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where (h.c.) means Hermitian conjugate of preceeding terms, 1) = (h.c.)y =1 =*T, and the derivative operators are
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¢ is a 2-component complex Higgs field. Since £ is SU(2) gauge invariant, a gauge can be chosen so ¢ has the form

¢ =(0,v+h)/V2, <¢p>L'= (expectation value of ¢) = (0,v)/V2, (5)

where v is a real constant such that £4=(9,¢)0 ¢ —m3 [p¢ —v?/2]*/2v? is minimized, and h is a residual Higgs field.
B,,, W, and G, are the gauge boson vector potentials, and W, and G, are composed of 2x2 and 3 x 3 traceless
Hermitian matrices. Their associated field tensors are

B, =0,B,—0,B,, W.,=0,W,—0,W,+ig2(W,W,—-W, W,)/2, G,,=0,G,—0,G,+i9(G,G,—G,G,). (6)
The non-matrix A, Z,,, Wf bosons are mixtures of W, and B, components, according to the weak mixing angle 0,,,

A, =Wiusinby,+ B cosb,, Z,=Wi,cos8,, — B sin,,, W,j' =W, :V[/lgu/\/i, (7)
B, =A,co80,—Z,5tnb0y, Wiiy=—Waz,=A,5in0+Z,co50,, VV12#:VV2*1#:\/§WJ, sin20,, = .2315(4). (8)

The fermions include the leptons eg, ey, Vg, vy and quarks ug,ur,dr,dr. They all have implicit 3-component gen-
eration indices, e;=(e, 1, 7), Vi=(Ve, vy, vr), ui=(u,c,t), d;=(d, s,b), which contract into the fermion mass matrices

M, M, M3, Mi‘é-, and implicit 2-component indices which contract into the Pauli matrices,

Y R YUY [

The quarks also have implicit 3-component color indices which contract into G,. So £ really has implicit sums
over 3-component generation indices, 2-component Pauli indices, 3-component color indices in the quark terms, and

2—Component SU(Q) indices in (l_/LaéL)7 (l_LL,dL),(—éL,l_/L), (—dL,ﬂL)7(Z§, W,LL? (:i)a (Zf)a(;iL)7 (7udLL)7¢



The electroweak and strong coupling constants, Higgs vacuum expectation value (VEV), and Higgs mass are,

g1=e/cosly, ga=e/sinb,, g>6.5e=g(m?), v=246GeV(PDG)~V?2-180GeV(CG), m;=125.02(30)GeV (10)

where e=+/4rahc=/47/137 in natural units. Using (4,5) and rewriting some things gives the mass of A, Z,,, VV:E7
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4 4 order terms (11)
A =0, ~0,A,,  Zy=0u2,—-0,Zy, Wi, =D,Wy—-D,Wy, DWF=[0,+icA, W7,  (12)

D, <é> _w 92Wi2, /2 _igav Wigu/ V2 _ ig2v Wt (13)
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= ma=0, mp+ = gov/2=280.425(38)GeV, myz = gov/2c0s0,, = 91.1876(21)GeV. (14)

Ordinary 4-component Dirac fermions are composed of the left and right handed 2-component fields,

= () o= () u= ("), d= dr , (electron, electron neutrino, up and down quark)  (15)
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T = <€L3 ), v, = <VL3 >, t= <uL3 ), b= <§L3 >, (tauon, tauon neutrino, top and bottom quark) (17)
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The corresponding antiparticles are related to the particles according to ¢ = —iy?y* or 9§ = —i02¢}}7 Ve =io%s.
The fermion charges are the coefficients of A,, when (8,10) are substituted into either the left or right handed derivative
operators (2-4). The fermion masses are the singular values of the 3x 3 fermion mass matrices M", M€, M", M4,

me0 0 my, 0 0 m, 0 0 mg0 0
M€:UET<O m, 0 )Ug, M”:UL”T<O my, 0 )Ug, M“:Uﬁ*(@ me 0 )U;;g Md=U3T<0 ms 0 )Ug, (19)

0 0 m, 0 0 m,, 0 0 my 0 0 my
me = .510998910(13)MeV, m,, ~.001 — 2V, my, = 1.7 —3.1MeV, mqg =4.1—5.TMeV, (20)
m,, = 105.658367(4)MeV, my,, ~.001 — 2eV, me = 1.18 — 1.34GeV, ms = 80 — 130M eV, (21)
m, = 1776.84(17)MeV, m,,_~.001 — 2eV, my = 171.4 — 174.4GeV, my = 4.13 — 4.37GeV, (22)

where the Us are 3x3 unitary matrices (U~!=UT). Consequently the “true fermions” with definite masses are actually
linear combinations of those in £, or conversely the fermions in £ are linear combinations of the true fermions,

ey =Ufer, epr=Ufer, v,=Ulvy, vh=Ukvgr, up=Ulup, uxr=Upugr, d;=Uld,, dy=Ugsdg, (23)
er, :UzTe’L7 er :Uge’R, v, zUzTV’L, VR :UETV%, ur, ngTu’L, UR :UETu;%, dr, :UgTd’L, dr :UgTd’R. (24)
When L is written in terms of the true fermions, the Us fall out except in ﬂ'LUfﬁ”W#iUgTd’L and v} UY &”WﬂiUﬁe’L.
Because of this, and some absorption of constants into the fermion fields, all the parameters in the Us are con-

tained in only four components of the Cabibbo-Kobayashi-Maskawa matrix V4 :UEU%T and four components of the
Pontecorvo-Maki-Nakagawa-Sakata matrix V!=UY UET. The unitary matrices V¢ and V! are often parameterized as

1 0 0 e~1/2 g 0 c1z 0 si3 ei9/2 0 1y s13 0
V:(O C23 823>< 0 1 0 )( 0 1 0 >< 0 1 0 ><—S12 C12 0), ¢j=1/1-s} (25)
0 —so3 c23/\ 0 0 €2/ \=s15 0 c1i3/\ 0 0e®2/\ 0 0 1

89 =69(4) deg, sy, =0.2253(7), sd;=0.041(1), s5=0.0035(2), (26)
ot =7, shy = 0.560(16),  shy = 0.7(1), shy = 0.153(28). (27)
L is invariant under a U(1) ® SU(2) gauge transformation with U~'=UT, detU=1, 0 real,

W, = UW,U" - (2i/g2)U0,U", W,, ~UW, U, B,—B,+(2/91)0.0, B, — B, ¢—e “Usp,  (28)
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and under an SU(3) gauge transformation with V-!=VT detV =1,
G,—VG, V! —(i/g)VO, VT, G —VG,V', ur—Vur, dr—Vdy, ur—Vug, dp—Vdg. (30)



