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Content

d Gauge invariance is a powerful tool to determine the dynamical forces among
fundamental constituents of matter.

[ Particle content, structure and symmetries of the Standard Model Lagrangian

[ Special emphasis given to phenomenological tests, established this theoretical
framework as the Standard Theory of the electroweak and strong interactions:

U electroweak precision tests, Higgs searches, quark mixing, neutrino oscillations.

[ Present experimental status.
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Introduction

[ The Standard Model (SM) is a gauge theory, based on the symmetry group SU(3).
QSU(2) QU(1)y

O describes strong, weak and electromagnetic interactions, via the exchange of the corresponding
spin-1 gauge fields:

L 8 massless gluons & 1 massless photon for strong and electromagnetic (EM) interactions, and 3
massive bosons, W* and Z9, for the weak interaction.

U The fermionic matter content is given by the known leptons and quarks (and
antiparticles), which are organized in a three-fold family structure, where each quark
appears in 3 different colors:

Ve U] [Uu C] [UT t] m, = 0. m, =106 MeV | m, = 1777 MeV
le” d'l|u” s\l b r =2.10°s = 3.10"5

[T qq4l "(l‘)L’(qd) IR, Qur, dar

O The three fermionic families appear to have identical properties (gauge interactions); they
differ only by their mass and their flavor quantum number.
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U Gauge symmetry broken by vacuum, triggering Spontaneous Symmetry Breaking (SSB) of electroweak (EW) group to

the EM subgroup: SSB
SUB)c®SUR),® U(1)y — SUB)c®U(1)gep

L SSB mechanism generates masses of weak gauge bosons, gives rise to appearance of a physical scalar particle — Higgs
boson

O Fermion masses and mixings also generated through same formalism
0 SM constitutes one of the most successful achievements in modern physics
U provides elegant theoretical framework, able to describe known experimental facts in particle physics with high precision
U To be discussed in details
U Power of gauge principle and derivation of simpler Lagrangians of QED and QCD
Electroweak theoretical framework — gauge structure and SSB mechanism
Present phenomenological status — main precision tests performed at Z peak, tight constraints on Higgs mass from direct search
Flavour structure — quark mixing angles & neutrino oscillation parameters, importance of CP violation tests

Open questions to be investigated at future facilities

o 00 0 o

Useful, more technical information collected in several appendices: a minimal amount of quantum field theory concepts in
Appendix A; most important algebraic properties of SU(N) matrices in App. B, short discussion on gauge anomalies in App. C
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Basic Inputs from Quantum Field Theory
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Wave equations — Quantum Mechanics (QM)

2
U Classical Hamiltonian of non-relativistic free particle H = f—m

O In QM, energy and momentum correspond to operators acting on particle wave function

O Substitutions H = ih% andp = ihV lead to Schrodinger equation

. a - _ hz _)2 -
ih o Y(x,t) = ZmV Y(x,t)
U relativistic covariant way: p* = id* = i—
oxy
62

QE? = p* + m? leads to Klein-Gordon equation, (W +m?*)¢p(x) =0 ®w=0"g,=-5-7

O quadratic in time derivative because relativity puts space & time coordinates on equal footing

 Equation linear in both derivatives? Yes, Dirac equation

QO Relativistic covariance and dimensional analysis restrict its possible form to

(i)/“ali - m)t/J(x) =0
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U Dirac eq. solutions should satisfy KG relation
(i)/”au — m)l/)(x) =0 o) (m+ m?)p(x) =0

—(iyvo, + m)(iy“é‘u — m)t/;(x) =0=(m+m?)yY(x)

O OK, provided gamma-coefficients satisfy Dirac algebra: {y*,y"V} = y*yV + y¥ y#* = 2g*¥
U Obviously components 4-vector y* cannot simply be numbers.
O 3 Pauli matrices satisfy {a%, a7/} = 2 §Y
0 12 0 i 0 ot
U Lowest-dimensional solution to Dirac algebra: D = 4 matrices Yy = 0 —I, NS gl
O Wave function (x), column vector with 4 components in Dirac space
U presence of the Pauli matrices strongly suggests it contains 2 components of spin %

U proper physical analysis of solutions: Dirac eq. describes simultaneously spin % fermion of and own antiparticle
O Useful combinations of gamma matrices oV = [yH,yY]

vs =vo= Y Y y® = eV VYRV
L k . i 0 I
ij — oijk — (O 0 ) oi _:(0 O') ) =-< 2)
e A B A e

U matrix o' is then related to the spin operator
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O Some important properties of gamma-matrices {y*,yV} =y*yY +yVy#* =2g*Y V5 = y°=iy’yly?y?

yOoyty® = yHT; yoyoy0 = —y5T= —y5; > vy"1=0; (¥s)?=1I,

0 Specially relevant for weak interactions: chirality projectors (P, + PR = 1)

p, = 175 P, = 1+2Vs; P2 = Pg; PZ= Py; P Pp = PRPL =0

0 decompose Dirac spinor in its left-handed and right-handed chirality parts

P(x) = [PL+ PrIY(x) = ¢ (x) + Pr(x)

O In massless limit, chiralities correspond to fermion helicities

1000 0001 000 -i 001 0 0 010
(ot oo0) , [o0010) -, [00iO\ 5 [ 000-1 s_ [0 0 0 1
Y={oo-10:7={o0a00]:7={0i0o0]:7=l1000] 7 =1 0 0 0
00 O-1 -1 000 000 010 O 0 1 0 O
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Lagrangian formalism

U Lagrangian formulation of physical system
O provides compact dynamical description
O makes it easier to discuss underlying symmetries
U Like in classical mechanics, dynamics is encoded in action S = Jd“x L|pi(x), d,¢:(x)]
O Integral over four space-time coordinates preserves relativistic invariance
O Lagrangian density £ is a Lorentz-invariant functional of fields ¢,(x) and their derivatives

O Space integral L = fd3x L would correspond to usual non-relativistic Lagrangian

U Principle of stationary action
U requires variation §S of action to be zero under small fluctuations §¢; of fields.

O Assume 6¢; differentiable & vanish outside some bounded region of space-time (allowing
integration by parts), condition 6S = 0 determines Euler—Lagrange (EL) equations of motion for

fields
oL 0L
3.~ " (3aigy) =
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0 _ oL a#( 0L ) 0
EL equations 90 3(0k ;) =

L Appropriate Lagrangians generate KG and Dirac equations

L Should be quadratic on fields and Lorentz invariant, which determines their possible form up to
irrelevant total derivatives

L=0"p"0yp—m?Pp*¢p =  (m+mDP(x) =0

L=y(iytd, —m)p =0 ) (iy#9, —m)yp(x) =0

O adjoint spinor i = Y Ty? closes Dirac indices
U matrixylincluded to guarantee proper behaviour under Lorentz transformations:
= 1) is Lorentz scalar, while Yy# transforms as four-vector

= Therefore, L is Lorentz invariant as it should

04.02.2019 Standard Model of Particle Physics 11



Symmetries and conservation laws

L Assume Lagrangian of physical system

L invariant under some set of continuous transformations

Q ¢i(x) = ¢; () = py(X)+ € (x) + 0(e?) mmmp L[i(x),0,0:(0)] = L[;'(x), 9" (x)]

Q leading to
Ol =0= Z{ f?;s:i - (6(0“4) ))‘ Ocpi + 0 [a(aucp ) Ed"n

O EL equation satisfied = system has a conserved current

. 78 g—
Z [8(6”(]5 ) O ol 04,=0
O Defining conserved charge Q = [ d3x J°
O The condition 0"J, ;=0 guarantees that dQ/dt=0, i.e., that Q is a constant of motion
L Noether’s theorem extended to general space-time transformations

O For every continuous symmetry transformation leaving action invariant, 3 corresponding
divergenceless Noether’s current and, therefore, a conserved charge.

O Selection rules observed in Nature, where there exist several conserved quantities (E, p, L, J, Q, ...),
correspond to dynamical symmetries of Lagrangian
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Classical electrodynamics V-B=0 UxE+—-=0

. Lo . - O0E .

W Maxwell equations V-E=p UxB-5 =]
L summarize large amount of experimental and theoretical work ) '

o _ d0A S -

O provide unified description of electric and magnetic forces E=-VV - T B =VxA

[ Very useful to rewrite equations in Lorentz covariant notation
U Charge density p and EM currentftransform as a four-vector J#* = (p,f)

O Potentials V, A combine into A* = (V, /T)

 Relations between potentials and fields take simple form, defining field strength tensor

0 —E, —-E, —E;
El 0 _BS BZ . LU — - uvpo
E, B, 0 -B, |© =3¢ o

Es —B, B, 0

FIY = QRAY — QUAF =

O Covariant form of Maxwell equations turns out to be very transparent 6MF“V =0; 0,F*=]J"
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L EM dynamics clearly a relativistic phenomenon
O but Lorentz invariance was not very explicit in original Maxwell formulation
O Once covariant formulation adopted, equations become much simpler

O Conservation of EM current appears now as a natural compatibility condition:  d,J¥ = GvaﬂF’” =

O In terms of potential: FHV = gHAY — QUAHK
0, Fi=Jv )  mAT - 0%(9,A) =7
0 Same dynamics described by different electromagnetic 4-potentials, giving same field strength tensor F+
U Maxwell equations invariant under gauge transformations: AR — A'H = AR+ OHA
O Lorentz gauge J,A% =0 = mA” =]Y (= 0absence of an external current) = M,, = 0

O Lorentz condition 9,A* = 0 still allows for residual gauge invariance under transformations with restriction
mA=0
U impose second constraint on EM field A*, without changing F~
U Since A+ contains 4 fields (=0, 1, 2, 3) and there are 2 arbitrary constraints, number of physical dof = 2
U Therefore, photon has 2 different physical polarizations
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Gauge Invariance

04.02.2019
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Quantum Electro Dynamics — QED

O Lagrangian describing a free Dirac fermion Lo = i {(x) y#0,1(x) — m(x) P (x)
L, is invariant under global U(1) transformations: v@) -, :

0 global Ut1) Y0 "5 P () = % (o)

U where QO is arbitrary real constant

O phase of Y(x) is then pure convention-dependent quantity without physical meaning
 However, free Lagrangian is no longer invariant

Q if phase transformation is space-time coordinate dependent

Ul .
Qunder local phase redefinitions 8 = 8(x): 9,y (x) Lz elQo (au + iQ@MH)l/J(x)
O once a given phase convention adopted at reference point x,, same convention adopted at all space-time

points
W This looks very unnatural.

L ‘Gauge principle’ = requirement that U(1) phase invariance should hold locally

O only possible if extra piece added to Ly, transforming in such a way as to cancel 9,6 term

O Introduce new spin-1 (since 9,6 has a Lorentz index) field A (x), transforming as

U 1
Ay(x) A (x) =A4,(x) - EGMH
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(dCovariant derivative has the required property of transforming like the field itself:
Uu(1) / :
D,(x) = (OM + ieQAu(x)) P(x) Dp(x) — (D) (x) = €% D,yY(x)

Qlagrangian  £= i) y*Dup(x) = mp(x) P(x) = Lo — eQA,(x) P(x) Y (x)
O is then invariant under local U(1) transformations

JGauge principle generated interaction between Dirac fermion and gauge field A,
O familiar vertex of Quantum Electrodynamics (QED)

 Note: corresponding EM charge Q completely arbitrary
JA, as a true propagating field

1
U need to add a gauge-invariant kinetic term Lgin, = — ZF"“’ (x) F*Y (x)

-:jj

oy Ay — 0y Ay

v

1 EM field strength remains invariant under gauge transformations
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1
1 A mass term for gauge field Ly = > m* A* A,
O would violate local U(1) gauge invariance — thus forbidden
L — photon field predicted massless

O Experimentally m, <107 8eV
O Total Lagrangian Ly — eQA, (x) P(x) y*p(x) + Liin

QO gives rise to well-known Maxwell equations: OMF‘“’ =e]V=eQyYy'y
Q JVis fermion EM current.

