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Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
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spoiler alert: SM explains available data
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M multiplet under SUN): M - M' = GM = exp(iga, T%) M

.e. M; = G;M, and M' = MG’

Start with a free theory invariant under global SU(N), i.e. a, constant:
%y =Miy*o,M' = MG'iy*0,GM

To impose invariance under local transformations: d, - D, = 9, + igT"b,

, l
such that D, M’ = GD M leading to T“b/f = G(T"b/j’)G_1 + —(dﬂ)G_1
8

Lo—> L = Mly”D M = Ml;/”@ M-gb, M My*TM



— — |
. Total lagrangian density: & = Mi;/”(’)ﬂM — g b;tl My*TM — ZF;ZUFWU

1 .
F4 T = E[DM, D,] = 0,(b?T%) — 0,(b°T*) + i g [bOT?, bET]

Remarks

. The symmetry forbids mass terms mzbﬁb“”

« Gauge invariance fixes the F'F'V interactions
« Gauge invariance fixes the VVV and VVVV interactions

e There is a single coupling 2!



There are massive gauge bosons! The symmetry must be broken!

Simplest form introduce scalar whose vev is non-vanishing (@“) # 0

Zssp = (D9 D @ — u>p ¢ — Mo *¢*)” with u* <0

For each independent broken generator 7(¢@) # 0 there is a Nambu-Goldstone boson (GB)

Miracle for gauge theories: GB’s disappear and gauge bosons become massive

Remarks:

The number of degree of freedom is preserved

Gauge boson masses are proportional to g | (@) |



>~ L b~

Choose the local gauge symmetry
Choose the matter content and its representation(s)
Choose the symmetry breaking sector

Verity whether theoretical and experimental constraints are satisfied; if not go back to 1.



STANDARD MODEL



There are four electroweak gauge bosons: W+, W™, Z , 4

Minimal model need 4 symmetry generators
Choice: SU(2); Q U(1)y
Gauge bosons: W/{; withj = 1,2,3 (SU(2),) and B, (U(1)y) with couplings g and g’

| |
Kinetic lagrangian density: £, .e = — 2 B = 7 W, WaH

with Wg, = 0,W¢ — 0,W¢ — ge®™W,W¢ and B,, = 0,B, — d,B,

this determines the VVV and VVVV vertices
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We need to choose the matter representations
Lorentz transformation of multiplet members must be the same
We know that charged currents are left-handed
1 —y° 1 +p°
2 2

We define P, =

wOy wO,y

Degrees of freedom: e; ) = Pppy €and v, = Py v,
. Vel
SU(2); representations: L = < 0 ) and R = ¢
L

Y
U(1), representations from Q = T° + > —> Y, =—land Y, =—-2
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U
SU(2); representations: L = ( eL) and R = e
€L
. ;3 ¥
U(1)y representations from Q = 7"+ —wehave ¥; = —land Y, = —2

2

Y “ Y
Covariant derivatives: D L = (d,, + ig’a b, + ig; ) Land DR = (0, + ig’; ) R

Lagrangian: £ = il:;/”DﬂL + iRy”DﬂR

W,} ¥ iW/f 0
DF ) 8 [, e e Wi ke v, W]
\V2 \/2

Neutral current: —% (DeL;//"I/eL — éLy”eL) WEZ + gE (DeL}/'uVeL + e;y"'e; + ZéRy”eR) B,

Charged current (Wl;—F =

12



Before SSB the charged leptons are massless since SU(2); forbids é;ep

To generate masses we must break the SU(2); ® U(1)y symmetry

_|_
Minimal model: complex scalar doublet ¢ = qoo with Y¢ = 4+ 1
@
2 . 4 u
Z'ssp = ‘Dﬂ(ﬂ‘ —//tz\w\ — A @] Wi’ch,u2 < 0 and (gﬂ(p) — _7

O
Let’s choose the vacuum —
@) v/ \/5
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Zssp = 1Dpl* —plol” =2l o]

0
Let’s ch th —
et’s choose the vacuum (@) (v/ﬁ)

7(9) #0 and Yip) # 0 however Q) = (0 + V() =0

Therefore SU(2); @ U(1)y is broken to U(1),,,

3 broken generators — 3 goldstone bosons — 3 massive gauge bosons

0
Unitary gauge @ = ((v N H)/\/z)
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Fssp = 1Dpl” —p?lol” = 2Alel

0
Unitary gauge ¢ = ((v . H)/\/z)

| P2
L oqp = E(dﬂHaﬂH — 2Iv?H?) + g(ng;W_” +(8'B, — ng)z) + ...

