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Weak Interaction Theory

1890's - Beta decay discovered.

1930's - Pauli proposed neutrino & Fermi developed theory
based on four-fermion contact interaction.

1938 - Heavy charged particle exchange proposed for beta
decay by Oscar Klein.

1960's - Unified theory of weak and EM interactions with
heavy neutral particle exchange proposed by Glashow,
Salaam & Weinberg.

1972 - Neutral current interactions observed at CERN.
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Classification

Weak interactions are mediated by the “intermediate bosons”
W=and Z° (M ~80-90 GeV = R ~ 1016 cm)

Just as the EM force between two current carrying wires
depends on the EM current, the weak interaction is between
two weak currents, describing the flow of conserved weak
charge, g

J ey y - A ,

Two types of interactions: ' ’
- CC (charged current) =

u 13 d

- NC (neutral current) Yy 5 vy

jzo
e 6 e
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Classification

Weak interactions occur between all types of leptons and
quarks, but are often hidden by the stronger EM and strong
intferactions.

Semi-leptonic Leptonic
e- 9 Ve Vy g vy
u 5 d e 6 e
d d
Non-leptonic
. S o % kp
or Hadronic G
u
A<
w* i
PR "

J. Brau Physics 662, Weak Interactions 4




Neutral weak currents

+ Neutrino beam%ggd experiments

7, K beam
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Neutrino energy, GeV
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Neutral weak currents

* Accelerator neutrino beams gave evidence in 1962 for lepton
flavors _
V[.L + N — MU + X
vo+N—>e +X
« In 1973, neutrino interactions without a charge lepton were
discovered: Neutral-current events
Vy + N —> v, + X Vu Vu
v, + N—-vyv, +X

Vgt @™ —> € Uy

z°
)
I
IS)
.S".é

Vpt & —> & 4y
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Neutral weak currents

* Charge current interaction (Gargamelle bubble chamber - CERN)
+ 15 tons Freon SO
(CF3Br) .

neutrinos
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Neutral weak currents

« Neutral current interaction

neutrinos
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Neutral weak currents

The discovery of neutral current interactions established the
unified theory of weak and electromagnetic interactions

Estimates of the masses of the W+ and Z° were possible

Once the masses were known, experiments could be planned to
search for the intermediate bosons
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Lepton universality

Unit of weak charge

- all the leptons carry the same weak charge and therefore couple to
the W= with the same strength

- The quarks DO NOT carry the same unit of weak charge

Muon decay
“ 1 9 &
D — evby,) = —& G“m;[
T
B szi
19273
experimental: T, = 2.197 x 106 sec
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Lepton universality

Tau decay
1
I'(T— ev,y Y= B(T—=evv) — X G’m?
T T T
G21715T
19273
v
B(T > evv)=17.80 = 0.06% J e
Test universality: since T ~ G2 ~ g* ﬂ,
g4 * Bx—evv)/(m’T,)
4 5
m .
(81) = B(t — ev,1;) (—”) (—‘)
8u mny Tr
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Lepton universality

Test universality:

' 4 Sy
St _ [y, \
L) Bl — eviy) (_f f
)\

S

Withig, = 2.197% 10°%s, 7, = (291.0+1.5) x 107V s, m, = 105.658 MeV
m, = 1777.0 MeV and B(T—=evv)=17.80+0.06%

8

— 0.999 + 0.003
(QM
81 _ 1,001 & 0.004
2
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Lepton universality

* Lepton universality also holds for the Z couplings:

Z% > ete” iputu ittt =1:1.000 % 0.004 : 0.999 £ 0.005

0.082 [ Jme= 178.0 + 4.3 GeV
my= 114..1000 GeV |
-0.035 1 .
>
T T @
|+ From the muon lifetime we can | o0 N
! compute the Fermi constant, G: : i ha
1 ! ﬁ:i_ |
' | 0081 L SR
I ) T T T T
3 —5 -2 -0.503 -0.502 -0.501 -0.5
 G/(he)} = 1.1664 x 1075 GeV 2! g
___________________________ Al
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W-lepton Interactions

w* w- Ve !
vV, ~ >\/\A/~ wt w- M/V<
£ v,

e~ v,
(a)v, > C+W" (bW +v, > £~ e)v,+{F W~ (W™ > £7+7,
w* w- s v,
A v,
v, ¢ _ .
vV, £
&>V, +W" (W +£" 5V,

(g) vacuum — £~ +V,+W* (h) W~ +¢" +v, — vacuum

Plus all particles replaced by anti-particles
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Strength of W-lepton Interaction