L From simple gauge-symmetry requirement, deduced right QED Lagrangian, leading to very
successful quantum field theory

U Lepton anomalous magnetic moments

O Feynman diagrams contributing

(@) (b) (c) (d)
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L Most stringent QED test

O high-precision measurements of e and u anomalous magnetic moments
14
=(91_2) gy(e)—’
L Zml !

5 ’
0 a, = (1159 652 180.73 +0.28) 10712,  a, = (11 659 208.9 +6.3) 1020

a; 28]

U To measurable level, a, arises entirely from virtual e’sand y ’s
O contributions are fully known to O(a?*) and (partly) O(a?)

O Impressive agreement achieved between theory and experiment promoted QED to level of
best theory ever built to describe Nature

O Theoretical error dominated by uncertainty in input value of QED coupling a = e?/4n
1 a, provides most accurate determination of fine structure constant

O a1=137.035999 084 + 0.000 000 051

th _ J (11659180.2 +£4.9)-10~1° (ete™ data)
% T\ (11659189.4 +5.4) - 1010 (r data).
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Quantum Chromo Dynamics — QCD
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Quarks and Colour

O Large number of known mesonic and baryonic states clearly signals the existence of a deeper
level of elementary constituents of matter: quarks.

U Entire hadronic spectrum nicely classified assuming
U mesons M = qq states and baryons B = qqq
U To satisfy Fermi—Dirac statistics, need to assume existence of a new quantum number, colour,
U N, = 3different colours: q%,a = 1, 2,3 (red, green, blue).
L Mesons and baryons described by colour-singlet combinations
V= %5“ﬁ|%qﬁ) B :\/iggaﬁ”qdqﬁq)/)
U To avoid existence of non-observed extra states with non-zero colour,
L Postulate: all asymptotic states are colourless, i.e., singlets under rotations in colour space
O confinement hypothesis, implying non-observability of free quarks:

O since quarks (and gluons) carry colour they are confined within colour-singlet bound states

04.02.2019 Standard Model of Particle Physics
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M mo~5 | m,~8 |m ~ 115
Quarks and hadrons: SU(4):u,d,s,c
M, ~ 4.2 M, ~ 17

dMeson= q1q; dBaryon= ¢,¢,9s3
U Baryon nber: B(q)=1/3

[ Spin
1 11
DE®E®E_>] =0,1

T
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Hadronisation scale A, = 1GeV su2) |ud, | M,=9383MeV M, = 939.6 MeV

SU(3) u,d,s M, = 1115.7 MeV Mzo = 1314.8 MeV ms < A,
SU(4) u,d,s,c My = 2453 MeV Mng = 2697.5MeV m. = A,
SU(5) u,d,s,c,b MAg = 2697.5MeV m, > A,
SU(6) u,d,s,c,b,t No bound states with t M, =172 GeV my > A,

n.(25) ¥ : -

SN I
hadrons ¥ q ZoollP hadrons
/!r ns

lron
P=(—1)AL+1
C=(-1)"L+S

dl

hadrons  hadrons ., * radiatave

nos =2.980 GeV ; M, ,, =3638 GeV EFedm)

o =3.097 GeV ; M,,.., =3.686 GeV

b b States

0,18
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ep - scattering

[ High energy hadronic processes well described through interactions of free
constituent quarks

Qolep—e X)=Y,0(e"q— e q)

Small E High E

¢ at large E (short distances)
\‘-_’/ . \,’ g | !

Large at small E (large distances)

Quark Flavour  (u.d. s c b.1)

Strong Interactions are { } COLOUR DYNAMICS

Weak Interactions change the FLAVOUR DYNAMICS
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Quarks and Colour

U Direct test of colour quantum number

O ete™ — annihilation into hadrons

(-8
W quarks assumed to be confined, 100% probability to hadronise

U summing over all possible final state quarks estimates inclusive cross-section into hadrons
: o(ete~—hadrons)
O RatioR_+,- =

O Well below Z-resonance sum over the N; quark flavours kinematically accessible
4m,? <s = (pe + p*)?, weighted by N, '

; T
10 Ji | | p(28)
( Z 1
N, =2 Nf=3:u,d, \
Ny 3¢ (Ny ud,s) 102 A
, |10 10 R I\
Re+e—zNCZQf=<—NC=— (Nf=4:u,d,s,c) /N
= 9 3 10 / e
11 11 ey | R 4
—N, =— (Nf=5:u,d,s,c,b) _J_.b'
L9 3 : ,
O Discuss the figure and agreement with N_=3! ) ,."" ?
10 L=
1
04.02.2019
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Non-a b@l |a n Ga Uge theO ry Exercise: derive QCD Lagrangian
O Quark field of colour a and flavour f : g

O Vector notation in colour space: q]‘i‘E (q}r, quc, C[?)

U Free Lagrangian L invariant under global SU(3). transformations in colour space

Lo =) 4 (iv"3, —my)ay af — (af) Upa; , UUT=UU=1, detU=1
f

. A2
dSU(3), matrices U = et 7%  with %/1“, (a =1,2,...,8) generators of fundamental representation of
SU(3) algebra, 8, : 8 arbitrary parameters

a/‘lb

. P . . A . A¢
O A% :traceless matrices satisfying commutation relations [?,7] = lf“b‘:? ; f9P€ structure constants

U Require Lagrangian to be invariant under local SU(3).transformations, 6, = 8,(x)

L Need change to quark covariant derivatives: 8 independent gauge parameters = 8 gauge bosons, gluons

/1(1
DHqr = (aﬂ + igS?GC’f(x)> qr = (aﬂ + igSG“(x)) qr
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a

A
DHqr = (aﬂ + igs7(}5(x)> qr = (aﬂ + igs(;“(x)) qr

U Compact notation and colour identity matrix is implicit in the derivative term
a

A
u —_ u
[Ga (x)]aﬁ = (7 G, (x)
ap
O Require D#q; transform as colour quark-vector g, fixing transformation properties of gauge fields

(D*) — (D®)' = UDFUT ,  (G*) — (G*)' = UGHUT +gi(6”U)UT

O Under an infinitesimal SU(3), transformation
. (AG / 1
qf —aqf +1i (7)a,; §6.qf  GF — (G =G =5 01(862) ~ fbes0,GY
S

0 Gauge transformation of gluon fields more complicated than in QED for photon
O Non-commutativity of SU(3). matrices gives rise to additional term involving the gluon fields themselves.
O For constant 68,, transformation rule for gauge fields is expressed in terms of structure constants f,.
O Unique SU(3)c coupling g, , in QED arbitrary EM charges assigned to different fermions
U Non-linear commutation relation in QCD, no such freedom for SU(3). as for U(1)

O All colour-triplet quark flavours couple to gluon fields with exactly same interaction strength
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U To build gauge-invariant kinetic term for gluon fields,
Q introduce corresponding field strengths:

G (x) = —gi [D¥, D] = 9*GY — 0VG* + ig [GH, G] =

Gy (X)=0%GY — 3VGY — gs fOP°Gf GY

Aa
> GLY (x)

U Under a SU(3). gauge transformation guv — (G#v)' = Uy G* Ut

1 . . .
[ Colour trace Tr(G*VG,,) = EGCﬁ“’ G2, remains invariant

1 L
SU(3). - invariant Lagrangian of (QCD)  £ocp = —; G G + Z qr(iy*Dy —ms)qy
f

4

O SU(3). gauge symmetry forbids mass term for gluon fields,

U not invariant under the transformation

L QCD gauge bosons are, therefore, massless spin-1 particles

04.02.2019 Standard Model of Particle Physics
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1 decompose QCD Lagrangian into its different pieces (go through this and identify various pieces)

1 (i) (guadratic) kinetic terms for different fields —
— B ' X
LQCD = — Z( GHGQ{ — avGé‘)(auGg _avaCLl) + E q]C} i yua“ _ mf)qjc[z propagators
f

,1a) B (i) colour interaction between quarks and gluons
apB

—Js G# Zf C_qu Yu (7 Qf — involves SU(3). matrices A,

2
g g
+ ?Sfabc((?“GQ{ - 8"65) G/,IL? 615 - Tsfabcfade G;f Gé’GﬂlGﬁ (iii) cubic and quartic gluon self-interactions —
non-Abelian character of colour group

O A simple and powerful Lagrangian

[ All interactions given in terms of single universal coupling g

G2 a b b d

L New feature: n G, Gy Gy G
U existence of self-interactions among gauge fields o 9 o o o

c v P

On resent in QED . g
ot present in Q g ;‘—;@Yu s fape &7 fipe fade

[ Expect gauge self-interactions could explain properties like
U asymptotic freedom (strong interactions become weaker at short distances)
U confinement (strong forces increase at large distances),
W which do not appear in QED
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L Without any detailed calculation, extract qualitative physical consequences from L ¢p

[ Quarks can emit gluons. At lowest order in ., dominant process : emission of a single gauge boson

() Hadronic decay of Z results in some Z — qqG events, in addition to dominant Z — qq

U Similar events show up in e*e™ annihilation into hadrons

[ Ratio between 3-jet and 2-jet events provides a simple estimate of strength of strong interaction;

Q at LEP energies (Vs = MZ): ag = g2/4m ~ 0.12.
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Jet production in e+e- Collisions

*e*e” colliders are also a good place to study gluons
+

e

e~ — qqg — 3jets ete” — qqgg

OPAL at LEP (1989-2000)

e q o Ot

Experimentally:

* Three jet rate == measurement of O

* Angular distributionsss gluons are spin-1

* Four-jet rate and distributions = QCD has an underlying SU(3) symmetry

4jets

04.02.2019
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Quantum corrections n,
( Parameterisation of higher-order corrections 0 - T ’ t

d2->2 e _
T(Q?) ~ %{1 + T1(Q%) + TI(QH)2 + -+ } = a(Q%)

[ Effective (Running) Coupling a(Q3?) =

a
-1 | _a (%)
/[ m

Screening

2

Q a(Q?) Increases with Q? = —q = a(Q?) decreases at Large Distances

Vacuum polarisation "

Y Y
O Vacuum acts as polarised dielectric medium J‘UQI\/"

O Photon couples to virtual f f-pairs f

1
- = 137.035999710 (96)
a~ a(m?) a(mz)

= 128.93 £ 0.05
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QCD Running coupling constant E ) % . ?

U Effective (Running) Coupling

as(QF)

as(Qz) =

1 58 10 ()

1 Contribution from Quarks AND Gluons:

 Anti-Screening

Q a.(Q?) Decreases with Q? = —g?

04.02.2019

mm) 00 = a;(0%)< as(QF)

= a(Q?) Decreases at SHORT Distances
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QCD Running coupling & Asymptotic Freedom

L Asymptotic Freedom

III| ]
% a(mz) = 0.119 £ 0.002

QB <0= lm a,(Q?) =0 03 F \\ -
Q 2 500 \
Q a.(Q?) DECREASES at HIGH energies =1 i
=0. \ﬁ\\
L Confinement? T,

B -

O a,(Q?%) INCREASES at LOW energies !

