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0 The Standard Model

[0 The Cabibbo-Kobayashi-Maskawa (CKM) matrix






The ingredients

[0 Quantum Field Theory (special relativity + quantum mechanics)

[J Particle content: down-type quarks (d,s,b)

up-type quarks (u,c,t) left and right-handed fermions
charged leptons (e,,1)

neutrinos (ve,v,,V.) — left-handed fermions

gauge bosons (y,W+,Z,g) —> vectors

Higgs boson (h) — scalar

O Local gauge invariance: SU(3).x SU(2), x U(1),

Ja Wi BO (W, —> W=, [W3,B—[y, Z] )
Phenomenological models These theories make sense
contain interactions with only if we i_mpo_se local
vector bosons gauge invariance

Gauge invariance dictates
the form of the interaction



Example of gauge transformations

[1 The QED lagrangian is:

— 1
L = ’t_ﬁf"r‘“(i@u = EQ:;}A;.-.)@ — Z(aﬁﬁu = 3yﬂu)(5ﬁAy — 0" AH)

_ 1
= (P — EQ@HA)@ 2 ,u.:.-fF'uy

[ This lagrangian has a U(1) local gauge symmetry:

»—e Qe A AL — Guw(z)

[] Let’s try to write a similar transformation involving two fermions:

(1/51) U ('@-’)1) :Ei.ggﬂwa_(;];} (wl)
V2 V2 (%

glz(g 1).a?=(0 _i)_cﬁz(l U) Pauli matrices
1 0/° i 0/ 0 -1

[] We need three gauge bosons:

a Wy — U(G“Wﬁ)UT + 0 Opwa(z)



Gauge transformations of quarks and leptons

[0 The electroweak theory is chiral: left and right-handed fields transform
differently under SU(2), x U(1),

Er = (er, LR TR) Yp=-1

Ur = (uRscR,tR) Yy =2/3

D = (dR, SR, bR) ; Yp=-1/3

= Ep(ip— g1YEB)ERr + Dr(P — g1YpB) DR + Ur(iD — 1YuB)Ug

am{(2), (2), (5) )
(\N€/p \H /L \T /L

([ u c t\ -
w={(a), (), (0)p - va-ve

L, = L@ —g1YLB—9W)Ly + QLGP — g1YoB — 9oWV) Q1

singlets




Gauge bosons

[J The gauge bosons transforms as the adjoint of the respective group:

U(1)y — B" (singlet)

3
SUR) — WH=> WwF o'/2 (triplet)
=1
8
SU3)e — glt= > ghT" (octet)
a=1

[0 Kinetic and self-interactions of gauge bosonS'

Lgauge = —%;’a‘”z;fi“‘” — %j«w}f L _ ECEHGH LV
B.UJV = 8;:53:; - Sl’B;u-
Fl, = 0,W}—0,W} + gp % Wi W}
G = Oy = dvg ¥ 93 1 9, 95

[0 Structure constants:
SU(2) : [0),07] = 7F o*
SU(3) : [T®, TP = fabe ¢



Fermion masses

[J Mass terms for fermions (and gauge bosons) break gauge invariance:

Lm = _m"ﬁw — —m(%ﬁ;g*{ﬁ)}g + ".ff’_fﬂ.f".-"ﬁ)
/ \

SU(2) singlet SU(2) doublet

[0 To construct a gauge invariant interaction between y, and y,, we have
to introduce a new field (Higgs):
Lorentz invariance requires it to be a scalar
SU(2) invariance requires it to be a doublet
U(1) invariance fixes its hypercharge

[J For the electron we can write the following Yukawa interaction:

by = e (T 02061 6r). =
where Y, = Y_ =Y = % and, using Q=Y+l;, we can write ¢ = (ED )

[0 The scalar field ¢° has no color and no electric charge and can acquire
a non-zero vacuum expectation value (vev) without breaking SU(3),,
U(l).,, and Lorentz invariance



Spontaneous Symmetry Breaking (SSB)

[0 Reminder: the vacuum of the theory is the configuration that minimizes
the energy

[0 We cannot force a field to acquire a non-zero veyv, it has to come from
the minimization of the potential:

L/:H.;ggﬁ = |D_u(:’:)|2 — 1'(@}) — [D;.r.'?'-"[? = (/\’Uz {5-'(;3' + A (U-lC})Q:]
Dy = (ay — g1 YsBu — g2 Li’i[f) @
[0 A has to be positive in order to bound from below the potential energy.