™~

v
Mz%andM =14/24 V

to be diagonalized

Neutral mass eigenstates: Zﬂ =
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| P2
Loqp = E(dﬂHaﬂH — 2Iv°H?) + g(ng;W_” +(8'B, — ng)z) + ...

v
My, = g? and My =+/24 v

oW?> — o'B g’W/f +gB,
Neutral mass eigenstates: Z/ = —— and A, =

T V2 + g7 T V2 +g7

"V
So M., = g2 + g2 2
2
" € : € My
Writing g = — and g’ = we have M, =

sin By, cos Oy, cos Oy
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/

Neutral current: —% (EeLyﬂyeL - éL}/”eL) W/f + % (DeL;/”I/eL + e;y"e; + ZéRy”eR) B,
S . | 8 o
. Neutrinos interact only with the Z: — UtV Ve 14,
2 cos Oy
Electron interactions: —e(Q eyteA, — o ev(e, — g.v°)eZ

with gy, = T> — 2sin“0,,Q and g, = T3

Electron mass: &£y = —Y, [R(p"L) + (Lp)R]

v+ H _ | Y,v
(e;ep + eper) withm, =
\/2 \/2

In the unitarity gauge: £y = — Y,
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Quantum numbers: YuR

Quark multiplets are Q; = ( ) , Up
A
g YdRz_E’YQz_
Quark-gauge sector: £, = iiigy*D up + icZR;/”DﬂdR + iQLy”DﬂQL

g
V2

CC interactions: L - = — i y'd,W; +h.c.

8
2 cos Oy,

NC interactions: Z'ye = —€Q.q r"q A, — qr" (g, — gij)q Z,

M

gg= T; — 2Sin26’W Q,and g/ = T;
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u
Quark multiplets are (J; = (d)L , Up , dp

Quark-gauge sector: £, = iiigy" D up + iJRy”DﬂdR + iQL}/”DﬂQL
To write the mass term we need the doublet ¢ = iaz(p* with Yéb =—1

31/6] — = Yu[ﬁR(CbTQL) T (QL(p)MR] + ¥ [JR(CDTQL) T (QL¢)dR]

H _ _
Unitary gauge: =Y, (Upup + pu;) — Y, (d;dp + dpd;)
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Three copies of the one family gauge-fermion interactions
For massless neutrinos the lepton sector is just the repetition of the first family
Important consequence: neutral current interactions do not change the lepton flavor

Most general mass term for quarks:

Lrg== 2 A Vup HGOD + Yy Blo'OP | +h.c.
k=123

After SSB the mass matrix is Z [ﬁ%M{tku[’f + J%Mékd}f] + h.c.
jk=1,2,3

The matrices M,, ; are not diagonal, general.
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*  We diagonalize the mass matrices M, and M, by making the transformations (show it!)

d d U U
S — Azl S C — Bgl C
b L b L t ) t )
d U U
S — A;zl S C — B]gl C
b . b . t . t .
suchthat ~ ApMgA; " = diag(mg ms my ) BrM,B; " = diag (m, m. m;)

e The charged current interactions are modified to
dr,
Loo (UL Cr, tL)jW'u V}k ST, le_ + h.c.
b ) .