Q a; = 0(1) at1 GeV = Non-Perturbative Region . sl w sl

O Hadronisation Probabilty = 1 uGeV

ZogiS® 9 :/ ——
\.\..u,"’rh ’ %Hamons
q Y
+ +
e+ q

o(ete™ — hadrons) = o(ete” — qq) + o(ete” — qqg) + a(ete™ — qggg)+o(eTe™ — qqqq)
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@ measurements

ul__,\) UJ _uJ L J JJj

y

o, measured in various processes at
different energies

L Measurement translated to a reference energy
where ag has been measured with high precision

__o(ete”">hadrons)

R_+

=N, 3}/ Q]%{1+“ST(S)+---}

aa Deep Inelastic Scattering
oe ¢'e Annihilation

¢ Hadron Collisions

® ® Heavy Quarkonia

0.1189 + 0.0010

=Qcp o,(M}) =

ete” — gleteoutu)
R __ T'(Z-hadrons) _ w11 _I_“s(m%) 4 .
Z 7 I(z-ete) Q ¢ T
I'(t—»v;+hadrons)

R, = =N {1+,

['(t-vre~ve)

ATLAS ATEEC 7TeV [28]
ATLAS TEEC 7TeV [28]
ATLAS ATEEC 8TeV [3)
ATLAS TEEC 8 TeV (3)

CMS 3 jets 7Tev [7]

CMS 3)/2j ratio 7TeV [2]
CMS inclusive jets 7TeV [4]
CMS top pair 7TeV [29]

f li“lm

This work:
NNPDF3.0 pt
MMHT po——
cr1é b
2110 0115 0120 0125
a(Mz)
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0 Q [GeV] 100

DIS [pol. stret. fetn.]
DIS [Bj-SR]

DIS [GLS-SR]
t-decays [LEP]
xF; [v-DIS]

E, [e-, u-DIS]

DIS [ep —> jets]

QQ + lattice QCD

Y decays

o 34

¢e F)

-

€"¢ [Ohad]

ete [jets & shapes

ete [jets & shapes 22 GeV
ete [jets & shapes

e [Opagl

ete [jets & shapes 44 GeV]
ete [jets & shapes 58 GeV]
pp-->bbX

pp. pp ->7 X

o(pp --> jets)
I'(2°--> had.) [LEP]

c*c [scaling. viol.]

ete [4-jet rate]

jets & sl In[u 912 GeV

TOPAZ pp/eepp: A qq: A
Fits to leptonic data from:

ERO)

“*DORIS, -PEP, OPETRA, ¢ TRISTAN

Q)

025 50 75 100 125 150 175 200

0/GeV
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3 — Electroweak Unification
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3.1 — Experimental facts

U Low-energy experiments

O provide a large amount of information about the dynamics underlying flavour-changing processes

U Detailed analysis of energy / angular distributions in B decays, suchas u= — e Uply orn — pe U,

U = only LH (RH) fermion (antifermion) chiralities participate in those weak transitions
U =>» Interaction strength universal.

O Processes likem™ — e" 0, orm™ — u~ v,

U =» neutrinos have LH chiralities, anti-neutrinos RH

 Neutrino scattering data

O Existence of different neutrino types (v # v,
U separately conserved lepton quantum numbers (Veu # Veu)
Q transitions observed U,p — e*n; v,n — e7p; Uyp — utn; yyn — up

O processes notseen v,p —e*n; v,n—ep; UYp—en; yn—up
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U Together with theoretical considerations related to
QO unitarity — a proper high-energy behavior
O absence of flavour-changing neutral-current transitions (FCNC): u~ » e~ e" et ;s »d 1t I
U Low energy structure of modern electroweak theory good enough
O intermediate vector bosons W* & Z theoretically introduced and their masses estimated before discovery
O huge numbers of W* and Z decay events = much direct experimental evidence of dynamical properties
[ Charged currents — interaction of quarks and leptons with W* bosons features:

O Only LH fermions & RH antifermions couple to the W*
L 100% breaking of parity (P: left ¢ right) and charge conjugation (C: particle ¢ antiparticle).

U However, combined transformation CP still a good symmetry.

L W* bosons couple to fermionic doublets
U electric charges of the two fermion partners differ by one unit
Qdecay channelsof W-: W™ — e V,; u v,; 7 v,;du;s'c
O m, =173 GeV > My, = 80.4 GeV, its on-shell production through W~ — b’t kinematically forbidden.
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O All fermion doublets couple to the W* bosons with same universal strength

O Doublet partners of u, ¢, t (charge +2/3) quarks mixtures of d, s, b quarks with charge -1/3

-

vt =vtyv =1

U weak eigenstatesd ', s ', b’ # mass eigenstatesd,s, b

u
dl

|-

Up

C

S

!

|-l o]

U related through 3X3 unitary matrix V — CKM-matrix — characterizing flavour-mixing phenomena

O Experimental evidence of neutrino oscillations

Elve, Vi Ve (flavour eigenstates) also mixtures of mass eigenstates (PMNS)

U However, neutrino masses tiny

04.02.2019
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|Am3,| ~ 2.5 x 1073 eV?

I |Am3, | ~ 8 x 103 eV?
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U Neutral currents

W neutral carriers of the EM & weak interactions have fermionic couplings with following

properties:

W All interacting vertices are flavour conserving.
dBoth y & Z couple to fermion & own antifermion, i.e., vff ; Zff
Qbut NO transitions of type u~ — e"y; Z — puTe™

U Interactions depend on fermion electric charge Q;

UFermions with same Q; have exactly same universal couplings

UNeutrinos do not have EM interactions (Q, = 0), but have non-zero coupling to Z boson

d Photons have same interaction for both fermion chiralities,
Qbut Z couplings are different for LH & RH fermions.
Uneutrino coupling to Z involves only LH chiralities.

>\f\:\2/-uw<p_

et p*

e

[ 3 different light neutrino species
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3.2 - SU(Z)L®U(1)Y thEOry Exercise: derive EW Lagrangian

L Gauge invariance
O able to determine right QED & QCD Lagrangians

O to describe weak interactions, need more elaborated structure
U several fermionic flavours and different properties for LH & RH fields;
U LH fermions appear in doublets

U massive gauge bosons W* & Z in addition to photon
L Simplest group with doublet representations: SU(2)

U need an additional U(1) group to include also EM interactions

O Obvious symmetry group to consider G=SU2),®U(1)y
QL refers to LH fields; Y: hypercharge (= naive identification with EM does not work)

U Consider single family of quarks (valid for lepton sector)
Pi(x) = (Z)L ; Y, (x) = ug; Y3 (x) = dpg [Ue u] [Uu C] [Ur t]
i@ =(2) i @ =ver Y3 =ez em 'l STl b
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3
U Asin QED & QCD Lo = ia(x)y*d,ux) + id(x)y*d,d(x) = Z i ;i(x) y*a,;(x)

Q L, is invariant under global G transformations in flavour space j=1

1 () %wim = eBU, (x)
P, (x) :wé(x) = e2P 1, (x) U = el7 =123
Y3(x) > P5(x) = e3P Ps(x)

L U; only acts on doublet field Y.
W Parameters y; : hypercharges; U(1)y phase transformation analogous QED.

U Matrix transformation U, non-Abelian as in QCD.

1 Note no mass-term — would mix the LH&RH fields — thus spoiling symmetry considerations

U Require L, invariant under local SU(2), @ U(1), gauge transformations a.=a,(x), B=B(x)

O To satisfy symmetry requirement, covariant derivatives B
QsU(2), matrix field DHipy (x) = (0" + igWH(x) + ig'y1B*(x) )1 (x)

WH(x) = %lWi“(x) D, (x) = (0* + ig'y,BH(x) )2 (x)
D¥3(x) = (0" + ig'ysB*(x) )3 (x)
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O 4 gauge parameters, a;(x) & B(x) = 4 different gauge bosons needed to describe W*, Z and y

Q DH(x) must transform in exactly same way as ;(x) fields .
U This fixes transformation properties of gauge fields BH(x) E) pH' = BH(x) — =0 B(x)
!/

i
U, = el7 We S W = U, OWHUT (x) + 01U, () U] (x)
L U(1), transformation of B+ as in QED for photon g
QSuU(2), : W fields transform analogous to gluon fields of QCD.
U Note:
= ;couplings to B, completely free as in QED, i.e., hypercharges y; arbitrary parameters

= SU(2), commutation relation is non-linear - no such freedom for W¥, : a unique SU(2), coupling g

U Lagrangian S
L= i Dby ()
j=1

[ invariant under local G transformations

O To build gauge-invariant kinetic term for gauge fields, introduce corresponding field strengths

. i i . . . _ L
B, =0d,B,—0,B, W = —E[Du, D,| = —5[((9# +igW,) (0, + igW,)] = 0, W, — 8,W, + ig|W,, W]
W = 2 W, Wi, = a,W) — a,Wi — geTw]wye
uv — 2 uv uv u'Vu v'u ) u v
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O B,, remains invariant under G transformations, while VT/MU transforms covariantly

G ~ G ~ +
By — =By ; W= U W, Uy

uv

O properly normalized kinetic Lagrangian

1 1 ~ 1 1 i
Liin = =7 By B¥ — - Tr|[W,,WH| = — By, B¥ — W, W

U field strength Wﬂiv has quadratic piece — Ly, gives rise to cubic & quartic gauge fields self-interactions

U strength of these interactions is given by same SU(2), coupling g of fermionic piece of Lagrangian

J Gauge symmetry

O forbids gauge boson mass term

O fermionic masses not possible — L = i_l/J yHouy — m}blp B ~
O would communicate LH & RH fields with # properties — L yﬂaﬂlrbL + Pl yﬂalilpR —mPr +YPr Y1)

1 — would produce an explicit breaking gauge symmetry

SU(2),®U(1), Lagrangian only contains massless fields!
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3.3 — Charged-current interaction

O Lagrangian contains

2
O interactions of fermion fields with gauge bosons o (17%)

3
L — —gh1y*W, 1 — g'B, Z Y ¥ v*b,
=1

J - W3 2w,
O term containing SU(2), matrix W, = ﬁwl = 1 K V2 K
fT2E 2\vaw, -

U gives rise to charged-current interactions with boson field and its complex conjugate

1 , 1 .
W, = (W + i) W)= o= (W —iw?)
O For a single family of quarks and leptons (check)
9 _ _
Lo = === W/ Tay*(1 - y®)d + 5. v*(1 - y)e] + h.c}

2+/2

O Universality of quark & lepton interactions
U now a direct consequence of the assumed gauge symmetry.
U BUT L, cannot describe observed dynamics — gauge bosons massless — long-range forces.
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3.4 — Neutral-current interactions

O Lagrangian contains

O also interactions with neutral gauge fields WM3 and B, identified with the Zand they.

L However, since photon has same interaction with both fermion chiralities

U singlet gauge boson B, cannot be EM field, requiring y1=y,=y3 and g'y;=eQ; - cannot be simultaneously true

W arbitrary combination of both neutral fields VVMS cosOy  sinfuy\ (Za
<Bu ) - (—sinHW c059w> <Au>

O physical Z boson massive — forbidden by local gauge symmetry.
U possible to generate non-zero boson masses, through the spontaneous symmetry breaking (SSB) mechanism

U neutral mass eigenstates = mixture of triplet & singlet SU(2), fields.

O In terms of the fields Z and y, neutral-current Lagrangian:
3
- 03 . p 03 p
Lyc = —Z Y; y“{AM [g;sm@w +g9 ijOSHW] +Z, [970059141 —Jg ijlnHW]}tpj
j=1

U to get QED from A, piece, impose conditions (check): g sin8y, = g'cosfy, =e, Y =Q—-T;=0Q — %
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3
Lyc =— z 1/_)j Yy {Aﬂ [g 02—3$in9W + g’yjcosé?w] +Z, [g%cos@w — g’yjsinHW]}v,bj
=1

Lto get QED from A, piece, impose conditions: g sinfy, = g'cosfy, =e, Y =Q-T;=0Q — Rk

2
L Q: EM charge operator

a=(%" o) @ Qwi 00

Q gsinby, = g'cosOy, = e relates SU(2), and U(1), couplings to EM coupling,
U provides wanted unification of electroweak interactions.