M(W—ev) # 0.230 + 0.008 GeV -

Since only mass scale is W
- (lepton masses are negligible): W=~
« T(W—ev) za, My, _

Vv

)

So ay, =0.230 6eV/80.4 GeV = .003 = 1/350
- This is on the same scale as a=1/137

- Note: precise theoretical calculation yields
r(W-ev) = 2a,, M\,/3
and ay, =.0043 +.0002=1/233=0.6a
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Weak decays of quarks

AS =1 weak decays are suppressed relative to AS = O weak decays
by a factor of about 20

2 —>n+d+e +v, (AS = 1)

n—>p+e +v, (a5=0)

Fermi constant (6) deduced from neutron -decay is slightly
smaller than 6 deduced from muon decay (u* — et + v, + v, )

Can these facts be explained?
Cabibbo theory: d and s quarks interacting in weak force are

not flavor eigenstates, but rotated by a mixing angle (6,)
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Weak decays of quarks

lepton doublets ( ¢ ) 5 ( - )
V, Vg

u u
quatkdoublet (d cos B, + s sin 6, ) = ( d )

quark mixing

These three quarks were the only known quarks at the ftime
Cabibbo wrote down his theory

With this assumption the “effective” couplings will be:
G cos O, for AS=0 (d —u)
Gsinf. forAS=1 (s —u)

experiment yields 6, = 13° (sin 6, =0.22)
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Weak decays of quarks

AS =1 weak decays are suppressed relative to AS = O weak decays
by a factor of about 20

2 —>n+d+e +v, (AS = 1)
n—>p+e +v, (a5=0)

this results from d' = d cos 6, + s sin 6,
sin26.=(0.22)2= 1/20

Fermi constant (6) deduced from neutron p-decay is slightly
smaller than 6 deduced from muon decay (u* — et +v. + 79, )

this results from d'=d cos 6, + ...
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Weak decays of quarks.
The GIM model.

Flavor-changing neutral currents

+ + oy -10
KT —>nt4+v+v < 10°5 1.7+1.1x10 - 4.8 %109
Kt — a0+ put 4y, 3.353 £ 0.034 %
2011
u (dcos 6. + ssinfc)
2° ¢ z°
_ (z_fcosec 4+ §sinf¢)
a
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Weak decays of quarks.
The GIM model.

u (dcos8c + ssinfc)
Z° & z°

" (3 cos B¢ + §sindc)
Neutral current interaction should be:
uii + (dd cos? 6, + s5 sin® 6c) + (sd + d5) sin 6, cos b,
AS =0 AS=1

so flavor-changing neutral interactions should be allowed,
with a slight suppression.

Why were they so rare?
GIM mechanism (1970)
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Weak decays of quarks.
The GIM model.

GIM mechanism (1970): introduce fourth quark (charm)

wy u ey c
d' ) \dcosb,+ssinb. )’ s’ ) \scosB. —dsin6,

(dcosbc + ssinfe)

u
>~ 0 0 Neutral current interaction becomes:
+
(d cos B¢ + §sinfc) uii 4 ¢ + (dd + s5) cos® 0, + (s5 + dd) sin 6,

a
c

>'Z° 4

(scosBc — dsinfe) AS=0

+(sd + 5d — 5d — sd) sin 8, cos 6,
AS =1

zO

(Scosfe — dsin fc)
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Weak decays of quarks.
The GIM model.

The quark mixing,

w\ u ey c
d' ) \dcosB,+ssinb. )’ s’ ) \scosB. —dsin6,

can be expressed in matrix form:
d\ ( cosf. sinf, d
s ]\ —sin6, cosh. /) \ s

The weak interactions involving the four light
quarks are consistent with this model, being
defined by a unique value of 6,
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Charm decays

Decays of charmed quarks are dominated by strange quarks
in the final state.

J. Brau Physics 662, Weak Interactions 23

W boson decays

* W—lv,ud,cs
- Sinced' =d cos B, +ssinB,
ud will appear with prob ~ cos? 6,
and us with prob ~ sin? 6,
- We expect approximately:
Fr(W—-ud) = T(W—cs') = 3 F[(W—ev)
due to color
+ So B (W—hadrons) ~ 2/3
and B (W—ev) = B (W—ev) = B (W—ev)=1/9
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W boson decays

W+ DECAY MODES

W™ modes are charge conjugates of the modes below.