CKM V =DBLA]
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Lro== 2 AV BGOD+ Yy B 'OP b +h.c.
k=123

The neutral current does not change flavor: Z qj;//"(g{/ — giys)qj Z,

jeallq
where g are mass eigenstates.
dr
FIPNgRE = = 7 +
Charged currents are modified: Z by cp Yy V| Sc| W, + he
jk b;

V' is the Cabibbo-Kobayashi-Maskawa (CKM) matrix. It is unitary
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CC couples to different families:
Example: Br(K> - W —» u* 1) = (63.56 £ 0.11) %
While flavor changing neutral currents (FCNC) are suppressed:

Br(K,; = n*vp) = (1.33 £0.30) x 1077

Higher order corrections can induce FCNC at the level @(GFaqulM‘%,)

mass independent term Vk] V].‘;/ — 5k@

| VURALTY

mass dependent term Vk -
J g1 Mw
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CP violation is related to the CKM matrix!

nn—1) nn+1)
real parameters; ——  angles and —— phases

2 2

An nn X n unitary matrix has n’

d; = eVl jL - pd_pu
We can remove 2n — 1 phases by refining phases: = V- ijel(ﬁk—ﬁj)
N e elﬂj U

Uir. i L

(n—Dn-2)
So we are left with ———  — phases.

2

In order to have CP violation the number of generations must be greater or equal to 3
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Anomaly cancelation: guantum effects might spoil current conservation!

Writing the gauge boson interaction to fermions as gX/f(Ry”T“R + Ly*T°L)

The axial anomaly is proportional do A%*¢ = Aj’_bc — A€ \ith Aibc = Tr [{Ti, Ti} Ti]

A
Inthe SM, T9 = oc%or Y é DyH s
SUR) = Tr({c%, 6”}0°) = 20, Tr(c°) = 0 so there is SU(2) anomaly

SU22)*U(1) = Tr({6% 6°}Y) = 28 ,Tr(Y), however,

Ti(Y)= Y Y+ Y Y=(—1><2—2)+3(2><%+§—§)=O

leptons quarks

The SM is anomaly free due to the choice of the fermion representations!
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Accidental symmetries: Baryon number is automatically conserved in the SM

o j 05 g
Terms of the form gXq' are invariant under dr € " dp

Terms like IZRgaTL are not SU(2); ® U(1)y invariant!
For massless neutrinos, the SM is invariant under Lj — eieij and Z’ﬂ}ie — e f{e
The accidental global symmetry group of the SMis U(1), ® U(1), ® U(1), ® U(1l)p

['(uy — ey)

. For instance, <15%x10713

['(u — all)

For massive neutrinos, just the total lepton number is conserved
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PHENOMENOLOGY




« Just one 3-body decay is allowed: yu  — e‘z?eyﬂ

G%mS m2
This is process is used to determine G ' (™ — e D,v)) = =~ X f — | (1+ 8o
. 19273 mg

. From the muon lifetime: G = 1.1663785(6) X 107> GeV~2

» G is used as input parameter in choices of input parameters to analyses

28



* VVVVV couplings are determined Iin gauge theories

e LEP Il tested eTe™ —» WTW~™

e This reaction related FVV and VVV couplings!

Gzs
. Without yYWTW™ and ZW™* W~ interactions the cross section grows as ¢ =~ %
T

 We need all diagrams to avoid unitarity violation

29



+ LEP Il tested eTe™ — WTW™ /
LEP

 The experimental results Is

PRELIMINARY

YFSWW/RacoonWW
_...no ZWW vertex (Gentle)
_..only v_ exchange (Gentle)

30



« LEP | measured with high accuracy the Z couplings to fermions

31



LEP | measured the Z couplings to fermions with high accuracy

The SM model is a constant field theory, so we can calculate higher order corrections!
The Zff coupling: (ﬁGFM§)1/2 \/ﬁf [(7}3 — 20, sin’ HWKf) yH — 7}3;//";/5] Z,

At tree level: Pr= 1 and Kr = 1, however, higher order corrections modify these values
We define Sin2 eeff — Kf Sin2 QW

Due to the experimental precision higher order corrections are needed
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_ The Zff coupling: (\/EGFMg)l/z \@ [(7}3 — 20, sin” HWKf) yH — 7}3}/”;/5] Z,

e There many contributions: vertex corrections; running of a from to MZ; etc

 The main contributions come from gauge boson self-energies and they are universal

X mt2 x In(my)

 There is an indirect dependence on the top and Higgs masses!