O Y = Q — T; fixes the fermion hypercharges in terms of electric charge and weak isospin QNs:
1 1 1 2 1
QQuarks: y; =Q, —== 04 +E=E; Vo= Qu=§; V3= Qd=_§
1

1
Q Leptons: y;, = Q, — == 0, +§=—5; V.= 0Qy =0; y3=0Q,=-1

2
1
2

O A hypothetical right-handed neutrino would have both Q=0 and y=0
U Not any kind of interaction = sterile — not considered further

U Neutral-current Lagrangian: £, = Logp + LE-

Logp = —e4, Z?=1 ‘ﬁj yYHQjp; = —e A,ng Liic = :

2 sinBy, cosBy,

Jz2u
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3
[ Neutral fermionic current JH = 2 Y, yH(o5 — zginZQWQj) Y= J5 — 2sin?6y, J5,

z
j=1
i Z - _ ¢ F by, —
O In terms of more usual fields Lic = 7 SinB coso Z, Z] fvy (vf afy5)f
ar = T{; ve = Tf (1 - 4|Q|sin%6y,)

25 4 —§Sin29W —1+ 3sm 26y =1l Lo Gy

2a; 1 -1

50
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3.5 — Gauge self-interactions Buy =0, B, =3, B, W, = 0,Wf — 8,W} — ge*w;/ W
O In addition to the usual kinetic terms, L,

1 w3 ] Z
w® = —(W,} + in) w2 ( CO:S‘HW smHW)< #>
_ K V2 B —sinfy, cosOy ) \A
__1 w _ Lyggi v H #
Liin = =3 By B™ — ;W W,
O generates cubic & quartic self-interactions among gauge bosons (do it & get convinced)
L3
= i e cotOy {(@*W? — *WHW,1Z, — (a*WPt — avwHrt YW, Z, + W, W1 (8#ZY — 8V ZH)}
+ief{(0*W? — aVWHW, A, — (Wt — 0P WH )W, A, + W, W, (HAY — aVAH)}
Ly
e? 2
_ t t t f
—m{(m W) — wiwrtwwel - e2cot?ey { wiwrz,zv — wize w,zv)
— e? cot Oy, { 2WWHZ,4¥ — WIzZF W,AY — WAk w,zv}
— e { W wHA,AY — WAk w,Av) whow? w w* 1.7
Y,Z
O Notice
O at least a pair of charged W bosons are always present w w w w 1.z

U SU(2), algebra does not generate any neutral vertex with only photons and/or Z bosons
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Wi, = 8,W. -8, W -z & wim

i cotly ("W - W)W, Z, - ("W - W'\W,Z, + W, W, (8"2" - 8"Z")}

+ic {(8WY —WH) W, 4, — (8"W" W) W, 4, + W, W} (¥4 —o¥4")}

—— {(W; W) - W, W"} — ¢ cot’6, {W)W*Z, 2" - W} Z*W, 2"}

) e ¥

2 sin“6

—&'cot8, {2WLWHZ, A" - WL Z' W, £ -WL A" W, Z"} — ' {WI WA A -W) AW, A}
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4 — Spontaneous Symmetry Breaking sty Thomsn, MPP ch. 17
dSo far

O able to derive charged- and neutral-current interactions of the type needed to describe weak decays

O nicely incorporated QED into same theoretical framework

U got additional self-interactions of gauge bosons, generated by non- Abelian structure of SU(2), group
1 Gauge symmetry guarantees a well-defined renormalizable Lagrangian.

L However, Lagrangian makes sense only for massless gauge bosons

O fine for photon field, not for physical W* and Z bosons — quite heavy objects
U To generate masses

O need to break gauge symmetry in some way

O While keeping fully symmetric Lagrangian to preserve renormalizability

O Solve dilemma by possibility of getting non-symmetric results from a symmetric Lagrangian
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U Consider Lagrangian
O invariant under a group G of transformations

O with degenerate set of states with minimal energy,
transforming under G as members of a multiplet

L Symmetry spontaneously broken
O if one of states arbitrarily selected as ground state of system
L Well-known physical example: ferromagnet

[ Hamiltonian invariant under rotations

U ground state has electron spins aligned into some arbitrary
direction

W any higher-energy state, built from ground state by finite
number of excitations, share this anisotropy

Oin QFT,

O ground state is vacuum

L SSB mechanism will appear when there is a symmetric
Lagrangian, but a non-symmetric vacuum

04.02.2019 Standard Model of Particle Physics
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W Very simple illustration of SSB phenomenon

O Although left and right carrots identical
U Horse takes decision to get food

U Not important whether he goes left or right — equivalent options — but symmetry gets broken

O In 2 dimensions (discrete LR symmetry)

U after 15t carrot horse makes effort — climb hill = to reach 2" carrot

O In 3 dimensions (continuous rotation symmetry)

U marvelous flat circular valley for horse to move along from carrot to next without any effort.

L General property of SSB of continuous symmetries

[ Existence of flat directions connecting degenerate states of minimal energy
Qin QFT

O implies existence of massless degrees of freedom (d.o.f)
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4.1 — Goldstone theorem

U consider a complex scalar field ¢(x), with Lagrangian

L=0kpta,p—V(P);  V(P) = 2T+ h(pTe)

O £ invariant under global phase transformations of scalar field

¢ (x) — ¢'(x) = ePp(x)
O to have ground state, potential bounded from below, h >0

U p? > 0: potential has only trivial minimum ¢ =0
= massive scalar particle with mass p and quartic coupling h.

_HZ

%
U p? < 0: minimum for field configurations satisfying |pol = | =—= V(gpy) = ——v*

2h 2’
[ U(1) phase invariance (p? < 0) V2

O degenerate states of minimum energy, dy(x) = v/v2 e®

U choose particular solution, 8 = 0, as ground state — symmetry spontaneously broken

\/— —= v+ 01(x) +ig,(x)]

h
V(gp) = ——v — p2 3 + hvpy (9% + 93) +— (<p1 + ¢3)?

U parametrize excitations over ground state as ¢ (x) =

U ¢, describes massive state m¢ = —2u?, while @, is massless

04.02.2019 Standard Model of Particle Physics
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1 - i V(0) V)
Q To 1%t order in the fields ¢ (x) = \/—E[U + @1 (x)]e'¥2/v | 5
1 h |
U Vand Ltake form  y(¢) = v(g,) + Em?pl‘/’% + hv @3 + erf T
1 1 P1\2 L
L(@) =5 0,0:10" 01+ (14+77) 02040, = V($) ‘
1 1 h 1 0, 1 /12 h
L(P) = 5 0,p10"p1 = 5 MG, 0T — hv 97 — 7 91 +50,020" 95 + -0, 020" + 1(7) Oup20" p — 7 v*
U ¢, : massive state mél = —2u?; @,: massless (Goldstone) boson

O p? < 0 - Case with Spontaneous Symmetry Breaking — appearance of massless particle

U field @2 describes excitations around a flat direction in V — into states with same energy as chosen ground state
U excitations do not cost any energy — correspond to a massless state

[ Existence of massless excitations associated with SSB mechanism

O completely general result — Goldstone theorem

O if Lagrangian invariant under continuous symmetry group G, but vacuum only invariant under subgroup H
C G, then there must exist as many massless spin-0 particles (Nambu—Goldstone bosons) as broken
generators (i.e., generators of G which do not belong to H)
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Brout-Englert-Higgs (BEH) mechanism

L SSB of a complex scalar field with a potential V(¢) = o + agt

1 embedded in a theory with a local gauge symmetry

O Example of U(1) local gauge symmetry used to introduce main ideas
2

0 Lagrangian £ = (9,4)"(0"¢) - V(¢) with V(@) = u(6"¢) + A" )’

L) Not invariant under local transformations

B(x) = ¢ (x) = XV (x)
U okif

3y — Dy = 8, + igB, B, — B, = B, — d,x() L= (Do) (D*$) - V()

O combined L for complex scalar field ¢ and (massless) gauge field B
L= 1P Fyy + (Dud)" (D) - 1°¢” — A4
O term involving the covariant derivatives
(Du¢)* (D¥¢) = (O — igBu)¢™ (0 + igB*)¢
= (3,9)"(9"9) — igB,¢" (0"¢) + ig(,0")B d + g°B,B "¢
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Q full expression for Lagrangian L =-— %F“VF,,,, + (0u0)" (0% 0) - 2o — a¢*
~ igBug* (0"9) + ig(3ud*)B"$ + 4> B,B $"¢
O Break symmetry, expand complex scalar field ¢ about vacuum state
$(x) = 50+ n(x) + iE(x))
@)@ )= W0 + 5(OuENI*E) — 3 Fuy F* +3°0* BuB* ~Vis + guBu(94€)

—

L:

(b=

massive n massless & massive gauge field

O V...(n,&,B) contains the 3- and 4-point interaction terms of fields n, £ and B
L SSB produces a massive scalar field n and a massless Goldstone boson €.
O In addition, previously massless gauge field B has acquired a mass term 1/2 g?v2B,,B*

O Pbs: gvB,(0%€) term — direct coupling between Goldstone field § and gauge field B

U Associated with longitudiunal polarisation state of B gv

O Additional degree of freedom; Non-physical fields? B "N ——-—-¢

O Appropriate gauge transformation = eliminate € field from £

2
1
L0uE)(0"8) + guB(0*¢) + 19> B,B* = 14*v* | B, + 5(8,,_5)]
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2
L0u6)0"8) + guB(0*€) + 19> B, B* = Lg%

1
Bﬂ + 5(6;;(_‘5)

[ make the gauge transformation B, (x) — B;l(x) = By(x) + Lf)ﬂf(x)
gu

a5 L= %(8”7])((9#7])—,-102713 + - %F”VF”V+%gzsz”'Bé —Vint

massive n massive gauge field

O choice of gauge corresponds to taking x(x) = —-€(x)/gv in B,, - B;l = B# — (9#,Y(x).

O corresponding gauge transformation of original complex scalar field ¢(x) is

p(x) = ¢'(x) = e—ig%gb(x) = ¢ €O g(x) d(x) = %(v +(x) + ié(x)) ~ dx)= % [0+ n(x)] €59/

6(x) > ¢'(x) = <5 [0+ ()] €€ = (0 + (X))

O =>» Unitary Gauge eliminates Goldstone field &(x) from £

U corresponds to choosing complex scalar field ¢(x) to be entirely real

(x) = <50 +1(x) = 50+ h(x)
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O Important to remember
O Physical predictions of theory do not depend on choice of gauge,
O In unitary gauge, fields appearing in £ correspond to physical particles — no “mixing” terms B ,(9"¢)

O D.o.f. corresponding to Goldstone field §(x) no longer appears in L;
U replaced longitudinal polarisation state of massive gauge field B
U Goldstone boson has been “eaten” by the gauge field

L= (Du¢)"(D*¢) — 1 Fu F*™ — 12¢* — a¢*
= 30y — igB,)(v + h)(0* + igB*)(v + h) — 1 F F* — L1 (v + ) = La@ + h)*
= 3(0uh)(0"h) + 1g*B,B* (v + h)* — L F, F* — 20®h* — aoh® — 1an* + Lao*.

£ = 1(3,h)@"h) - WPh* - 1F,, F* + 1%’ B, B*

B h B
\ / \
~ ~ \\ / \\
massive h scalar massive gauge boson he——— <:g\|:\0 Ié N '\/ T ,\
\
+ g*0B,B"h + 14’ B,B*h* — avh® — Lan* . '
~ ~ ~ ~ B h B

W W

h,B interactions h self-interactions

mp =90, my = V2.0.

O Vacuum expectation value v sets the scale for the masses of both the gauge boson and the Higgs boson
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4.2 — Massive gauge bosons

U Goldstone theorem a priori worsens mass problem by adding massless scalars ...