If v2 < 0 we have one miminum at [(¢)| =0 5
If v > 0 we have a family of minima at [(¢)| = (wﬁv@)

V(9)




Generation of mass

[0 The Higgs doublet can be written as

— '*'-Z;f:laag“(:r)/zn 0 )
¢(z) =e ( A1

[0 Inserting this expression into the Yukawa interaction we obtain
a mass term:

— _ . 'y _ _ _
Ye (fL dep+ep o EL) — QEE(ELE.I?,"‘EREL) = e €€

[0 The interactions of ¢ with the SM gauge bosons are completely
determined by its SU(3)xSU(2)xU(1) quantum numbers:

¢ = (1gy@)  2su0) + Yo=1/2)
Du¢p = (8u—92Wy—g1YBu) ¢

[ After exanding around the vev, the term ID;@]Q induces masses for the
W and Z bosons and the term —)\vzgﬂqﬁ induces a mass for h:

= g2 /2 246 GeV
v = e
my = 1;9%—]—9%1:/2
A = 7
mp = V2\v



The Yukawa matrices

[J Yukawa interactions for leptons:

Z 95 Ly 6 Efp+he.=—L; ¢ §° E{? h.C
1 _—
B 'f';,z—; ?;-,Zi —

[0 Yukawa interactions for right-handed down quarks:

- =-QL o7 1Dr + h.c
/17 t 1\ 1

Yo=¢ Yo=1 Yp=-3

[0 Yukawa interactions for right-handed up quarks:

f:}fu == 5 ﬁu UH. + h.c.
A N

Yo=—- Yp=
: 9 i
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in the SM we can use ¢ = 100" = (—i’_)



The complete Lagrangian

i gy L ‘ gz :
Fﬁ.th#U - EGﬁUGa'#U—}_QQCDGgLWQ E,rwpn'Ga GEU

v

1
y B 3 ‘ :
+L; iDL +QpiDQy+EpiD Ep+ DpilD Dp+Up iD Up
+ [Dud|® — V(o)
= [EL@‘@E Er +01 03 Dr +Qr ¢ 3% Ur + h.c.]

1
’C’Sﬂf p— _EB__M-UB!‘LD

[0 Parameters:

91, 92, 93, 9qcp 4 R
A, v 2
ﬁe? gd! @"‘H = mE! m_ﬂ: m'?':

> 19 parameters

md‘r ms, mb} 13

iy, MMe, T,

Vekm (}‘:Aapa?}') Y,






Physical parameters In the Yukawas

A single electron example:

L = épiDep+ Lyl — (yeei‘j i, pep+yee ep ¢l EL) : (1)
— _J

Y :
invariant under ep — e'"“Rep and £; — 'L £
R K 5 L

Let's define ep = e el

The Lagrangian becomes:
L = egiDep+T,iDl,—y ([ oep+eRol () . (2)

This means that physical observables calculated using the lagrangian in
(1) will not depend on é.



Physical parameters in the Yukawas (cont'd)
The three leptons case:
L = ERipEr+L,ipLy— (L¢3 Er+hc). (1)

-
invariant under JEH — He E;f and LL — Se L;

WhEFE’ |9ﬂi 5 HF E {/'(3)

Let's define Ep = ReE}, and Lp = Sel;

The Lagrangian becomes:

L = ERip Ex+ Ly ip L}, — (L, ¢ SI§°Re Ex+h.c.). (2)
€
=

With proper choice of Se and R., 3“can be made diagonal, real and non-
negative.

This means that physical observables calculated using the lagrangian in
(1) will depend only on three real parameters (no CP violation).



Physical parameters in the Yukawas (cont'd)

The six quarks case:
L=UpiPUr+ Dril Dr+QLiP QL - (QL 3 7"Ur+QL ¢ 1*Dr+hc.).

_

N—
——
invariantunder Up — Ry Up , Dp — Ry Dpand Qf — Sy @

where Ry, . R, . Sy € U(3)

Let's define Up = RuU} , Dr = R4Dp and Q1 = SuQ7

The Lagrangian becomes:
£ = Upip Up+ Db D+ Q1 ib Q;

~(QL ¢ 515"~y Up + QY ¢ S[§"Rq D+ h.c.).
H_J H_/

Z = SlS;yt=Vy°

il

Y

[0 The quarks mass matrices are:
v v CKM matrix

My = —=Yu, Mg = ——
u \/E’yu, d ﬁyd



Mass eigenstate basis

[ In phenomenological applications is more convenient to work in a basis
in which the mass terms are diagonal:

Ur) [ UL
DL L'FDL

— Urm*Up — f)ﬂ"’mdDR + h.c. = —Urm"Up — B;}mdDR + h.cC.

[0 Flavor changing charged currents:

g2

= SO FDL + D UL - -5 2 [0 W VDy + D viw—uy

f

Vud Vs Vub w
V= V::d Ves V:t,b
v}.d_ Lqu Vi th



Neutral currents

[ Tree-level neutral currents remain flavor diagonal:

UL [ UL
Dy VDy,

ar DpgDr+ ar, DiZD;, — ap DpZDr+a, D, V'ZV Dy,

4
[0 What happens at the 1-loop level?
. ~107* ~4
/ /
m2 m2 m?2
— —— — uqusf( ) + Vcbvcsf( 2{' ) + thv:tsf( 2 )
L'_LLﬁ mu myy
: 2 m2 2 m?
= Viavis (775 - £ )) +Vave (175 - 1)
myy u My H
m? m?