Mode Fraction (I; /T) Confidence level
(v [3] (10.80+ 0.09) %
etv (10.75+ 0.13) %
ptv (10.57+ 0.15) %
Ty (11.25+ 0.20) %
hadrons (67.60+ 0.27) %
nty < 8 x 107> 95%
Df~ < 13 x 10~3 95%
cX (334 +£ 26 )%
c3 Gr B )%
invisible [b] (14 +£29)%
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Weak Decay Selection Rules

(Xt —>n+et+v,)
(X~ —>n+e +Vv,)

<5x 1073
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Weak Decay Selection Rules

- AS=0,AQ-=+1
u d u d

- AS=AQ=+1

s—coru

J. Brau Physics 662, Weak Interactions 27

Weak decays of quarks
and the CKM matrix

Six quark model, mixing matrix (CKM matrix) is 3x3:

d d Vud Vus Vub
s’ =V \) V= Vcd Vcs Vcb
b b th Vrs th

NxN unitary matrix has n(n-1)/2 real parameters (Euler angles)
and (N-1)(N-2)/2 non-trivial phase angles

so this 3x3 matrix has 3 Euler angles and 1 phase
*this phase results in T-violation (or CP-violation)

(CKM = Cabibbo, Kobayashi, Maskawa)
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Weak decays of quarks
and the CKM matrix

V4 (=cos 6,) determined by comparing Vid Vus Vi
nuclear B-decay and u-decay rates V=1Va Ve Ve
Vie@ Vis Vu

most precise from superallowed 0+ — 0+
nuclear beta decays, pure vector transitions:
|V,4l =0.97425 £ 0.00022 (avg of 20 meas.)

Vs determined from semi-leptonic decays
of strange particles,

eg. Kg — Tev, K% — TuY, K* &> woeil/,

K+ > mOuv and Kg — mev.
|Vl =0.2252 + 0.0009
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Weak decays of quarks
and the CKM matrix

V, measured by selecting B semi-leptonic Vad Vs Vi
decays to hon-strange particles V=\Va Ve Vo
(inclusive B — X, | v decays) Via Vis Vu

for example, at the end-point
IV, = (3.89 + 0.44) x 1073

V., from exclusive and inclusive semileptonic decays of B mesons
to charm (eg. B — Dlv) R(b— clv) G}

s T 19273

' — clv) = |Veol* f

V.| = (40.6 + 1.3) x 1073
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Weak decays of quarks
and the CKM matrix

V4 from v, di-u events Vid Vus Vi
l)u"l"d—)[l,_-i-c V= ‘;Cd ‘;cs :jcb
|——>S+H«++V;L 1d ts tb
andD—mlv
V4l =0.230 + 0.011
V_, from semileptonic D decays (eg. D* — K% e* v,)
or leptonic D, decays (eg. Dy — u'v,)
|Vl =1.023 +0.036
J. Brau Physics 662, Weak Interactions 31
Weak decays of quarks
and the CKM matrix
V.4, Vis from B-Bbar oscillations mediated by
box diagrams with top quarks, or loop- Ve Vus Vb
mediated rare K and B decays V=V Vs Vo
Vie Vis Vb

Vil = (8.4 £0.6) x 10-3
IVil| = (38.7 £ 2.1) x 10-3
V,, from top decay branching fractions
R = B(t = Wb)/B(t+ — Wq)
= |Vip|2/(Z1Vy4l?) = V4|2, where q = b,s d.
IV,s| = 0.88 £ 0.07

J. Brau Physics 662, Weak Interactions
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Weak decays of quarks
and the CKM matrix

V= 097425 V,=0.2252
+0.00022 + 0.0009
Vg = 0230 V,=1023+
Verm = +0.011 0.036
Vig = 0.0084 V, =00387
+ 0.0006 +0.0021

Diagonal terms are close to unity

V,, = 0.00389
+ 0.00044

V., = 0.0406
+0.0013

V*b = 088 +
0.07

Particle Data Group

Off-diagonal terms are small
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Unitarity of the CKM Matrix

Vy=09742 V. =02252 V,=00039
Veen = V., = 023  V_,=102 V., = 0.041
V,y= 00084 V,,=0039  V, = 088

From the independently measured CKM elements,
the unitarity of the CKM matrix can be checked.