+ Important fact: (Apr)ypiy X mt2 and (Axy)

univ

univ
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» Fermions couplings to the Z

| Im=178.0 + 4.3 GeV
~ my=114...1000 GeV

68% CL
-0.503 -0.502 -0.501 -0.5

Il

e Consistent with universality
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e |nputs and results to the fits == Giobal EW f

- Measurement

 The SM is doing very well

A(LEP)| =
Iep( ) . Alep(LEP)
Ag(SLD) | I

. 2nlep Alep(SLD)
N Beff (QFB) . o lep
- ~2nlep s s : : : 5 sin"0,, Q_)
sin“® . (HC) | 5 : 5 5 5 : 5 lep FB
il = |os MO

AO,b

FB

As

A
A
R
R

3 -2 -1 0 1 2 3

O, -0 -0)/ Ot

meas) / Omeas indirect
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* |nputs and results to the fits

80.45

68% and 95% CL contours

Fit w/o M, and m, meas.
Direct M,, and m, meas.

M,, = 80.3625 + 0.0077 GeV

- m, = 172.52 GeV
-- 0 =0.33 GeV
— 0=0.33®0.50,  GeV
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Final Remarks



T decay (N°LO) +=—
low Q? cont. (N>LO) +=—
HERA jets (NNLO) H=+-

Heavy Quarkonia (NNLO)
e'e” jets/shapes (NNLO+res) H*
pp/pp (jets NLO) +=-
EW precision fit (NLO) +e—

pp (top, NNLO) —+

We saw only the electroweak sector of the SM

Strong interactions are described by a SU(3).. gauge theory (QCD) o

) IVCES B L
Zocp = Z qr” (a,,t T lgsjgﬂ)q — ZG/WG o

jEquarks

The SM has a great success explaining the available data
The SM does not answer all our questions!

We have good reasons to extend it!
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L = ‘i’(iaﬂyﬂ — m)¥ is invariant under ¥ — P’ = ¢** ¥
However, 0, W' = e'ea) (0,¥ + V¥ ied,a)
Modify & to be invariant under ¥ — ¥’ = ¢/ P

Simple solution: replace d, by D, = 0, — ieA, withA, — A, = A + ;dﬂa

We have introduced a new vector field (force) Aﬂ

Dynamic of A, must respect the symmetry: —iet, =[D, D, | = —ie(d,A,—0,A))

| _ _
L = — ZF AT+ Y300 rH —mW¥ + eA WrHY

40



| _ _
. L =- ZF AT+ P — mY + eA Wy

. |
& is invariant under ¥ — ¥’ = ¢ P gngd Aﬂ — A/; = Aﬂ + —6ﬂ0{
%

Remarks:

« Gauge invariance determines the vertex AFF

. The gauge symmetry forbids M 2AﬂA”

. There is some freedom left: ¥o**¥ F »

e At point point we can require the model to be renormalizable

e Works pretty well for QED!

41



M _ _
M = (M;) with a free Lagrangian £, = Z My*o,04M; = Miy"o M
ik

Invariant under global SU(2) transformation: M - M’ = GM = exp(iga t“) M
_ i —

My*o M = MG'y*o,GM = My"o M

For a local transformation it isn’t: 0 M" = Gd M + (0,G)M

To impose invariance under local transformations: d, - D, = d,, + igt“b,,

, l
. such that D/;M’ = GD,M leading to t“bﬂ“ — G(tab/ff)G_1 + —(dﬂ)G_1
8

42



o dﬂ —> D//i = 8ﬂ + igtabg

. Ly—> L =Miy*D M = 1\71'7//"6 M —g bi My"t'M

b, dynamics using F

[ D] = 0,(b%1%) — 0,(b) + i g [bf1°, bir°]

: ‘a __ —1]
» Under a gauge transformation t“F,, = G(F, )G

_ _ |
. Total lagrangian density: £ = Miy*o M — g b, My"t*M — ZF;ZUF‘W”

Remarks

. The symmetry forbids mass terms mzb/fba”

» Gauge invariance fixes the FFV, VVV and VVVV interactions with coupling g!
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+ .
However W-— and Z are massive!