0 What about local gauge symmetry ™ (x)
[ consider SU(2),_doublet of complex scalar fields ¢ (%) = <¢(0) (x))
 Gauge scalar Lagrangian Lg invariant under local SU(2), @ U(1)y transformations
2
Ls=DteTD,p — PPt — h(opTo) h>0; u*<o0
. A7 T/ 1
D“¢=(6“+LgW”+ Lgy¢B”)¢ Vo =Qp—Ts ==

2
O Value of scalar hypercharge fixed by requiring correct couplings between ¢(x) and A(x)

3 i.e., photon does not couple to 9, and &) has right electric charge

U The potential very similar to Goldstone model one 5
e : i o —HU v
O infinite set of degenerate states with minimum energy satisfying |(0|¢(0)|0)| = |55 = —=
- : . . 2h /2
U association classical ground state with quantum vacuum more explicit

U Since electric charge conserved, only neutral scalar field can acquire a vacuum expectation value (VEV).

U Once particular ground state chosen , SU(2), ® U(1)y symmetry spontaneously broken to EM subgroup U(1)qep,
U by construction U(1)qep still remains true symmetry of vacuum

U According to Goldstone theorem 3 massless states should appear
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U Parametrize scalar doublet in general form & (x) = ei%ei(x)i( 0 )

V2 \v+ H (x)

U 3 fields §(x) : would-be massless Goldstone bosons associated with SSB mechanism

Q Unitary Gauge = 1 0
¢ (x) =E(U+H (x))

O Local SU(2), invariance =» rotate away any dependence on é(x)

O Covariant derivative couples scalar multiplet to SU(2), ® U(1), gauge bosons
D¢ = (0 + igW* + ig'yyBH* )¢
U physical (unitary) gauge é(x) = 0 = kinetic part of Lg

(D*$)TDH ¢ o Lo Horn + (v + h)? iWTW” +g—zz ZH
2 H 4 H 8cos2 0y,

O VEV of neutral scalar v generated quadratic term for the W* & Z, which acquire mass

M, cos By, = My, = Evg

O Clever way to give masses to intermediate carriers of weak force:
U Add Lg to SU(2), & U(1)y model

O Total Lagrangian invariant under gauge transformations
W This guarantees renormalizability of the associated QFT

04.02.2019 Standard Model of Particle Physics

63



O Details leading to = kinetic part of Ls in previous slide

D¢_;f25 +igwW.) +ig'B,  igwIW. —iW] ( 0 )
# _2‘/7\ tgw[W(')+1W(2)] 20, tgwuf(3)+tg’B v+h
o tgw(W(')—lw(z))(v+h)
2v2 | (24, —twa ' +igB)w+h) )

(D) (D*¢) = L(@,h)0"h) + Lga (W + iw YWD — iw Py + by
+ LgwW) — ¢ B)(gwW¥ — ¢ BY)(v + h)?

O Gauge bosons masses determined by terms in (D, $)T(D*d) quadratic in gauge boson fields

8” gw (W(I)W(l)“ - WQ)WQ)“) (wa(3) -gB )(wa(3)“ - g'B”)
O In £, mass terms for the W(1) and W(2) spin-1 fields will appear as

%m%VWf,])W“)“ and mew‘z’w@”
my = %ng.
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O Terms in £ quadratic in the neutral Wand B fields

2 2 2 — (&) W(3)ﬂ
2 3 _ u_ g = 2 (wd gw —9wd \[ WY p k)
(W= 3) (owwr—g )= § (w2 ) v 0 ) (") = 5 (2 (",
O Off-diagonal elements of M couple W®land B fields = mixing
O PDiagonalise M to get physical boson fields — independent eigenstates of free Hamiltonian
detM—a)=0 (G5 —DG* =D —gyg*=0  1=0 or A=gy +g”
1, 0 0 A+ | mi 0 \[A*
w50 gen)(z) 32T )2
WO + gwB o L
A= T TN ith myg =0, ma=0 and mz=lo\@ +g2 - =tanéw
2 2
\/g +d
W A, = cosbwB +sin9wW(3),
w g g my =19V _,
gwW, -9'B, 1, [2 . 27 — _sing w7 Zcos by
Z, = with mz = j0/gy, + ¢'*|| Zu = —sinbw By, + cos bw W,

V9w + 92

L = COS Bw
gwu. v =246 GeV my

b —

my =
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U Coupling to gauge bosons
(D) (D*¢) = L(@,h)0"h) + Lg2 W + iWw D) WDH — iwPHy o + h)?

+ LgwW) — ¢/ B)(gwWH — ¢/ BY)(w + h)?

O coupling strength at the hW+*W- vertex

. 2 2 1 2 2u/- 1 2 - 1 2 vr—
Wi = % (w(l) F lw(z)) %gww; W+#(U + h) = Zng W/‘ W+IJ + jngwﬂ W+#h + Zwa# W+ﬂhh
W+ Z
2 . _
GHWW = 3Gl = gwmw T — gwmw ¥ [Ep—— g7z
W y4
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(1 SSB occurs

U Broken generators give rise to 3 massless Goldstone bosons ¢ (x) = ei%el(x) (v n I(-)I (x))
Usu(2), invariance = §(x) can be rotated away
U Unitary Gauge: §(x) =0
U W & Z acquired mass — not photon

L Number of d.o.f. =?

(J Before SSB mechanism: 10 d.o.f
W massless W*& Z bosons: 3X2=6d.o.f
(14 real scalar fields: 4 X1 =4 d.o.f

O After SSB: 10 d.o.f
U 3 Goldstone modes ‘eaten’ by weak gauge bosons, becoming massive: 3 X3 =9 d.o.f

U 1 remaining scalar particle H — Higgs boson
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4.3 — Predictions g sinfy = g'cosy = e

W Ingredients to describe EW interaction within well-defined QFT
QM, = 91.1875 + 0.0021 GeV; My, = 80.399 + 0.023 GeV

1 . M?
Mgz cos Oy = My = Svg = sin?0y, =1- M—"‘Z’ 0.223 Vi
O Independent estimate of sin?8y,from muon-decay u Ve
2 2 At
U Propagator 29 ~ 92 -— _ = W26, -
My —q My, sin®0y My, Higher-order e
QA Lifetime 7, = (2.1969803 £ 0.0000022) - 10~ °s correcti
1 GEM;  (m?
azI‘u 192n2f< >(1+5RC);f(x)=1—8x+8x3—x4—12x2l0

0 Fermi coupling constant Gr = (1.1663788 + 0.0000007) - 10~>GeV 2

a, Mw, GF - SinZQW - 0215

U Fermi coupling = direct determination of EW scale — scalar vacuum expectation value

v=(26) """ =246 Gev
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4.4 — The Higgs Boson

L introduced new scalar particle into model — Higgs H Ls = DrTD, — u2ptp — h(ete)’

O In terms of physical fields (unitary gauge), Ls takes form (check) Dt = (0 +igWH + ig'ysB* )¢

1 h h h
LS - Zhv4 + £H + LHGZ ,,, \\\ ///
h——---& Av LY
1 1 M3 M3 A AN
= = Ly — - pm2y2 _YH g3 _ TH 2 \ P \
Ly 5 d,Ho*H 2MHH - H o7 H i i )
_ 2yt 2 H*) | 1,9 2 H? zZ
Lygz =My wiwr {1+ 20+ D4 M2z, 2 f1+ 20+ )
2 My
Y H
O Higgs mass: My = \/—2u* = v2hv = 125.09 + 0.24 GeV
- £z H W+ H
O Coupling of Higgs to gauge bosons « my, v
O Coupling of Higgs to fermions o my i _ M i M
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4.5 — Fermion masses — see next 2 slides

1 Fermion mass term not allowed — breaks gauge symmetry

L would communicate LH & RH fields with # properties

XX

Q-<—>g

0 — would produce an explicit breaking gauge symmetry
L=iYy*dp —mypy = PiyHo,, + PrivHo,pp — m(PLr + Yripy)
Ly =-myp = —mP,Yr + PrYy)

L With additional scalar doublet, possible to write gauge-invariant fermion-scalar coupling

_ (+) _ (0)+ (+)
LY = —Cl(ﬂ, d)L <2(0)> dR - Cz(ﬂ, d)L < ¢ )uR - C3(U_e, e_)L (2(0)> er + h.c.

_(p(—)
O Charge conjugate field ¢p¢= io, ¢p* 1
O Unitary gauge, Yukawa-type Lagrangian takes form (check) Ly =-— ﬁ (v + H){Cldd + cpuu + ‘333_3}
% % %
0 SSB mechanism generates (does not predict) fermion masses my;=c¢ci—; m,=¢),—; M,= C3—
d 1 \/’z u 2 \/’2 e 3 \/’z

O all Yukawa couplings are fixed in terms of masses I
Ly = — <1 + ;) {mdcid + myuu + mee_e}

04.02.2019 70



Fermion masses

 Use BEH mechanism to generate masses of fermions
1 Mass term —m@// =-m (ERJIL - ELl//R) violates gauge symmetry
O In SM, LH chiral fermions placed in SU(2) doublets L and RH fermions placed in SU(2) singlets R

O two complex scalar fields of BEH mechanism in SU(2) doublet ¢(x)
L SU(2) local gauge transformation affects ¢(x) as LH doublet L

S _ _ _ 200 i
qb_>¢,:ei‘%el(x)d) L Uyo [ [ =eis0®

Q Z¢ invariant under SU(2), e €g e
S —_ mg
O LéR and R¢T_L invariant under SU(2) . XU(1)y \/
Q —gs(LYR + R‘NL) satisfies SU(2) XU(1)y gauge symmetry ! h-====- me/v
- I
- _ ¢+ _ 0 Ve )
Le —— Ve € ( €R + €R M * X m +
0| (5 ), (4 Jenvzn( o ) (%) RIS
U After SSB v

0 — = M
_ 1 — _9e —_ e _ e
$(x) = —ﬁ( 0+ h(x) ) Le = —-5v(erer +eger) — ~sh(eLer +ererL) | Lo = —meee - —-eeh
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O VEV occurs in lower (neutral) component of Higgs doublet,
O —gf(LPR + R'L) only generate masses for fermion in lower component of SU(2), doublet

Q construct conjugate doublet ¢, be = —ioyd® = ( — 0 ) - L( -3 + iy )

o= ) 2\ ¢1—id
_ —o!* _ —
L, = gu(ﬁ d )L( pe )uR Ly, = —%v(ﬁLuR +Uguy) — %h (upug +uguy)
— my _
gu = V2my/v L, = —-myuu - Tuuh
mf ez e;-', e
O Yukawa couplings of fermions to Higgs field gr = 27 \\’"e//

" he———- me/v

|

I I
QO M,~173.5+1GeV > g~1 v =246GeV ! )
€

O If m(neutrinos) = g,,, <~1012|

L =» mechanism generating neutrino masses might be different — Seesaw mechanism?
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5 — Electroweak phenomenology

L Gauge and scalar sectors of SM Lagrangian — 4 parameters:
D g/ gll ,uzi h ora, eW} MW) I\/IH

O Alternatively, choose as free parameters
QGr = (1.166 378 8 + 0.000 000 7) - 10~°>GeV ~2
Ua1=137.035999 084 + 0.000 000 051
UM, =91.1875 + 0.002 1 GeV
QM = 125.09 + 0.24 GeV QMW =80.399 £ 0.023 GeV

sin?0,, = 0.%
sin?@y, =1 - \SanHW ~0.212

My sin?6,, = 22 = 80.94 GeV
F
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5 — Electroweak phenomenology

 Decay width of weak bosons (calculate) W
Gr M3, L 2 Gp My
(W= 0,17) = (W~ —>u;d;) = N-|V;;| ——
( — 7;l7) p— ( l]) C| l]| 672 S T
1>
___ _ .(d\ _( cosb, 31“90> d Br(W~- — 0,1~ _ITW-—wl) 1 = 11.19
Qw =5, 5(0) = (5o, corer) (5) WP BrOVT — A0 = e T = sy = 1%

QQCD: N, {1 + @} ~3.115 == Br(W- — 5,l°) = 10.8%

Br(W~ — v,e”) = (10.75 + 0.13)%
QO Experiment: Br(W~ — 0,u") = (10.57 + 0.15)%

O Universal couplings! Br(W~ — u,77) = (11.25 £ 0.20)%
Br(W~ — 9,07) = (10.80 + 0.09)%