IV, gl2 + [V o2 + V]2 = 0.9999 + 0.0006 (1st row)
IV |2 + [V |2 + [V |2 = 1.101 £ 0.074 (2nd row)
IV, |2 + [Voyf2 +]V,gl2 = 1.002:0.005 (1st column)
IV, |2 +[V |2 +|V |2 = 1.098£0.074 (27 column)
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Weak decays of quarks
and the CKM matrix

“Standard” parametrization of CKM matrix (PDG)

—id
b T o b B
V = —s1pca3—c1p903913¢ 13 eppepy—s1n939 3¢ Lo S23f13
'l -‘ "
81293 —C12%3%13% 19 —Cigfa—93%3%13% 17 Cafy3
Cjj= cos B s =sin g
(unitarity requirement limits to 3 angles and one phase)
Can we approximate?
V209742  V,=02252 V,=00039
V=023 V,=102  V, = 0041

Vg = 00084 V,,=0039  V, = 0.88

Vem =

Diagonal terms are close to unity
Off-diagonal terms are small:  s;3 <« s,5 << sy,
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Weak decays of quarks
and the CKM matrix

Diagonal terms are close to unity

—ib
€12%13 o 912%13 s 813 13

V = 3013 $913
it W b Lo e b B ot e f o b b et b L Bl b Ly “23¢13

id a0
819893 —C1gCagd1g€ 13 —€p853 -8 9C0q8 3¢ 13 cyqeq

Wolfenstein Parametrization
A = s4,, infroduce A, p, n

1—A%/2 A AN (p —in)
Verm = —A 1—-22%2/2 A)?
AP =p=in) =AAZ ]
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Global fit in the Standard Model

The CKM matrix elements can be most precisely determined

by a global fit that uses all available measurements and

imposes the SM constraints (i.e., three generation unitarity).

B _ +0.022
A = 0.2253 + 0.0007, A =0.808" 415 s

p=0.13210-022 7 = 0.341 £ 0.013.

p=p1—X2/2+..)

0.97428 £0.00015 0.2253 & 0.0007  0.00347+9-09015

—0.00012
o= (s comr oty oon il
0.008627 90020 0.0403" 9007 0-9991527 5 000045
Particle Data Group
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Weak decays of quarks

and the CKM matrix

Wolfenstein parametrization
plot on n—p plane

1—4%/2 A ANV (p —in) ]

Vekm = =2 1-A2/2 A2 1

AR =p=in) =AX 1 ;

) = 0.2253 = 0.0007 f

A =0.808 + 0.022 - 0.015 :

Vua Vs Vb - » U f“;‘fﬁ:‘gff;;’s,é

V = Vcd Vcs Vcb 1'51.0 0‘5 Iofo‘ B Io.‘s‘ ‘ 1‘0 I1.I5‘ B Iz.o
th Vrs Vib 3 -
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- A AX3(p~in)
2
1—’%—(&%)1“ Az [+

2
A/13[1—(p+in)(1—%)] “ARZ-AQMp+in-1) 1-1ARA¢

-A-A2)5(p+in-1)

Unitarity requires:

Vud? +Wusl” + WVl =1 VigVed +VisVes+ViypVer =0
|Vcd|2 + |Vcs‘2 + |Vcb|2 =1 VZd Vi +VisVis+ thb Vip=0
Vil + Wil + Vol = 1 VeaVia+VesVistVepVio =0

VuaVis+VedVes+VigVis=0
VudVip+VedVep+VigViyp =0 <

VusVip+VesViop+VisVip = 0

Vud? +WVed +WVid® =1
’VUS|2 + ‘VCS|2 + ’Vt5|2 =1

Vel +WVenl +WVel” = 1
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VudVip+VedVgp+ViaVy, =0 —

vectors in complex plane:
i * -i
Ved = | Vedl € Veb =|Vepl e ™®
Phase factor common to row or column can be eliminated!

The three vectors define a triangle:

; VuaVip ViaVi,
VudVip
VeV
< .
. Vchcb

ViV

Use Wolfenstein third order:
""""""""""""""""""" Vg Vb = AN3(1-22/2)(p +im)
Vea V *cb =-A
(p.im) Vig V' = AA(1-p -in)
0 1
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VigVea +VisVes+VipVer=0 A A A° o e
VigVia+VisVis+VigVi=0 23,2323 S A(;z'")
VigVig+VesVis+VipVp=0 12222 A3(-p-in)  -AN2 1
VugVis+VeaVis+VigVis=0 ML AA°

VudVip+VeaVip +ViaVip =0  A3,23,A3

VusVip+VesVip+VisVy =0 A4, A2, A2

Im
n(1-A%2) | . . .
; VudVip+VedVep+ViaVip =0
To
e ViaVip
VuaV up
NERZZ B 2
p(1-A%/2) 1
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Physics with the Unitary Triangles:
Sides:
V,s B-decay (AZ) > (AZ+1) +e +v,  cos O¢
V,s K-decay K* >0+t +v, sin O¢
KOs+ +v,
V.y v-productionofc's v,+d—> /¢ +cC cos U¢
Ve Dt KO+ i+, sin 9
V,, B-decay bou+/+v,
Ve boc+/l +v,