We need to break the symmetry, ie, the vacuum | 0) is not invariant under O : Q|0) # 0
Goldstone theorem: there is a massless particle for each broken generator

Example: model invariant under SO(2) with scalar doublet ¢ = (

¥ =20 P " - ”—240“40“ — i(40“40‘1)2
2 " 2 4
qu
for ,uz < 0 the vacuum satisfies (@p“@p?) = — 7 = ?

Chossing the vacuum (@) = ((‘;) and defining @ = (@) + ()Z) we have

| |
L = > d,no"n + 2/42;72] + Edﬂ)@”}( + ... ,ie, there is a massless excitation y

44



Let’s break a gauge theory! Let’s work out an example with SU(2) gauge symmetry
|
P = _ Z FgﬂFaaﬂ 4+ (Dy¢a)*Dv¢a _Iu2¢a*¢a _ /1(¢a*¢a)2

2 2
%
for //tz < 0 the vacuum satisfies (¢p* *p?) = — Eo_ so we choose (@) =

)
2, 2 NG

Notice that there are 3 Goldstone bosons since 6%(¢) # 0

54 Ea 0
Now we write ¢p = exp(i 25 ) | v+n | where £¢ are the Goldstone bosons
%
PAY

Ga da
To obtain the physical spectrum ¢ — ¢’ = exp(—i 25 ) ¢
V

45



P = _% FgﬁFaaﬁ_l_ (Dy¢a)*Dv¢a _ﬂ2¢a*¢a . /1(¢a*¢a)2

aga 0
b = exp(il=) <v+n>
2v PAY

To obtain the physical spectrum ¢ — ¢’ = exp(—1

Gaga

PAY,

) ¢

2.,2

Resulting in £ = l (6 no'n — 2/1\/2;72) — lFa Fauy _ &V
9 K 4 171% Q

All the massless particles disappeared and the gauge bosons got massive!

(\b,}—ib,3\2+bjb3ﬂ)...
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1. Choose the local gauge symmetry
2. Choose the matter content and its representation(s)
3. Choose the symmetry breaking sector

4. Verity whether theoretical and experimental constraints are satisfies; if not go back to 1.
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There are four electroweak gauge bosons: W+, W~ , Z , y

Minimal model need 4 symmetry generators
Choice: SU(2) ® U(1)
Gauge bosons: Wi; withj = 1,2,3 (SU(2)) and B, ((1)) with couplings g and g’

| |
Kinetic lagrangian density: £, .e = — 1 WBY = 7 W, WaH

with W, = 0,W¢ — 0, W, — ge“>“W;W; and B,, = 9,B, — 0,B,

this determines the VVV and VVVV vertices
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We need to chose the matter representations
Lorentz transformation of multiplet members must be the same
We now that charged currents are left-handed
1 —y° 1 +p°
2 2

We define P, =

Degrees of freedom: ey gy = Ly €and v, = 1y U,

I/eL

SU(2); representations: L = <
€y,

) andR=€R

Y
U(1), representations from Q = T~ + > wehave Y, = —land Y, =—12
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U
SU(2); representations: L = ( eL) and R = e
€L
. ;3 ¥
U(1)y representations from Q = 7"+ —wehave ¥; = —land Y, = —2

2

Y “ Y
Covariant derivatives: D L = (d,, + ig’a b, + ig; ) Land DR = (0, + ig’; ) R

Lagrangian: £ = il:;/”DﬂL + iRy”DﬂR

W,} ¥ iW/f 0
DF ) 8 [, e e Wi ke v, W]
\V2 \/2

Neutral current: —% (DeL;//"I/eL — éLy”eL) WEZ + gE (DeL}/'uVeL + e;y"'e; + ZéRy”eR) B,

