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This Cabibbo-Kobayashi-Maskawa (CKM) matrix [1,2] is a 3 x 3 unitary matrix. It
can be parameterized by three mixing angles and the C'P-violating KM phase [2]. Of
the many possible conventions, a standard choice has become [3]

—id
C12€13 = $12¢13 o 813€
— . . 2 . (1
Vekm = S12€23 7 C12523513¢ €123 512523513¢ Sa3C13 | (11.3)
. (1 . . 2
S12523 7 C12C23513€ C12823 7519038136 Co3Cy3

where s;; = sinf;;, ¢;; = cosf;;, and J is the phase responsible for all C'P-violating
phenomena in flavor-changing processes in the SM. The angles 6;; can be chosen to lie in
the first quadrant, so s;;,¢;; > 0.



122 A AN (p —in)
VeKM = —% 1—22/2 AN2 +0(Y).
AN(1—p—in) —AN? 1

A'Lho{/u-/‘{“ MLM«% eg He clen %S_g\,\'?( I USRI

o

0.97427 +0.00015  0.22534 4+ 0.00065  0.00351 000013

Vi = 0.22520£0.00065 0.97344+0.00016  0.041270000L ],

.~+0.00029 +0.0011 .+0.000021
0.00867Z5 60031 0.0404Z5 6005 0.999146 75 500046

(P-n)

Vi Vi

u
X7 =7¥ X7 ¥
va Vb Vea Vi

B =0,
(0,0) (1,0)

Figure 11.1: Sketch of the unitarity triangle.

The CKM matrix elements are fundamental parameters of the SM, so their precise
determination is important. The unitarity of the CKM matrix imposes -; Vi; Vi, = d;
and Zj V,~j‘/’,:} = 0jp. The six vanishing combinations can be represented as triangles in
a complex plane, of which the ones obtained by taking scalar products of neighboring
rows or columns are nearly degenerate. The areas of all triangles are the same, half of
the Jarlskog invariant, .JJ [7], which is a phase-convention-independent measure of C'P
P P 3 . A VA Vel V4 30 [ e c.
violation, defined by Iln[\/u‘/k,‘/”‘,\_j] =J Y n EikmEjin-

The most commonly used unitarity triangle arises from
Vud Vap + Vea Ve + Via Vi, = 0, (11.6)

by dividing each side by the best-known one, V.4V (see Fig. 1). Its vertices are exactly
(0,0), (1,0), and, due to the definition in Eq. (11.4), (p,7). An important goal of
flavor physics is to overconstrain the CKM elements, and many measurements can be
conveniently displayed and compared in the p, 7 plane.
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Figure 2: Measurements of the W-boson width
by the LEP and Tevatron experiments.
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Figure 1: Measurements of the W-boson mass

Figure 2: Measurements of the W-boson width
by the LEP and Tevatron experiments.

Fermi coupling constant**

weak-mixing angle
W= boson mass
Z9 boson mass
strong coupling constant

G /(he)?

sin? (M) (Vs)
my

mz

as(myz)

1.166 378 7(6)x10~5 GeV—2

0.231 26(5)T1
80.385(15) GeV/c?
01.1876(21) GeV /c?
0.1185(6)
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Table 10.7: Values of E%, S?‘P“ g, and My [in GeV] for various (combinations of)
observables. Unless indicated otherwise, the top quark mass, m; = 173.4 + 1.0 GeV,
is used as an additional constraint in the fits. The (7) symbol indicates a fixed

parameter.

Data F e as(Myz) My

All data 0.23116(12) 0.22205(28) 0.1196(17) 99138

All indirect (no m;) 0.23118(14) 0.22285(35) 0.1197(17) 134F'33
Z pole (10 my) 0.23121(17) 0.22318(60) 0.1197(28) 102+'3
LEP 1 (no my) 0.23152(20) 0.22383(67) 0.1213(30) 1917258
SLD + My 0.23067(28) 0.22204(54) 0.1185 (1) 3073}

A9 1 My 0.23193(28) 0.22494(76) 0.1185 (1) 4441399
My + Mz 0.23098(22) 0.22262(47) 0.1185(t) 75139

