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Higgs boson decay, H — ff:

The leading-order Feynman diagram for the decay H — ff, and the configuration in the Higgs
rest frame, are
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The 4-momentum of the fermion f is py = (F,0,0,p) with p > 0 and E? = p? + m?. The basis
spinors are:

1 0
U1(p2) = VE+mf p/(EZ—mf) s U2(p2) = \/E+mf (1)
0 —p/(E +my)

where wu;(p2) is positive helicity (right-handed) and wug(p2) is negative helicity (left-handed).
The corresponding adjoint spinors are:

u1(p2) =V E+mg (1,0, —p/(E +my),0), us(p2) =+ E+me (0,1,0,p/(E+mg)) . (1)

The antifermion 4-momentum is ps = (F,0,0, —p) and the basis spinors are

0 —p/(E + my)
olps) = VE+ome [PIE N ) = VE ; 2)
1 0

where v;(p3) corresponds to negative helicity and vs(p3) to positive helicity.
Combining equations (1) and (2), the four possible combinations @(ps)v(ps) are

U1 (p2)vi(ps) =  Uz(p2)va(ps) =0 (3)
Uz (p2)v1(ps) = —u1(p2)va(ps) = 2p . (4)

Hence only two combinations, us(p2)vi(p3) and @y (p2)ve(ps), give a non-zero matrix element.
These correspond to the following spin configurations:

1



Vl(p3) uz(Pz) Vz(ps) ul(pz)
= H s . = H =

For @s(p2)vi(ps), the fermion and antifermion both have negative helicity, while for 4, (pa)va(ps)
both particles have positive helicity. The total spin in the final state in both these cases is
therefore zero, consistent with the fact that the Higgs boson has spin zero. The two other
spinor combinations, @;(p2)v1(ps) and s (p2)va(p3) have total spin 1 in the final state, which is
forbidden by angular momentum conservation.

The matrix element for the two non-zero spinor combinations of equation (4) is

m m
My = 5 Lai(pa)olps) = £
mw
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Summing over these two possibilities gives a decay rate
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Since F = my/2 and E? — p* = m?, the centre of mass momentum p is given by

_ /1,2 2

Using Gr/v/2 = g% /8m?; then gives
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For my = 100 GeV, the decay H — tt is forbidden because the top quark is too heavy, but
decays to all other quark flavours and all lepton types are allowed:

H — bb, ct,ss, uw, dd, 777, ut ™, eTe™, veTe, VyVps VrVr .
For all these final states we have m? < m? (the heaviest final state particle is the b quark with

my ~ 5GeV) and hence (1 — 4m?/m?%)%? ~ 1. We can therefore take

I, OF i
‘V2 4w

Only b, ¢, 7 are heavy enough to contribute significantly, with decay rates in the ratio !

o« Nemj .

3mi:3m?:m2=3x (5GeV)?:3 x (1.5GeV)?: (1.7GeV)? =75:6.7: 2.9
where the factors of 3 are for colour. For the b quark we have

1.166 x 107> GeV 2 y (5GeV)? x (100 GeV)
V2 A

I Accurate values of the quark and lepton masses are not expected here, just rough estimates.

I'(H — bb) = 3 x = 4.9MeV




giving an estimate of the total width I' of

(75 + 6.7 + 2.9)

I~
75

x 4.9 =5.5MeV .

The Higgs lifetime is then given by

i 6.582 x 10725 GeV.s
— = =12x107%s .
T 5.5 MeV % 5




Neutral Kaons
The K° and K belong to a J¢ = 0=* multiplet so
CP|K”) =—-|K", CPIK’) =-]K% .
The CP eigenstates K; and Ky can then be constructed as
K)) = — (\K0> IK")) CP|K;) =+ |Ky)

+[K%)  OP[Ke) = —|Ky)

If CP violation is neglected, the states Kg and Ky, decay only via Kg — 7w and Ky, — 7w,
The 77 system has C'P = +1 and the mw system has C'P = —1, and we can therefore identify

IKs>=|K1>=— (JK%) = [K%))

<\I

Ke) = K2} = —= (|K°) + [K))
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Feynman diagrams for KY — 77eTv, and K® — 7+
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Thus the decays K — 77 etr, and K — nte 7, are allowed, while the decays K® — 7m- et
and K® — nte 7, are forbidden, i.e. the final state 7~eTv, determines the K° component in
the beam while 7+te~7, determines the K° component.

For a pure |[K°) beam at ¢ = 0, the initial wavefunction is

14(0)) = |K°) = (|KL> + 1Ks))

%I

The wavefunction 1) evolves with time as

[¥(1)) = (!KL( )) + [Ks(2)))

(lK > 7’LmLt7I‘Lt/2+ |KS> e*imstfrgt/Q) )

sl-sl-



The decay rate into 7~ e*1, is determined by the K° component of the beam:

T(K)_) — 7 etue) = (K[ (1)) [’

1 1 . .
— ‘<ﬁ (KL + KS) E (KLe—szt—FLt/2 + Kse—zmst—Fst/2)>

—impt—Trt/2 + e*imstfrgt/Q
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where Am = mj — mg. Similarly,

DKy — e 7) = ‘<Ko‘w(t)>‘2 = %1 (efpst + e Tt — 9= (MsHTLI/2 g Amt) .

The two decay rates become equal when cos Amt = 0, i.e. when Amt = 7/2. Since L = vt;q,
tiy =t, v = E/m and v = p/E, we have

AmeT_my _mE/m _ 7 p
2t 2 tlab 2 L/’U 2L m
B T 100 GeV
T 2x (178m) « 0.498 GeV

x (0.197 GeV.fm) = 3.5 x 107"° GeV .

The Ky, lifetime is about 500 times greater than the Kg lifetime, so at large times, only the
e TLt term survives. The two decay rates are then approximately equal:

—I'pt

MK, — 7 etv,) ~T(K., - 7mTe 7,) ~ Ll;e

Since the beam is almost pure Ky, at large times, this gives (in the absence of CP violation)

[(Ky — 7 ety,) =T Ky — 7Te 7).

CP violation was first discovered through the observation of a small fraction of Ky, — ntn~
decays. The state Ky, was therefore seen to decay both into a C'P = +1 eigenstate (77) and
into a CP = —1 eigenstate (m7m), which is only possible if CP is violated. A comparison of
Ki, — mf7~ with Ky, — 7%7° showed that CP violation is due dominantly to mixing:

1
Kp) = TMQ (IK2) +€|Ky))

where |€] ~ 2 x 1073, The 77 decays can then be explained as coming from the CP = +1 K;
component of the K;, wavefunction.

With CP violation:

KL) = 1+’E|2(|K2>+€IK1>)
1 1 0 770 € 0 770
iEarE —2(|K>+|K>)+ﬁ(\K>—’K>)
1 1

e [+ KO + (1 - 0 [KY)]



Hence the decay rates to 7~ etv, and 77e 7, are
I(metve) ‘<K0‘KL>‘2 oc |14 ¢f?
(e 7,) o ‘<KO‘KL>‘2 o 1 — ¢f?
The decay rate asymmetry is

MKy = 7 etr,) —T(Ky — e 1)

0= 'Ky — m7etr,) + T'(Ky — nte7,)
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