Charged current (Wl;—F =

50



Lagrangian: £ = iZ}/”DﬂL + iR}/”DﬂR

Before SSB the charged leptons are massless since SU(2); forbids é;ep

W xiw=
Charged current (W/;—F — u) o

\/_ L —— [De y'Ppe W, +ey'Pgpu, Wﬂ_]
2

2

g2

The Fermi constant is given by G, = ——
44/2M3,
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To generate masses we must break the SU(2); ® U(1)y symmetry

0

_|_
Minimal model: complex scalar doublet ¢ = ((p )
@

Y
From Q = T° + 5 it follows that Y¢ =+ 1

Zssp = D@)” —u?lo|” = Al@|" with u*> < 0and (p'p) = -

0
Let’s choose the vacuum —
vacuum (@) (v/ \/5)
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Zssp = 1Dpl* —plol” =2l o]

0
Let’s ch th —
et’s choose the vacuum (@) (v/ﬁ)

7(9) #0 and Yip) # 0 however Q) = (0 + V() =0

Therefore SU(2); @ U(1)y is broken to U(1),,,

3 broken generators — 3 goldstone bosons — 3 massive gauge bosons

0
Unitary gauge @ = ((v N H)/\/z)
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2
Fssp = 1Dpl” —p?lol” = 2Alel

0
Unitary gauge ¢ = ((v . H)/\/z)

| P2
L oqp = E(OMHdﬂH — 2Iv?H?) + g(ng;W_” +(8'B, — ng)z) + ...

v
Mz%andM =14/24 V

Neutral mass eigenstates: Zﬂ =
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| P2
Loqp = E(dﬂHaﬂH — 2Iv°H?) + g(ng;W_” +(8'B, — gWi)z) + ...

V to be diagonalized

My, = g? and My =+/24 v Y

. W, — &'B, g'W + 8B,
Neutral mass eigenstates: Zﬂ = ————— and Aﬂ = /

2>, 2V
So M,=+\/g"+g° —

2
" € , € My,

Writing ¢ = — and g’ = we have M, =

sin By, cos Oy, cos Oy
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/

Neutral current: —% (EeLyﬂyeL — éL}/”eL) W/f + % (DeL;/”I/eL + e;ye; + ZéRy”eR)
S . | 8 o
. Neutrinos interact only with the Z: — UtV Ve 14,
2 cos Oy
. o _ 8 _ 5
. Electron interactions: —eQ ey*A, — ey’ (8, — 8ar°)eZ,
2 cos Oy,

with gy, = T> — 2sin“0,,Q and g, = T3

Electron mass: &£y = —Y, [R(p"L) + (Lp)R]

v+ H _ | Y,v
(e;ep + eper) withm, =
\/2 \/2

In the unitarity gauge: £y = — Y,
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Quantum numbers: YuR

Quark multiplets are Q; = ( ) , Up
A
g YdRz_E’YQz_
Quark-gauge sector: £, = iiigy*D up + icZR;/”DﬂdR + iQLy”DﬂQL

g
V2

CC interactions: L - = — i y'd,W; +h.c.

8
2 cos Oy,

NC interactions: Z'ye = —€Q.q r"q A, — qr" (g, — gij)q Z,

M

gg= T; — 2Sin26’W Q,and g/ = T;
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u
Quark multiplets are (J; = (d)L , Up , dp

Quark-gauge sector: £, = iiigy" D up + iJRy”DﬂdR + iQL}/”DﬂQL
To write the mass term we need the doublet ¢ = iaz(p* with Yéb =—1

31/6] — = Yu[ﬁR(CbTQL) T (QL(p)MR] + ¥ [JR(CDTQL) T (QL¢)dR]

H _
Unitary gauge: =Y, (Upup + tpuy) — Y, (d;dp + dpd))
V2 V2
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For massless neutrinos the lepton sector is just the repetition of the first family
Important consequence: neutral current interactions do not change the lepton flavor
Three copies of the one family gauge-fermion interactions

Most general mass term for quarks:

Lro== 2 AV BGOD+ Yy Bw'OP b +h.c.
k=123

After SSB the mass matrix is

59