Vg Amin BO-B°

Is the triangle a triangle? Check on Standard Model/ New Physics!
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Weak decays of quarks
and the CKM matrix

llllllll

&)

15 717 LI LY
: excluded area has CL > 0.95 %
r Vo )
1.0 — 5 2

[T SR

05
I= 00—

-0.5

-1.0

lllllllllllllllllllll

-1.5
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
o : U
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o=u,c o=u,c
gab
b
r
w-

V.
Recall T'( V) by G
— evV,) = — =
ece 2 k T 19273
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Top quark

Decays dominated by t+—b W*

Frt—bW*)=176GeV=4x1025 sec
- [ ~aym,
* ay =.0043 +.0002=1/233=0.6ad
Hadron cannot form in less time than
t~1fm/3 x102 fm/s ~ 3 x 1024 sec

Events /sec for £ =10* em? sec

b
t
vl
W+
Z+
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Fermlab SSC
CERN LHC
Discovery of i
— Gto( E710 10
the top quark [ Fen
1
1m0 | Tpb E -1
+ Tevatron at Fermilab i O 1
CtobW oy 13 _ | Eremd Cle
S
AT g el o
* Produced in pairs t tbar ;: | ETasTev !
o
e decay to H L oty
- bblvlv 1/9(2/3 are eu) © il w
- bblvgqq 4/9 a;
- bbgqqqq 4/9 T MepmZNGeY
+ Tevatron B 10’
- Signal cross section tpo mr.?'{.v
< 10-° backgrounds N - 10
Need to reduce backgrounds = 500 GV
1 1
J. Brau Physics 662, Weak et o1 010 199
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Top Quark

- Event selection
- IvN jets (N23) (some jets merge)
- Remove Z = I' I

- Background reduction
- Large background from W production

- This bkgd o w
/signal » 4/1 * 8
q
p 8
q
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Top Quark

- B jet tagging
- Find secondary vertices
+ Reduce background by x20 while selecting 40% signal

~
~

Secondary

Impact ~ ~ _ vertex
parameter!!
I

Jet direction

—
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Top Quark Discovery Results

TABLE 8.1 The number of lepton + N-jet events of the type (8.56) observed with
and without b-jets. (Data from Abe et al., 1995.)

N Observed events Observed b-jet tags Background tags expected

1 6578 40 50+ 12
2 1026 34 5021 +£6.5
3 164 17 52+1.7
4 39 10 1.5+04
M;=176 + 8 + 10 GeV 4r .
©
current PDG value s .
M, = 173.07 + 0.52 + 0.72 GeV LHE
100 140 180 220 260
Reconstructed Mass (GeV/c2)
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Helicity of the neutrino

* The elegant experiment of Goldhaber, Grodzins, and
Sunyar(1958) established the helicity of the neutrino

*  The neutrino is emitted along with a positron in g* decay
*+ The antineutrino is emitted along with an electron in §- decay

* Reaction used is K-capture in 152Eu to an excited state of 192Sm
- the excited state of 1525m decays by emitting gamma ray,

- resonance scaftering of gamma-rays from ground state ¢f S
reveals the polarization of the event, and the helicity of t
neutrino

J=0 1By
K-capture
J=1 17Sm” + v
y +1528m — 1528m* 5 y 4 1528, {ﬂ, 960 keV
J=0 1528m
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Helicity of the neutrino

152,

A\
AN\

h Electromagnet
- Elecromagnet  permits control on
absorption of y rays,
determining
polarization of y rays,
and consequently,
neutrinos (d)

AN

A
N\

AN

- Pb -
shield

Resonance scattering
in ring selects y rays

Sm,0; ring B . . o
M-M . Sm0ai emitted in direction

7 of recoiling 1%2Sm*
Nal counter

(to allow for nuclear
recoil)

Photomultiplier
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Helicity of the neutrino

J=0 152Ey J
K-capture ¥ O v RH
152G ¥
J=1 192gm* 4y Sm
J — ——
V . 960 keV —O- vLH
J=0 1525 m Helicity of 192Sm™* is the same
(a) as that of the neutrino
— 5 = 1 ——— § =
J Loy =g romarmy
— —— S——
TN O N
-1 -8
LH -~ RH
182G — 0, \-\Q——>/} a,
Forward Backward e
No spin-flip Spin-flip

Gammas emitted forward have same polarization o o
as the neutrino (and the highest energy) Gammas with spin aligned with B field in
electromagnet are more absorbed (since

electrons are aligned against B)
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