QW total width: I}, = 2.09GeV (2.085 + 0.042) ; [,= 2.48GeV (2.4952 + 0.0023)
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W Leptonic Branching Ratios

_i_ 10.7

ALEPH 8= 0.29
DELPHI - 10.55 = 0.34
L3 ) B 10.78 = 0.32
OPAL i 10.71 = 0.27
LEP W—ev 10.71 = 0.16
ALEPH 1_ 10.87 = 0.26
DELPHI - 10.65 = 0.27
L3 a 10.03 = 0.31
OPAL . | 10.78 = 0.26
LEP W—uv ol 10.63 =+ 0.15
ALEPH . 11.25+ 0.38
DELPHI 11.46 = 0.43
L3 e 11.89 = 0.45
OPAL - 11.14 = 0.31
LEP W—tv - 11.38 = 0.21

3 y’Indf=6.3/9
LEP W—lv ® 10.86 = 0.09

3 x°Indf = 15.4 /11

J‘_|_'_'_'_'_|_'_'_'_'_|_r

10 11 12

04.02.2019

Br(W—slv) [%]

Standard Model of Particle Physics

W Hadronic Branching Ratio

ALEPH
DELPHI
L3
OPAL

LEP

_._ 67.13 = 0.40

67.45 = 0.48
67.50 + 0.52
67.41 = 0.44

67.41 = 0.27
yZIndf = 15.4 /11

66 68 70

Br(W—hadrons) [%]
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1 Lepton universalit B -V
P y il LR N U
D g#/ge 9 g“\ Vl} \Vll Vu
g1 o W =] C
P /VT T c;/c JW/
T %/c LN - .
e oS,
81 Ve
d 9:/9u > t—’—q”::p g, Ve W o
a ) ML=l
g TN~y N %_I'K Vo
_)Q_M/‘Vll i gu “ W gi'/ u
e 20l PN
g \Vr Vu Vi

9u/Ge

rou/Bisse | 1.0000+0.0020
roou/Brse | 1.0021£0.0016 1.0006 +0.0022

K—),LI/BK—)e 1.004 £0.007 T—>7T/r7f—>,u O996i0005 g‘r/ge
koms/Bisne| 100240002 WTeok/Tks, | 0.979+0.017
W—),u/BW—w 0.997+0.010 U'—)z’/BH’—>,u 1.039+0.013

B, T,/T. | 1.0005+0.0023
By /By | 1.03640.014
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Table 2: Measured values of Bf(W ™ — #17) and I'(Z — [717) [9,34,35]. The average of the three leptonic
modes 1s shown 1n the last column (for a massless charged lepton [).

e I T [
Br(W~— = pyl™) (%) 10.75+£0.13 10.57+£0.15 11.25+0.20 10.80+£0.09
I'(Z —=171") (MeV) 83.91 £0.12 83.99+0.18 84.08 +0.22 83.984 + 0.086

Table 3: Expenimental determinations of the ratios g; /g [9,41-44]

F‘r—w,.et?e /l_‘u—w,,eﬂc PT—W.,.K/PW—W Uy FT—N/.,-K/FK—)H Vy FW’—W 7 /FH’—m Vy
|97/ 9, 1.0007 £ 0.0022 0.992 £+ 0.004 0.982 + 0.008 1.032 £ 0.012
F‘r—wruﬂ,, /FT—wreﬂ., Pw—mr?,,/rw—)eﬂc FK—mz?,,/FK—)ef/e FK—mm?,,/FK—meDe
|Gy / Ge| 1.0018 £+ 0.0014 1.0021 £ 0.0016 0.998 = 0.002 1.001 £ 0.002
FW—m Vy /FW—m Ve PT—)VTIJ, Vg /I‘u—w,,eﬁe FW’—?Tﬁr /FW—*rel?e
|G/ Ge| 0.991 =+ 0.009 g7/ el 1.0016 + 0.0021 1.023 +0.011

Standard Model of Particle Physics
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L Z-boson decay width (calculate) y4
azZ— l+l_,Vl17[
GrM; 2 2 f
F(Z—)ff):NC;T—\/%OvA + |ag|) N, =1;N, =3

O Zinvisible width — number of light neutrino species

Tiny _ T(Z—invisible) r(Z—vp) 2 -
Iy TEZ—ltim) VrEz—iti) Y (1-4sin?0y)2+1 1.955N, ( Ny)
. T;
U Experiment: % = 5.943 + 0.016 N, =3.04 (N,= )
i 40 P
U Final LEP result: N, = 2.9840 + 0.0082 35 [ 2vs ~ =
: &k N ¢ ALEPH ]
» from Z line-shape at LEP 30 |- A v PELPHT -
5 e 1.3
25 F -
O Z total width: PN OPAL
Qpredicted I, = 2.48GeV Y
Omeasured I;= 2.4952 + 0.0023 GeV 10
5 [
N ST T D DU U PO DTN PO T
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5.1 — Fermion-pair production at Z peak *

Qunpolarized e* e~ beams

[ differential cross-section at lowest order e’ f f
do a? .
i ng{A(l + cos?6) + B cos @ — hy [C(1 + cos?0) + D cos 0]}

A=1+2v,v:Re(x) + (V2 + a2)(v? + af)|xI?
B = 4a,arRe(x) + 8v,a,vear|x|?
2
anN, = 1;N, = N {1 + %MZ) + } C = 2v,arRe(y) + 2(v¢ + ag)veas|x|?
D = 4a,v;Re(y) + 4veae(v}§ + a]%)l)(l2

O hf : sign of helicity of fermion f

GpM?2 s
U Z propagator X = 2\/% z .
A ¢ — M2 +jcZ
s—Mz;+i SMZ
hr=+1 hr=—-1
AT a? Ny —Ng 3B of —o'f C
i — Apg(s) = ———==— Ap,(s) = = -
L A,B,C,D from experiment o(s) = 35 NA rB(S) N +N, 84 pot ($) o=+l 4 ghp=—1 2
= total cross section
L] — hr=+1 hfe=—1 he=+1 he=—1
forwarrd .backward asymmetry, - NFf _ NFf _ NBf n NBf 3D
» polarization asymmetry, Apppoi(s) = = = = 1= g4
= forward—backward polarization asymmetry F + NF + NB + NB
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QCase s = M?

e f f
: .. I
O Re(y) vanishes, yexchange term negligible + M—ZZ <1 .z 0
z . e poet
12m I I 3
a¥f = O'(M% = 2 12 Ag'g = AFB(Mé) = _Soetgof et f f
M; T; 4
3
0f _ , _
AV = Apoi(ME) = Pr A%pol = Apppor(M3) = 78
—vaaf
Elgof: average longitudinal polarization of fermion f (=7): Pr=—Ar = — 5
ve +ag

= Sensitive to New physics

o : . 1 .
" £y Very sensitive function of sin?@y, dueto |v;| = > |1 — 4sin?6y,|

Q Polarised e*, e~ beams (SLC)

U Left-right asymmetry between cross sections A%y = A p(M2) = a,(Mz) — or(M7) = —p
o, (M2) + or(M3) ‘

3
0, _
AFIJ;,LR = App (M%) = —Z@f
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Higher order EW corrections

 Sensitive to heavier particles: Top, Higgs, ... New physics

] Evidence of EW corrections

O LEP & SLD measurements =» Low values of M,, preferred!

. lept
Qsin?6.°F vs Ty

eff

£ l-.di
Y.Z : Y.Z w : W
f V.0,

U corresponding effective vector and axial-vector couplings v; = 2gy;vs a; = 2g4;

0.233 March 2012I

§ :50.232 .
Ben)
Al

c

n

. , .
_ m=1732+09 GeV
my= 114...1000 GeV

m\

m,

68% CL

0.231 - ﬁ Aot
83.6
04.02.2019

838 84
[, [MeV]

84.2

- Shaded region: SM prediction

- Arrows point in direction of
increasing values of m; & My

- Point Aa: prediction when only

photon vacuum polarisation included

in EW radiative corrections.

- Arrow A« indicates variation
induced by uncertainty in a(M2) —
additional uncertainty to SM
prediction-

a(M2%) = 128.93 + 0.05

Standard Model of Particle Physics

-0.032 T = == Y O AP
[Im=172.7 £+2.9 GeV
 my= 114...1000 GeV -
-0.035 mH 3
= : ]
m -
-0.038 . =
Ao
.41 " ki (-:L
-0.503 -0.502 -0.501 -0.5
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DAg’é vS Rll
DAl vs Ab

- SM prediction contour
- Arrows point in direction of increasing values of m; & My (My = 300fzggGeV, M, = 172.7 £ 2.9GeV)

- Arrow a, indicates variation induced by uncertainty in a(M2) — additional uncertainty to SM prediction-

0.022

0.018 1

s 0

[

0.014

68% CL |

0.01

20.6

04.02.2019

20

0.8

68.3 95.5 99.5 % CL

0.1

0.05

-0.05 ,—~———

89 9 91 92 93 o4
Vs [GeV]

014 0145 015  0.155
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- . __ T(Z—q9) ol
(] SM prediction of ratios R, and Ry R, = a— L A
function top mass. Measured value of R, (vertical A(P)

band) provides a determination of m;

250

—— 0.23099 = 0.00053
— 0.23159 = 0.00041

v?/d.0.f:11.8/5

m=172.7 = 2.9 GeV

0 0b
Rq fb
0,c
Aty
g had
% Qy,
O, 175
- Average
S 3
10 "
>
100 — —!— 8
0.213 0.217 0.221 —_
0
Rp EI ,
W . 10 E
b b
& §
b b W
Z Z
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| 0.2|32 - 0.2|34 |
. 2lep
SN0

—vV— 0.23221 = 0.00029
0.23220 + 0.00081
* 0.2324 + 0.0012

gl 0.23153 + 0.00016
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EW precision measurements and SM constraints

- Comparison indirect constraints on my, & m;

SM prediction as function of myin region
favoured by theory (< 1000 GeV) not excluded by
direct searches (114 GeV-158 GeV & > 175 GeV).

- Arrow Aa indicates variation induced by

uncertainty in a(M32)
-a(MZ) = 128.93 + 0.05

80.5 March 2012

68% CL

' ' |
[C]1LHC excluded

| —LEP2 and Tevatron
1 ---- LEP1 and SLD

04.02.2019

m, [GeV]

200

160

- 68% CL contour in m; (my, ) and my, for fit to all high-Q? data
except direct measurement of m; (my, ) indicated by shaded

horizontal band of + o

- vertical band shows 95% CL exclusion limit on my from direct

searches at LEP-II (up to 114 GeV) and Tevatron (158 — 175 GeV).

March 2012
— High Q° except m,
68% CL

EXC|l'Jde'd' .

10 10 10

m, [GeV]

Standard Model of Particle Physics

(¢%]

80 5 March 2012

— High Q® except m,,/T,
| e8%cL
80.4
80.3 IEchuded — |
10 10

m,, [GeV]
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Ay?

