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Search for the fourth standard model family fermions and E4 quarks at p*u~ colliders
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The potential ofu® u~ colliders to investigate the fourth standard model family fermions predicted by
flavor democracy is analyzed. It is shown that muon colliders are advantageous for both pair production of
fourth family fermions and resonance production of fourth family quarkonia. Also, isosinglet quark production
at u™ u~ colliders is investigated.
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I. INTRODUCTION fourth SM family quarks will be determined as a result of
experiments done at the CERN Large Hadron Collider
The mass spectrum and the mixing of fundamental fermi{LHC) [10,11]. In our opinion, muon colliders will be advan-
ons are among the most important unsolved problems of patageous for investigation of the fourth SM family leptons and
ticle physics. According to the standard mod8M), these  quarkonia.
masses and mixings arise from the interaction with the Higgs
doublet via spontaneous symmetry breaking. Il. THE PRODUCTION OF THE FOURTH SM FAMILY
In the framework qf the SM, ferml_ons w|th the same FERMIONS AT p*p~ COLLIDERS
guantum numbefelectric charge, weak isospin, etare in-
distinguishable before the symmetry breaking. Therefore, in It is clear that direct pair production of the fourth family
the fermion-Higgs interaction, the Lagrangian terms correfermions will be possible at future high-energy colliders
sponding to fermions with the same quantum number®nly, since their predicted masses lie between 300 and 700
should come with equal strength. As a result, one deals witiseV [7]. Therefore, lepton colliders with/§> 1.5 TeV and
singular mass matrices after the spontaneous symmetsufficiently high luminosity will give us the opportunity to
breaking. search for all fermions from the fourth SM family.
According to the democratic mass mati®MM) ap- Lineare*e™ colliders with high energy are some of the
proach[1-5] in the case oh SM families, ((—1) families necessary devices to explore the fundamental ingredients of
are massless amth family fermions have massesiy (here  matter and their interactions. But the advantageudfu ~
a is the common strength of Higgs-fermion interactipns colliders overe*e™ colliders is that the former have more
Taking the real mass spectrum of the third family fermionsmonochromatic particle beantthis is especially important
into account necessarily leads to the assumption that at leasince narrow width quarkonia are involved in the following
a fourth SM family must exisf6—8] (for a recent situation, sections. For example, while the energy spread efe™
see Ref[9]). colliders is more than 1%, that @f* x~ colliders is between
The existence of the fourth SM family and masses of theD.1% and 0.014%12]. In addition, since the mass of a muon

TABLE I. The production cross-section values for the fourth SM family fermions with=500 GeV at differenty's and L
=5x10¥cm 2s 1,

& BT Ul pF T —dgdy w0y w4
(TeV) o (fb) Events/year o (fb) Events/year o (fb) Events/year o (fb) Events/year
1.10 62.7 3135 25.5 1275 43.2 2160 6.0 300
1.25 67.8 3390 29.1 1455 45.9 2295 7.1 355
1.50 56.6 2830 25.6 1280 375 1875 6.5 325
2.00 35.7 1785 17.1 855 23.1 1155 4.4 220
2.50 23.8 1190 11.7 585 15.2 760 3.1 155
3.00 16.8 840 8.4 420 10.7 535 2.2 110
4.00 9.6 480 4.9 245 6.1 305 1.3 65
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TABLE II. The production cross-section values and event numbers per year for the fourth SM family) uarkonia at muon colliders
with \/s=M andL=5x103cm 2s L.

My, (GeV) o' (pb) Tol(tn) (MeV) AE .y (GeV) a® (pb) Events/year
600 68.2 8.3 0.60 0.94 47000
750 19.5 21.1 0.75 0.55 27500
900 6.8 46.9 0.90 0.35 17500
1050 2.8 93.3 1.05 0.25 12500
1200 1.3 170.5 1.20 0.18 9000
1350 0.6 291.6 1.35 0.13 6500
1500 0.3 472.6 1.50 0.09 4500

is 207 times greater than the mass of an electron, the energy The production cross-section values and corresponding
uncertainty from the effect of the opposite beam can be i9gyent numbers fom,=0.5 TeV at differentys and L™
nored. Design values for the luminosity pf" x~ colliders =50 fb ! are given in Table .

