended model, since the extra matter 
content implies larger gauge couplings. Hence the top quark and d-type singlet(s) 
masses could possibly be determined by the gauge couplings and the associated 
vevs. However, the Yukawa unification condition Ab(Ma) = AT(Ma) becomes harder 
to accomodate, and fails in the E6 model with three light generations. 

5. 	Acknowledgements 

This research was supported in part by the University of Wisconsin Research 
Committee with funds granted by the Wisconsin Alumni Research Foundation, in 
part by the U.S. Department of Energy under contract nos. DE-FG02-95ER40896 
and DE-FG02-91ER40661. 

6. 	References 

1. 	V. Barger, N.G. Deshpande, R.J.N. Phillips and K. Whisnant, Phys. Rev. D33, 
1912 (1986); V. Barger, R.J.N. Phillips and K. Whisnant, Phys. Rev. Lett. 
57, 48 (1986). 

2. 	T.G. Rizzo, Phys. Rev. D34, 1438 ( 1986); J.L. Hewett and T.G. Rizzo, 
Z. 	Phys. C34, 49 (1987); Phys. Rep. 183, 193 (1989). 

3. 	R. Barbieri and L. Hall, Nucl. Phys. B319, 1 (1989). 
4. 	F. del Aguila, E. Laermann and P. Zerwas, Nucl. Phys. B297, 1 (1988); 

5. 	F. delAguila, G.L. Kane and M. Quiros, Phys. Rev. Lett. 63, 942 (1989); F. del 
Aguila, L. Ametller, G.L. Kane and J. Vidal, Nucl. Phys. B334, 1 (1990). 

6. 	V. Barger and R.J.N. Phillips, Phys. Rev. D41, 52 (1990). 

7. 	P. Agrawal, S.D. Ellis and W.-S. Hou, Phys. Lett. B256, 289 (1991); W.-S. Hou, 
Phys. Rev. Lett. 69, 3587 (1992). 

8. 	B. Mukhopadhyaya, Phys. Rev. D44, R15 (1991); B. Mukhopadhyaya and 
S. Nandi, Phys. Rev. Lett. 66, 285 (1991), ibid. 69, 3588 (1992), Phys. Rev. 
D46, 5098 (1992). 

9. 	D.P. Roy and B. Mukhopadhyaya, Phys. Rev. D48, 2105 (1993). 
10. 	W.-S. Hou, Phys. Rev. Lett. 72, 3945 (1994); W.-S. Hou and H.-C. Huang, 

Phys. Rev. D51, 5285 (1995). 

11. 	V. Barger and E. Ma, Phys. Rev. D51, 1332 (1995). 
12. 	V. Barger and R.J.N. Phillips, Phys. Lett. B335, 510 (1994). 

13. 	F. del Aguila, M.K. Chase and J. Cortes, Nucl. Phys. B271, 61 (1986). 

14. G.C. Branco and L. Lavoura, Nucl. Phys. B278, 738 (1986). 
15. 	B. Mukhopadhyaya, A. Ray and A. Raychaudhuri, Phys. Lett. B186, 147 

(1987); B190, 93 (1987). 



16. 	P. Langacker and D. London, Phys. Rev. D38, 886 (1988); P. Langacker, 
M. Luo and A.K. Mann, Rev. Mod. Phys. 64, 87 (1992). 

17. B.S. Balakrishna, A.L. 	Kagan and R.N. Mohapatra, Phys. Lett. B205 (1988) 
345; K.S. Babu and R.N. Mohapatra, Phys. Rev. D41 (1989) 1286. 

18. 	G. Bhattacharya, A. Raychaudhuri, A. Datta and S.N. G anguli , Phys. Rev. 
Lett. 64, 2870 (1990), Mod. Phys. Lett. A6, 2921 (1991); G. Bhattacharya, 
Phys. Lett. B331, 143 (1994). 

19. 	E. Nardi and E. Roulet, Phys. Lett. B248, 139 (1990); E. Nardi, E. Roulet and 
D. Tommasini, Nucl. Phys. B286, 239 (1992), Phys. Rev. D46, 3040 (1992), 
Phys. Lett. B344, 225 (1995). 

20. 	Y. Nir and D. Silverman, Phys. Rev. D42, 1477 (1990); D. Silverman, ibid 
D45, 1800 (1992); Y. Nir, Phys. Lett. B321, 85 (1994). 

21. 	L. Bento and G.C. Branco, Phys. Lett. B245, 599 (1990); L. Bento, 
G.C. Branco and P.A. Parada, Phys. Lett. B261, 95 (1991). 

22. 	G.C. Branco et al., Phys. Rev. D48, 1167 (1993), Phys. Lett. B306, 398 (1993); 
G. Bhattacharya, G.C. Branco and D. Choudbury, ibid B336, 487 (1994), 
erratum B340, 266 (1994). 

23. 	W.-S. Choong and D. Silverman, Phys:. Rev. D49 1 2322 (1994). 

24. 	G.C. Branco, P.A. Parada and M.N. Rebelo, Vienna preprint UWThPh-1994
51, hep-ph 9501347 (January 1995). 

25. 	V. Barger, M. S. Berger and R. J. N. Phillips, MADPH-95-870, hep-ph 9503204, 
to be published in Phys. Rev. D. 

26. 	F.J. Gilman, K. Kleinknecht and B. Renk, in Review of Particle Properties, 
Phys. Rev. D50, 1315 (1994). 

27. 	Particle Data Group, Phys. Rev. D50, 1173 (1994). 

28. 	V. Barger and R.J.N. Phillips, "Collider Physics", Addison-Wesley, New York, 
1987. . 

29. 	L.T. Handoko and T. Morozumi, Mod. Phys. Lett. AI0, 309 (1995). 

30. 	The LEP collaborations ALEPH, DELPHI, L3, OPAL and The LEP 
Electroweak Working Group, report to Glasgow Conference, July 1994, 
CERN/PPE/94-187. 

31. 	A. Ali and D. London, Talk presented at the 27th International Conference on 
High Energy Physics (ICHEP), Glasgow, July, 1994, hep-ph 9409399. 

32. For a recent analysis of what could be possible at a B-factory, see D. Silverman, 
University of California preprint 95-8, hep-ph 9504387. 

33. 	J.L. Rosner, Comm.Nucl.Part.Phys. 15, 195 (1986). 
34. R. Hempfling, Phys. Lett. B351, 206 (1995). 

35. L.E. Ibanez and J. Mas, NucL Phys. B286, 107 (1987). 