Constrained global EW SM-fit—114.4 GeV < My < 169 GeV

O 2011

-
o

Tevatron 95% CL—

N W s OO O N OO ©

—

: Theory uncertainty
- — Fitincluding theory errors
---- Fit excluding theory errors

oY

30

2

1o

50 100 150

04.02.2019

:‘F
)
)
S

Standard Model of Particle Phys

Riep

A

A (LEP)
A(SLD)
sinzef;;"(eF )

0,
AFB

T

IIIIIIIIIIIIII ]lll'llll‘]ll'lll

llllillllilll Ir’lllillllillll 1l

- Efitter[s.J2

-3

-2

-1 0 1 2 3

(om - omens) / Omeas

0.1
0.1
-1.7
-1.0
-0.9
0.2
-2.0
-0.7
0.9
2.5
-0.1
0.6
0.1
-0.8
-0.1
-1.3
0.2
-0.0
-0.0
0.3
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|Omeas_ofit| /Gmeas

114.4 GeV < My < 160 GeV
Measurement Fit 0 W A
( —March 2012 Mgy = 192 GOV m,[GeV] 91.1875+0.0021 91.1874
| I,[GeV]  2.4952+0.0023  2.4959
L Ao = o2 [nb] 4154040037 41478
57 L % —0.02750+0.00033 R 20.767 £0.025  20.742
1 Lh e 0.02749+0.00010 AY 0.01714 + 0.00095 0.01645
4 % % - incl. low Q2 data A(P) 0.1465 +0.0032  0.1481
i : R, 0.21629 + 0.00066 0.21579
o | 2 | R, 0.1721+0.0030  0.1723
2< 3 - Ay’ 0.0992 +0.0016  0.1038
- AL’ 0.0707 +£0.0035  0.0742
o 4 A, 0.923 + 0.020 0.935
A, 0.670 +0.027 0.668
] A(SLD) 0.1513+0.0021  0.1481
14 ' sin%0"(Q,) 0.2324+£0.0012  0.2314
JLEP / LHC m,, [GeV]  80.385+0.015 80.377
excluded / excluded T, [GeV] 2.085 + 0.042 2.092
0 40 S 1 6 200 m [GeV]  173.20+0.90 173.26
March 2012
my, [GeV] 0
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Evidence of gauge boson self-interactions

e’ W* e* W*
* ANV W
Ve A
M M
e” —— VWV W
e W e W~

—~ 30 T -
@ LEP
=
=
o)
20- ;
¢ e
10
i YESWW/RacoonWW
i ....no ZWW vertex (Gentle)
.';;J* ..... only v, exchange (Gentle)
O _ | | ! |
160 180 200
Vs (GeV)
04.02.2019

O, (pb)

Standard Model of Particle Physics

ILEP

ZZTO and YFSZZ

180 190 200
Vs (GeV)
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Unitarity violation :[: j}w{ ><

The lowest-order Feynman diagrams for W*W- — W*W-_The final diagram, corresponds to the quartic
coupling of four W bosons.

L Apparent violation of unitarity in
e*e">W*W~ cross section

W‘

O resolved by introduction of Z boson. >___<

" Fg.U2 ng;sbosonexdmgedlagrxmforww - W'W
L Similar issue arises in W*W- > W*W- scattering process

U cross section calculated from Feynman diagrams (17.1) violates unitarity at ~1 TeV
U Origin: WLWL = WLWL scattering with longitudinally polarized W.

O Consequently, unitary violation inWW scattering can be associated with Wbosons being massive, since
longitudinal polarisation states do not exist for massless particles.

O unitarity violation of W W, = W W, cross section can be cancelled by diagrams 17.2 involving exchange of
a scalar particle — Higgs boson in Standard Model

O Cancellation can work only if couplings of scalar particle are related to EW couplings, which naturally
occurs in the Higgs mechanism.
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ete” @ LEP — practice with CompHEP

+ +  _+ + 4
e —<—\\VW WY EW\N GM\N 10 E
Ve ] + - + -~
Y z ] ® c'e"—e’eqq
e ——hvwww ] _
e W e W~ 10 3 ) e+e'—>qq(y)
) —_ ] e'e —=uu(y)
o' —<—TWWW! Z o' —=— Q :
e e ~ ]
] i S . h2
e ——WW\ Z e —— . 9 10 e
ira— ]
(@]
Q
e w* e’ w* n
B
o 10 -
Y z —
vz Yz @)
° " ° " | o efe™=WW-
1 _: e+e—ezz /:/Jlf:l——
] + - A |
1 efe=W'Wry /-
_ _ 1 b
e’ Ve e’ e’ e’ Ve {1 o e+e—%YY !
w vz W -1 |
é;iv w é“w W ?VW vz 10 § - e'e=HZ
G e e v e W v 1 m=115Gev

80 100 120 140 160 180 200
Vs (GeV)
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Higgs Branching ratio and total Width according to SM

g T :
4 n 3
= - : = 10° ———3;
£ (T 10%¢
S : : 13
c -1 L i
310 = 10? .
1F
1072E 107 3
10‘2;,/
100 200 300 500 1000
-3 | Il | ! | ! L
197700 200 300 500 1000 M [GeV]

M, [GeV]
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6 — Flavour Dynamics Ve Ul [Vu €] [up ¢
Q : [e‘ d’]'[_ s’]’[r‘ b’]
Fermions

O 6 quark flavours (3 colours), 3 charged leptons, 3 neutrinos U; Qu] B (Uz) (Clu) I
: : I~ qql " \17/,"\q4/,’ R»quRr>qdr
U 3 generations following SU(2), @ U(1)y structure

U General Yukawa Lagrangian

(+) (0)+ (+)
{( ],d ) [ @ <¢(o)> dir + cj(;:) <:’b¢( )>ukR] + ( ) c](,? <¢(0)> l,’cR} + h.c.

U Arbitrary coupling constants c(k), cj(,?), cj(,?, arbitrary non-diagonal complex matrices M/, M), M|
U After SSB - unitary gauge

H g7 I g7 —/ r ! 77 ry1
LY = — (1 +;) {dLMddR + uLMuuR + lLMllR + hC}

d , _ v n v
M)y = ¢~ i My=cf =5 Dy =

L Matrix diagonalization = mass eigenstates d;, u;, |; linear combinations of weak eigenstates d’j, u’;, I';
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dMatrices M’y ,,can be decomposed as

M&:Hd'Ud:S;il-'Md’Sd‘Ud Hf:H;
M{L=Hu'Uu=S11-'Mu'Su'Uu Uf-Ule:U;.Uf:l
M| =H,-U=S] M-S -U, S;-Sf=sf-5=1

U Hyy = \/Mc,l,u,l M&Tul : Hermitian positive-definite matrices, Uy, ;: unitary matrices.

 Hg ., can be diagonalized by unitary matrices S 4,
O Resulting matrix M;: diagonal, Hermitian and positive definite

My = diag(mg, mg, my, ...); My, = diag(my, me, my, ...); M; = diag(m, my, my, )
H\ - B _
O Yukawa Lagrangian > Ly = — (1 + ;) {ded + uMyu + Ml }
U Mass eigen states defined as: d, = Syd; u, = S,u; [, =851

dr = S,;U,dp ug = S, Uy ug g = S;Ulg

O Higgs couplings proportional to corresponding fermions masses
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O Form of Ly does not change when expressed in terms of mass eigenstates
fifi=ff fifi=Tfafe  (F=uwdl)
O No flavour-changing neutral currents (FCNC) in SM (GIM mechanism)

U Consequence of treating all equal-charge fermions on same footing

O Form of L altered —in general S, # S,

) d) = 1,S,Shd;, = u,Vd,

O Ng X Ng unitary mixing matrix V — CKM matrix appears in quark charged-current sector

Loc= ——{W* [2 & yh (1 —y5)Vyd, +2vl y(1 - yS)l] +h c}

U Matrix V couples any ‘up-type’ quark with all ’down—type quarks u t

4 A
N
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O If neutrinos massless,

Q possible to redefine neutrino flavours, such to eliminate the analogous mixing in the lepton sector
ol = 0,81, = 0,1,

O Lepton-flavour conservation in minimal SM without RH neutrinos

O If sterile vg fields included in model = additional Yukawa term giving rise to neutrino mass matrix
v

v

ij \/E

L Model can accommodate non-zero neutrino masses and lepton-flavour violation through a lepton
mixing matrix V| analogous to V¢, in quark sector

(My);; =c

O However
O Total lepton number L = L, + L, + L still conserved

U Neutrino mass is tiny and strong bounds on Lepton-flavor violating decays
BR(u* — eTete™) <107'2; BR(BR(u* — ety) <24 -10712
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s (0)+ (+)
(d) : w [ ¢ (¢ ,
{( ,dj), ’ <¢(O)>dkR+cj;‘ <_¢(_)>ukR + (1,1 ¢ ( (0)>lkR}+h.c.
jk

L Fermion masses and quark mixing matrix V determined by Yukawa couplings

(f)
tj

O however, coefficients c;;~ hot known

O bunch of arbitrary parameters

U A general NgXNg unitary matrix characterized by Ng parameters
L Ng(Ng—1)/2 moduli and Ng(Ng + 1)/2 phases.

O In case of Vi, many irrelevant parameters

O Quark phases can be chosen arbitrarily
O Under phase redefinitions u; — e‘®iu; and dj — eigfdj = Vi — Vijei(91_¢i)
= 2N; - 1 phases are unobservable.
" Number of physical free parameters in V;; reduced to (Ng - 1)°
= Ng(Ng —1)/2 moduli and (Ng - 1)(Ng - 2)/2 phases

D NG=3 9 CKM C12€13 812 C13

V = | —sjoco3 — €19893813€1%  ¢19 Cag — 819 So3 8137018

L3 angles and 1 phase
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CKM matrix elements measurements

[ Various measurements
U to determine CKM parameters

Table 4:

Direct determinations of the CKM matrix elements V;; [41]. The “best” values are indicated in bold face.

Charm Kaon
Decay Decay CP-violation
Nuclear l l
B-decay 1-r2/2 A A3 (p=im)<)
v production -\ 1-12/2 ARZ +—]
of Charm AL3 (1-p-in) —Al2 1 /
CP-violation T T \
Bq0-Bg0 B - B b—s
Mixing Mixing  Penguins

O Wolfenstein parameterisation
dA=s,,
0 AA2 =5,
O AA3(p —in) =s;;e7'6

05.02.2019

CKM entry Value Source
| Vial 0.97425 + 0.00022 Nuclear 3 decay [68]
0.9765 + 0.0018 n—pe 7, [9,69.70]
0.9741 + 0.0026 at = 7lety, [71,72]
| Vs | 0.2255 + 0.0013 K — wlty [73.74]
0.2256 + 0.0012 Kt /mt = pty,, Vg [73,75]
0.2166 + 0.0020 T decays [76,77]
0.226 + 0.005 Hyperon decays [78.79]
|V 0.230 +0.011 vd—cX [9]
0.234 +0.026 D — 7l [80.81]
— [ (b—>ulvy) Vol 0.063 + 0.026 D — Kl [80.81]
— T (b—clv) 0.94 F -3 W+ — s [82]
0.973 £0.014 W — had., Vi . Ve, Ve [34.35]
[Vl 0.0396 + 0.0008 B — D*lin, D1y [83-85]
0.04185 + 0.00073 b—cliy [83]
0.0408 + 0.0011 Average
A" 0.00338 + 0.00036 B—wly [9]
0.00427 + 0.00038 b— uly [9]
0.00389 + 0.00044 Average

> 0.89 (95% CL)
0.88 +0.07

[Vis| /1/2g [Vial?
|th|

t—bW/qW [86.87]
pp — th+ X [88]

I‘fudl2 + IVus|2 + qub|2

Standard Model of Particle Physics
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Determination of the CKM Matrix

L Experimental determination of the CKM matrix elements

O mainly from measurements of leptonic decays (well understood)

O Easy to produce/observe meson decays,

U however theoretical uncertainties associated with decays of bound states often limit precision

[ Contrast this with the measurements of the PMNS matrix

O Few theoretical uncertainties and experimental difficulties in dealing with neutrinos limits precision.