are L=3x10® cm ?s ! at Js=0.4 TeV, L=5x10%

cm?s ! at s=4 TeV, and L=3x10*® cm ?s! at

Js=30 TeV[12]. IIl. THE PRODUCTION OF THE FOURTH SM FAMILY

_ 3 +—
The cross section for the process u~— ff has the form #a(*S1) QUARKONIAAT p™p™ COLLIDERS

2 The condition for forming QQ) quarkonia states with
o= 55 EBIQUQI— 2xwv) (3= B) + xo(1+0?) new heavy quarks i3]
x[vf(3- B +2p%7 1}, ) mo=(125 GeV|Vq4~?°, @
where
whereQ andq denote new heavy quarks and known quarks,
1 s(s— M%) respectively. Therefore, differing fromquarks, fourth fam-
X1= : ) N2 ily quarks can form the quarkonia if, andd, are almost
16 sirf 6y, cos By (s—M2)2+ _ 4 4
w w (5= M2)"+TZM2 degenerate and their decays are suppressed by small
1 2 Cabibbo-Kobayashi-Maskawgd CKM) mixings [7,8]. It
X2= : 2 2N 2 should be noted that in this case both,§,) and @ E)
256 sirf 6y, cos 6y, (s—M2)2+T'M : 4 44
W w( 2)"+1zMz quarkonia are formed. Ifi, andd, are not degenerate but
v=—1+4sir? oy, mixings between the fourth and first three families are still
small, quarkonia will be formed by the lighter of, andd,.
a;=2Ts, In the case of parametrization presented in R&f, which
predicts rather large mixings, fourth family quarkonia will
vi=2T3—4Q; Sir? by, not be formed at all. The degeneracy of the fourth SM family
5 guarks in parametrization given [7,8] is guaranteed as a
B=\1-4mgls, consequence of the form of the perturbed mass matrix, which
N includes in the third and fourth family thexX22 submatrix
Tg=5 for v, and u,, T,
=—1% for |, and d,, l4a 1-a -
£=1 for leptons, é=3 for quarks. 1-a 1lta
TABLE Ill. Decay widths for main decay modes @#(u,u,) for my=150 GeV.
My, (GeVv) 600 750 900 1050 1200 1350 1500
T'(,—1717), 102 MeV 1.4 1.6 1.8 2.0 2.1 2.3 2.5
T'(4,—uu), 10 2 MeV 2.3 2.6 3.0 3.3 35 3.8 4.1
T'(4u—dd), 1072 MeV 1.0 1.2 1.3 15 1.6 1.7 1.8
I'(¢4—Z7y), MeV 0.4 0.7 1.1 1.7 2.4 3.3 4.4
[(4,—22), 1072 MeV 4.0 7.6 12.6 19.2 27.6 38.0 50.1
['(44,—ZH), 102 MeV 4.3 7.9 13.0 19.6 28.1 385 51.1
I'(,— yH), 1072 MeV 36.1 66.3 108.5 164.2 234.8 321.9 426.8
C(yy—W'W7), MeV 6.8 18.9 43.6 88.7 164.4 283.6 462.4
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TABLE IV. The production cross-section values and event numbers per year fq&(lfhfal) quarkonia ofEg isosinglet quarks at muon
colliders withys=M andL=5x10% cm 2s™ 1.

M Vo, (GeV) o' (pb) Tol(tn) (MeV) AE¢y (GeV) a? (pb) Events/year
300 26.6 13.8 0.3 1.22 61000
600 19.2 7.1 0.6 0.23 11500
900 1.76 44.6 0.9 0.087 4350
1200 0.31 169.8 1.2 0.044 2200
1500 0.082 478.0 15 0.026 1300
1800 0.028 1111.7 1.8 0.017 850
2100 0.011 2270.1 2.1 0.012 600
Another form such as for i4(d,d,) are approximately the same. As a result, we
obtain a number of events per year, which are given in the
1 1-a last column of Table II.
-« 1 4 In this study, we consider only the,(3S;) quarkonia

state. Using corresponding formulas fr¢&®] and choosing

would not leave them degenerate. However, this parametrf’€ Coulomb potential model, we obtain decay widths for the
zation leads to mass splitting of order of 170 GeV. Singe a Main decay modes ofi,(usu,), which are given in Table
constraint would allow mass splitting of, andd, less than !l One can see that dognlnant decay modes/fpquarkonia
100 GeV[14], we have not considered such a parametriza@'® ¥a—W"W", 4—Z"y, andy,— yH.
tion.