12

Kﬁbﬁq (f{ 5 ) — f(O)) X %bﬁﬁm

W W

Unitarity: ViV, + ViV + ViV, = (VIV)3 =0



Neutral currents (cont'd)

[0 FCNC in the down-quark sector:
2

~ (combination of CKM entries) L
miy

[0 FCNC in the up-quark sector:
~ x107° ~4x1073

— = K;df(—) + Vi, qu( —) +V, ‘v’;bf(—)
LELLI u = w w

m?
= bvcb(f( ;)_f( d))"‘%rs cs(f( ;) f‘(—gd))

myy my, my,

H
2

12

VbV, (f( ) — f(U)) 1’2,;;,
S omiy 2“

m
~ (combination of CKM entries) —-
miy



Physical parameters in the CKM matrix

[0 We started with two arbitrary complex matrices (7", ;E}d): 471?;

[0 We used three unitary matrices: Bfn%
Sii“Ru=y" , S{i"Rq=Vy"

[0 The matrices €¥Sy . €?Ry , €"?R,; achive the same structure: 3nfr —1
O Total number of parameters: 4:«1% - (3an — 1) =ns+n;+(np— 1)2
_yu yff V

O (ny—1)°2= ng(ny —1)/2+ (ny—1)(ny —2)/2

real imaginary




A global look at the SM

[0 The gauge invariant part of the Lagrangian depends on 4 parameters

[0 The Yukawa sector depends on 54 parameters (¥°, ¢, gt ) out of which
only 13 are observables.

URB)L, ®UB)E,®UB)q, ®UB)y,®@UB)p,

~g ~d =1

¥y,Y9Y,U

U(1)e®@U1),@U(1):@U(1)pR
— s _ |

Lepton numbers baryon number

[0 Homework. How many physical parameters are there if we introduce a
second Higgs doublet? How many phases? Where do they show up?

2
> (Lp 6i 5 Er+Qp & 31U+ @y ¢i /D)

i=1



Parametrizations of the CKM matrix

[ Standard parametrization:

C12€13 : $12C13 H 3135_1"5
V = | —s10c23 — c12823513€'°  c12023 — 512523513 s23C13
512823 — €12¢23513€/0  —c12803 — 510¢03513€0  €03C13

where S’ij = Sin 9?3 and Cij. = COS 1913

1) 812 = |Vus|, s23 = [Vl , 513 = |V
2) The CP phase is always multiplied by the very small $13

[0 Wolfenstein parametrization:

A= 512 , A= Sggf.f\z s P + i?? = 51383‘5/}1}.3

1—)2/2 A AX3(p —in)
V= =: 1—22/2 AN2 +0(\h)
AXN3(1 — p —in) =AX4 1



The Jariskog invariant
I It can be shown that, in the SM, CPV effects are present if and only if

Fu Fd J 7‘+— O
where:
Fy = (m2—m2)(m2 —m2)(m? —m2)
Fy = (m3—m3)(ms—m{)(mf —m3)

= Im[VuSVchCﬂ;VJb]

2 .
€12€23€135125235135IN 0
A2)6,,

O If there is a degeneracy either in the up or down quark mass matrices
we have more freedom to choose the unitary transformations S, Ry and
R, and we can eliminate the CPV phase &

[J All CPV effects are proportional to J, hence they are small even if the
phase ¢ is large



Direct measurement of CKM entries
O |V 41=0.97377+£0.00027: nuclear  decay

O |V, |=0.2257+0.0021: K*—rllv, kO—rlv
O |Vq]=0.23040.011: v,N—puX vs v .N—pp+v X, D=Klv, D—xlv

O |V, |=0.957+0.017+0.093: D—Klv, D—snlv, W—cs

O |V, |=(41.6+£0.6) 10-3: B—X_ v, B—>D®lv
O |Ve]|=(4.31£0.30) 103: B—>X,lv, B—rlv
O |V |=1.3+£0.2: single top production (1)

O Vi and V.4: no direct measurements



Unitarity triangle
O By triangle: V4V + VgV + VigVi, = 0

Vv
o :¢)2 = arg _M}
V %
L “ud " ub
\V4 *
p=on = arg| -
: td " tb
* V.V
Vea Ven f}.’:("bB = arg —_;Ld Tib:l
L cd’ cb
vV V*
ud " ub =2 =2 6
—ud_ bl — /52 4 72+ 0(O)
Vcd%%
|V Vi = _
b = \/(1-5)2 472+ 0(\°)
_Vcd%b

(2, 7) = (p,n)(1 — A?/2)



Unitarity triangle (cont'd)
O B, triangle: VsV + VesViy + VisVi = 0

N
AN p? + 2 AN2

VesVib

Bs = arg [—
VisVip

] = \2n+ 0%



Unitarity triangle fit (CKMfitter)
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Unitarity triangle fit (UTTit)
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