Mz 0.23124(5)  0.22318(13) 0.1185 () 124.5 ()
Qw (e) 0.2332(15)  0.2252(15) 0.1185(f) 124.5 (1)
Qw (APV) 0.2311(16)  0.2230(17)  0.1185 () 1245 (1)
vu-N DIS (isoscalar) 0.2332(39)  0.2251(39)  0.1185 (1) 1245 (1)
Elastic v (Tu)-e  0.2311(77)  0.2230(77)  0.1185 () 124.5 (1)
e-D DIS (SLAC)  0.222(18)  0.214(18)  0.1185(f) 1245 (1)
Elastic vu(7,)-p  0.211(33)  0.203(33)  0.1185(}) 1245 ()

1 £ ) by | <k
Dol " e B | mln | dicakgy | wE [P A= s
E == Us auld | £ P
Y e =1 o a0 f1- 2
: i _l ( =1,9 7 4 |I..J' e = I s O P




Feroule d.e.a:n.,o,_, wAEL vmrmire—  Veoker bosous

S
Aﬁ(zc') = d°k = =7 o = ¥ !:k?c]
Logpoy 2 [aeme™ o e
Lodmprofura @ B2k k,
E-L (%‘LP"W"#- \mq—k\( =0
(WA -FA) +wm A =0
v | DA - M) A =0 Procs. cqu-ahion
b—s WA =0 | B wEFO = 'g},ag“zo
(D*VWM‘) 45(\!7-'0
K\{z«#,ﬁf s O T
= kK eED) =0
15 -'=(Lh¥_‘ D{O‘i’:) Lﬁk_—':(“’]m{—kb)yl
[ DL\D&'\-E—-

SCED - (o 410,9)
éﬁ(g,l) - (°L°|’11°>

e (E)e”(E)) = v ..



b — L
37 = B X (A \hlv v Y (1) U, "

LI LT e INEEN| y [
= _53(72\,' ;[ (VP/LV/LVT:) X#CA’YY) (f;) t (Wtou't)b/‘-m" ,;) chﬂ <i> + «H»,C’,,]

St oTEC S Ws o-g- Pu/\»\-Jgu:) ouod QU 3 ofal Q(MVL‘/\NJ_L'?U.I)
¢
> W“8 coe gebs . @m%mi/ €

3

\ = n —t A

gz [HI - ?‘)— % S e (ENC (65
e W2 LT D
peL-

B kv

- '?/»\! + qu/

Xy wf@ T (A-Ys) Oj,s“”c?/) -T;jvcc@) x“m-@ =
SJW
\

/ > TN e — o



“\

2 g Py) = g

ZWCF)EC@:F’*—W
>77ri@z54—%>g/‘(/1 Xb’> (%/ \,w)y (41— r} }
I —

W= W, = O
EEREAERRNASRANpmARAERANRRRARRRRS
>

™= _ = ™ X\ _ P (-
£y %4 ts) = AR (A6 = 2 BT (1)

’% ( Z/*V*'

T C(’:(\/(SKO r 4(Z’”’ \ZSQ" i Zf*(‘ Y/Jg_ Y/LS ‘Zm’)
Tﬁr(“(/x,}{sy(xg = - 43 €lobe

v

F e ) 24 (e iy pyp e ) -
o esodrmbodiow

W<

~ 'lf-NVV v ea Nd 2
59 gm =2 ?"v“?"’vf): %(—%-w‘\mﬁ

L (kpEy2 -Fee)) =

1L 2 T
kmpey > wimwirwlcozeq = Lpg  pgo i
k—[»=ot ! k-P’("‘L“‘L
k—&-P I\Q%F“__d
'R
2 R G Ve iy 3, v

= g (e (7 L z) EymauI
-  —



\ yn C) 4 00 o\’s? O\'sq/
arl = L AV d & d¢ = pr) g“"“?’?/\ h
T e, (°LES,

) { My o . o
fd/qD :—_n_}‘ (W\J)W&1MV>
Fiwm, . f
o o

M & (x pé,l%) = xq’f—a,w*lq’ -2 x:r Lx %‘—Q.?rl

M j)e\r“ =4 L,{MJZL LY (wlo)-

3

2w, R W,

v
“‘EWW-EEWIS C-P/qfv
«g T Eer T fwy
C»ch,ﬂ"
r@“—’l;s.'l']c !
Clem

Forr  Wadasule N(w—=> w.3\~ 2|y 4" 1

[‘/“—‘:WVZO

W A4 th, 5,2 v
E.{;fj‘(w-a w: ;i&) = 3 Z ’Zi_\ub.(.tl rlb - 3.9 r‘e - ol
dl;A:fz,'s Fhh L——\,-——-“Au
1 T2
Mg ® 3T BR(Ws )= & o L %
V-Ec"