The cross section for the formation of the fourth family
quarkonium and its decay into an{§/state is given with the IV. THE PRODUCTION OF THE Eg QUARKS AT pu*u~
relativistic Breit-Wigner equation, COLLIDERS

Another way to explain the relatiom, ,<m, is the intro-
(5) duction of exotic fermions. Let us consider as an example the
extension of the SM fermion sector, which is inspired by the
E¢ grand unified theoryGUT) model initially suggested by
whereX corresponds to final-state particlé;is the mass of Gursey and collaboratof46,17. It is known that this model
the fourth family quarkonium; andl,,,, I'x, andI corre-  is strongly favored in the framework of SUGRA&ee Ref.
spond to the partial decay width 0"« ~, X state particles, [18] and references therginFor illustration, let us restrict
and the total decay width of the fourth family quarkonium, ourselves by quark sector:

_ 127 (sIM?)T T
olu’ u”—(QQ—XI= oy

respectively.
Since thew ™ 1~ collider has a certain energy spread, the

average cross section can be estimated from AT . ) oo [ 0 po.

dO |uR1 ’ 0 |CR|SR1 bO 1 1 1
L L
1—‘t t _ -
o=1g o Tu'u —(QQ), (6)
coll

D9, D% D3.D9 D$,D3k.
wherec™*is the resonance value of the cross secfitf.
The energy spread BE ,~10 3\/s for the u* u~ col-
lider with \'s=0O (TeV). The estimated cross-section values According to flavor democracy, the down quarks’ mass
for r4(uyu,) are presented in Table 1. Corresponding valuesmatrix has the form

TABLE V. Decay widths for main decay modes (b(DlSl) for my=150 GeV.

My, (GeV) 300 600 900 1200 1500 1800 2100
T(ga—1717) (keV) 2.3 3.4 43 5.2 6.0 6.8 7.5
T (,—ut) (keV) 2.6 3.8 4.9 5.9 6.8 7.7 8.5
T (44—dd) (keV) 0.9 1.2 15 1.8 2.0 2.3 2.5
T (4—ZH) (keV) 4 27 82 177 321 524 792
T (44— yH) (keV) 12 90 271 587 1067 1739 2627
T (ga—W"W") (MeV) 0.3 7 44 166 465 1082 2217
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ay an apy any any agy shows that the production cross section &=4 TeV
ay ap ay ap an apg changes between 1.91 and 1.86 (flshich corresponds to
event rates between 95 and 93 per ydar the isosinglet
o | @7 anw an an an ang guark mass between 0.1 and 1 TeV.
M™= M M M M M M1’ Additionally, we estimated production cross sections and
event numbers per year for isosingleguarkonia. They are
MM M M M M given in Table IV. Decay widths for the main decay modes
M M M M M M of ¢p, are given in Table V, where we u$VD1t|:0.01.

whereM is the scale of “new” physics which determines the
masses of the isosinglet quarks. As a result, we obtain five

massless quarks, and the sixth quark has the mass 3
+m.

V. CONCLUSION

We have shown that " .~ colliders with s=0 (TeV)

Es quarks can be produced at" ™ colliders. To esti- are a good place to investigate fourth family fermions,
mate the production cross sections, one can usélxqith quarkonia, andeg isosinglet quarkonia. In this study, we
the following minor changes. For the isosing{ quark, have concentrated on thg,(®S;) state; other quarkonium
a;=0 andv;=—4Qsir? 4. The result of our estimations states will be considered in a future study.
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