Vv\w-'= XOLZ\ G/
= [Le= 2% GV

-5
Qe = 4. 1@¢ \® G
i PR rf = 7 .0o% QaV

4=+

A PeBc ellesed (o Mo SR DR so e Laprens
e o

o



PP

Wt .
T
Cw)
CE T
I Lk
\1‘1/
U

Y 2

W

e
wh e
W o
o) —
PR A ke
L L =
G dpp =



1 L] ( Vi s I 3 ) o{‘*?cﬂootf’)
e
(w) (i 4
M:—xr) Hca,ﬁp@
(T Jz

Ve 262 Qo
122,. e o u,‘%? I e:kezb_ﬂ_ao

—

Cr=h) h =+

Eor /6
o) e
=
Ul |~

—

7



‘C{/
. . e ey o i 0
LJ'{« = =N ({Gﬂ@) VV[‘P Gkl CE/D) Sl (cl/> lﬁr—‘?rtﬂﬁ/ — ““—14 ff"?.m;a *_i(oml/
gl ?oﬁ/:_m{\,q\;f w‘“—'@L'
A = el wy T (Frme) (1) = @F\E‘“";Z‘(%ﬂ?ﬂﬂwg T ]
ZTG»C{/NW\,;? (L L .
:—%Qpﬁ w\% EA__TE CA-—- 4%“‘9?_3
Voh—t
F: Fr T | ¥ LT o) :
o %/gﬁ@ﬁw? w, (/\_ _Ej>jj®|c(7 Y o ks
“ i LrBi 3 P le s
IU 1
.__I_H | 4“&_{1&}?‘
Al 2 %9
E# Cﬁﬁﬁa g W, A (/\— g
‘aln -
A
wm = |95 Qin W s 4.0 Qe ~73

([ = 492 - 1o Gy



o (&

Q = [~ AL
=
' {
OO 12 I\,- A En U= /e
i ¥
W
i i -
L5 VB N
(B8] gg\: IDZal 3N
\\; il \ |
7 H o7 | ’ il sk
(O ¢) (dr4) = (D4
i BT GETRTEp
If.r'. ZY I;/r: 5
{ E I' .
"\‘ A / \
I\-*.‘— o

e

4oy

—B
- O

B (W5 D) = = 5cAY

I
‘_‘r
sob | o]

VY Sl
T f..,/ . A — J.V‘ 1 = _7 == \l
o l'f[ { M W W % - L M 9 = L2 /
/-|' \\ Vi = o~ v
Mo Liltiuw (gielvrym oy
II'\. . Z . 7 3— =) I| = ,:T_ | LI!
g NZ )
PV, -
J YA i & Vila al) 3| T
(k=T ‘“ﬁﬁ B /,-l Vel If}< [
: ; P VI
’ a 9 !
T e gl " 3 23 ; ]
—3e) = (v, 80 |
d ) q K. i 4 o & |\ g
det{ D= = U'L—-Gag'\l =
e I . Y I%
LEANLT )
T Lo o/ &
elg\‘ ;U- = = P ~
I He = Tl e"hg
LRE N S 2 .”J AN / 4 l\ 9 3 /
L o 4l
" = |
& <
- '] r Y

-~

Tr=[ 17
ot

—22
i 4;5‘-{2—. LD Lac



o

L

T ENTE TRE ) F

oo o+ 2

N b

(5

e
o X
-
-.l.-\ \nnl
T 3
T "
- \Wﬁ/ Ll
a b =)
i Ls E
EX. J g
1 z T -
.w .r ..l 11 ..J w N-_n.-...;
* = < &
_— < + Wf =] 3
. u& I, 4 ‘mh
— 2 m 2 4
3 = 27
= ..a.__—.; i B
—~ el -4 | 3
g = :
R = : 3 :
" n > RE] T
a {
[
3
+
E

Az

(L

a4

74

i|2‘

e

J CF“) {;

A

w

!

=

bt 3
~

[JAR




Figure 2: Generic Feynman diagrams con-
tributing to the Higgs production in (a) gluon
fusion, (b) weak-boson fusion, (¢) Higgs-strahlung
(or associated production with a gauge boson)
and (d) associated production with top quarks.