X ..
@ ||V.4l | |from nuclear beta decay ( . >
u
v B Super-allowed 0*—0* beta decays are
J ud Ve relatively free from theoretical uncertainties
[ o< |Vl?
o

V,a| = 0.97377 +0.00027 (= cos 6,)

Standard Model of Particle Physics 97
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9 |Vus| from semi-leptonic kaon decays ( X )

u
0
u U T [N |Vus|2
K~ V,
Ky us v,
Vis| = 0.225740.0021| (= sin8,)
o
© ||Vcyl | [from neutrino scattering | v, +N — utu-X (X : )
Look for opposite charge di-muon events in V| scattering from production and
decay ofa D" (cd) meson )
_ Rate o< [V 4|*Br(D" — Xu*tvy)
Vi — oppos.lte sign o g -
HE pal Measured in various

collider experiments

P A = |[Vea| =0.230£0.011
\5

Standard Model of Particle Physics

04.02.2019 98



04.02.2019

|Vcs| from semi-leptonic charmed meson decays ( >< )
e.d. . d X0 I o< ‘Vcslz C
D+ Vv > * Precision limited by theoretical uncertainties
C CS
- Ves| = 0.957+0.017 £ 0.093
et experimental error theory uncertainty
Vel from semi-leptonic B hadron decays ( i )
eg. L po .
2
Bl b Ve g [ o< [Vey|
e Vep| = 0.0416 4+ 0.0006
-
[Vl from semi-leptonic B hadron decays ce X
€.9. u 0
7} n 5
B~ 1y Vi . I o< [V |

V.| = 0.0043 £0.0003

e Standard Model of Particle Physics
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Unitarity triangle and CP violation

L Wolfenstein parameterisation

DAZS_‘[Z 1 _/\2/2 A 144\3(;9—1‘17)
HAA? =555 -\ 1-X2/2 AN
QAA3(p -in) =s,5e76 AN(1—p—in) —AN 1

Unitarity conditions VadVE + VgV 4+ VgVt =0
= Equation of triangle

The position of the apex is fixed by
various experiments and provides a
consistency check of the SM

(P, m) B%— ==, pr, ...

* If, forex.,, B>0—>CP
violation!

BY—> Jiy Kg, DD, ... i
Vs * Iftriangle closed 23

generations!

B—> D'r, DK, =K, ...

(0,0) (1,0)

04.02.2019 Standard Model of Particle Physics
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Sk Unitarity Triangles (with same area) in a complex plane: (0,00, (1.0}, (p,9)

A%

o= || — 51N = I:-] —::I |_|l:| .

- ( ViVl N ( H:..-'i';.) o
_“.:T 'I--.Illll..lllll Ce = 1 I'l.-l'll'-:. .

ds ViVl + VeVt + ViVt =0
""J-} 1]”‘_ I?:;ll + 1:" ;FZI + 1 }-"‘ ;I::' — 'I
db VgV + VeVl + VigVie =0
uc 14“!’1 :;:f + 1 s 1 ."4.1 + 1 ”'I']' (‘EJ = “
ct VeaViy + VeV +Va V=0
tu ViV + Vo Vi + Vi,V =0
R}
n / B, - nn,pn
\ \ ‘
i o« : (
A
/4 >\
&, B
) v < -
B. - Kp,.DK B,—=J/yK,DD
—_— P

ds uce
Vchc: # Vudvcg

vV .V vul:u :h -
! ud ¥ us VUSVCS

ct
VeV

VeaVied
Vcbvt?l;

ut

VasVis

The position of the apex is fixed by
various experiments and provides
a consistency check of the SM.

- If, for ex., p >0 -> CP violation!
- If triangle closed -3 generations! 101




CP violation in B Decays

JWhat is a neutral B-meson?
1 Short lifetime = no beams of B mesons

O B-factories Y(4s): M=10.58GeV, '=20MeV

e'e” —>Y(4s) > B)B) ; B'B”

PC _ {—
J =1
25
- .
Ewf
2 b
S 150 ¢,
= ¢
T 1o o “
o f * o
' - .. Lo ¥y
- 5S¢ o N ;
b [t e she G ROV S Lol VR SRR
FOY(1S)  Y(2S)  Y(3S) T(4S)
Onnnlnnnlnnnlnnn PRNETIN S S S S S 'Y i U T SR T ST ST S N ST S S T S T S Y
944 046 10001002 1034 1037 1054 10.58 10.62

Mass (GeV s’cz)
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B°(5279.58)=db : B’ =bd
B*(5279.26)=ub . B~ = bu
B=+1 B=-1

T, ~1.5ps

Analogof K{,K, — B, ,B,,



Experiments at asymmetric B factories

'“ A Aerogel Cherenkov cnt.
=< @w \ 5 n=1.015~1.030

SC solenoid ,

BaBar at PEP-II, SLAC, US 157 i LA ooy o
Csl(Tl) 16X, ! n ﬂl" g‘r -
N | =\\$ “p,\ 4' -
BELLE at KEK-B, Japan TOF counter 8 “’aﬁhf"ﬁ- ﬂ' T
8GeV [ “5 :t o =

_IB">Kz")-T(B">K'n)
Y TB > K a)+I(B" > K'n)
A, =-0.095+0.013

u/ K, detection

Si "t& det. . 14/15 lyr. RPC+Fe

3 lyr. DSSD

B’ /B’ — J /WK,

Other decays studied where CP violation measured

Question: how do we know that a Bo (or anti-Bo) is produced?
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CP violation in B decays B' /B - J /WK,

U Tag one B meson and study the other:
O Signof K, n

O Asymmetric collider

B = J/WK, »u'wna'm
B"—=D'nu'v,; D’ —a K"

electron '

é — positmn |
Z) =& \‘

| b
| ! i
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CP violation in B decays

k. _ T(BYo = vKs) ~T(BY, — yKs)
rBY, —» vKs)+I'BY, — yKs)

= sin(Amygt) sin(283)

sin2f = 0.681 + 0.025

g F a)j
%Zm;_DBotﬂgS cP

v —

o 100

[ T e B O TN N
lllllllll/l
1
1 ‘\
1
Pl
/ Lo
| *
i i -
i .
‘0
L 4 ,"
’
r
’
.
i :
»
"
- "
[ =
L S—
||1|| i ||1|||||| IIIIII

From other decay final states

04.02.2019

At (ps) @ =92°+7and y = 82° + 20°
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CKM overall fit

04.02.2019

1 -5 1T 1TT 1T 177 ‘ 1T 1 I’. I I Immiral 1T 11 I 1T T 1
excuded area has CL> 095 . = T
10 A &AMy
Q http://ckmfitter.in2p3.fr -
05 —
Amy -
IS 0.0 i e IS e
- o
Wolfenstein parameters and Jarlskog invariant: T
|Observable| Centralt1o | t20 [ t30 -
A |0.8403 [+0.0056 -0.0201] [0.840 [+0.011 -0.035]  [0.840 [+0.016 -0.043] -0.5 __ ; __
‘ N ‘0.224747 [+0.000254 ‘0.22475 [+0.00062 0.22475 [+0.00106 L : -
-0.000059] -0.00012] -0.00018) | : _
|pbar |0.1577 [+0.0096 -0.0074] [0.158 [+0.027 -0.014]  [0.158 [+0.036 -0.020) - ; e -
[nbar [0.3493 [+0.0095 -0.0071] [0.349 [+0.019-0.017] [0.349 [+0.029-0.025] |-1.0 — Y : K —
[y 109 [3.172 [+0.094 -0.098] [3.17 [+0.19-0.25) [3.17 (+0.29 -0.34] : sol. W/ 608 28 < 0 :
= Summer 18 {excl at CL> 0.95) -
_15 L1 1 I Ll 1 1 l L1 1 1 l L1 1 1 I L1 1 1 I | S i
-1.0 -0.5 0.0 0.5 1.0 15 2.0
A=0.2253 +0.0007, A = 0.811°0922 p = 0.13 £ 0.02, 5 = 0.345 + 0.014.
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Survival Probability

Interpretation of Solar and atmospheric Neutrino Data

[ Neutrinos have mass, mix and oscillate!

—mee- Goos 68% CL.

— @), 68%,95%,99% CL.

O A combined analysis of all solar neutrino data gives

AmZ,,,, ~ 8x107%eV?, sin%0 4,4y ~ 0.85

Bye (¢ 10°em?sh
g

—
h
=}

Number of Events
=2
[(—]

[ o5 ss% CL.
[ o~ 6s% CL.
[ e’ ss% L.
[ o= ss%cCL.
B S S

O Atmospheric neutrino Data consistent with

STENEATE B A EE T AT AN A AT

AmZ, .0 = 2.5x1073eV2,5in%0p10r = 1

2o <10 em2 s -1 -05 2o 05 1
O Supported by long-baseline accelerator and reactor experiments
C Data - BG - Geo V, so- T '
- e ata - - e - N KamLAND
1' — Expectation based on osci. parameters r MINGS Far Detector - I 95% C.L.
I~ : - 99% C.L.
N determined by KamLAND L[ * Far detector data & B 99.73% C.L.
0.8F %.) | — No oscillations o 107 T bestin
S 100} . 2 >
- 9 3 — Best oscillation fit 1 o
0'6:— + -g i [ NC background i g
- l g 20, — +0.06
04'_ Ll>J 507 — 95G C.L. tan 912 h— 0-47_0.05
Ely oo™ 4 N 99% C.L.
: -+— = 99.73% C.L.
02f , e Am3 | = (7.5940.21) x 1075eV?
G:I...I...‘I....I....l....l..‘.l....l...‘l... O 5 10 15 203050 10" 1
20 30 40 50 60 70 80 90 100 Reconstructed neutrino energy (GeV) tan®,,
Ly/E, (km/MeV)
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2-neutrino flavour oscillations

_ . 2
 two-flavour oscillation probability P(Ve — vy) = sin?28 sin’ <Am21L)
4F
2 _ .92 .2
Amy =my —my
Am%1L>

[ Corresponding two-flavour survival probability P(v. — v.) = 1 —sin*28sin* < 15

Am? =0.003eV?, sin’20=0.8, E,=1GeV

P(ve — vy)
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3-neutrino flavour oscillations

L PMNS mass matrix

Ve Uet Uer U Vi Uley |Uly Ul 0.799...0.844 0.516...
V¢ Uy Upp Up V3 U, U, Ul 0.284...0.521 0.490...
2
m;
0 ~ EL
B — (m,)”
1 3-flavour oscillations
* * r —i(01— 7
P(Ve = vy) = 2R{UU ULUple 0179 — 1]} _
_ . _ (Amz)atm
+ 29’{{U61U;I;1 :3U‘LL3 e l(‘pl ¢3> — 1} oo,
- . - Vv,
+ 2R{UnUpUkUysle %279 — 1]}
: . (m,)’
L Normal or inverted mass hierarchy? ‘:(Amz)ml "
(m,)’

04.02.2019
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0.582 0.141...0.156
0.678 0.639...0.774
0.695 0.615...0.754

(m,)*
(Am®)

(ml) 2 sol

(Am’)

atm

()’ E—— —
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Experimental data

Standard Model and beyond oresamia] ] Gauge principle

/ Higgs mechanism

Quantum Field Theory
O Too many parameters R -

mV17mV27mV37meam,u7m’cymd,ms,mb,mu,mc,mt ﬁ
912, 913, 923, 0 A,A,p, n e, GF, GW, s my, GCP Experimental tests

O 14 associated to the Higgs field, 8 with flavour sector, 3 with the gauge sector

meV eV keV MeV GeV

O Forgetting neutrinos masses within each generation are similar Ly | | o
3 <> : : oe
L Coupling constants of similar order of magnitude, GUT? < | i | |
2 i vy ' 1 s i
_ Sal <t | o i
 Open questions 8 | g g
E vy i i e ud
O What is Dark Matter (DM)? ' i | o
| 1 | 1 1 | 1 I | 1 1 |
U Can it be directly detected? Produced at colliders? i
D Does Su pe rsymmetry (SU SY) exist? Table 18.1 The Standard Model particles and their possible super-partners in the
minimal supersymmetric model.
U Hierarchy problem, DM candidates, gauge unification Paicle  Spin Superparticle Spin
Quak g 3 Squark . Gr 0
Lepton = % Slepton ?f‘, ?; 0
f w ,H, N A Neutrino v % Sneutrino Vi, Vr(?) 0
__Q_ __{::}_ L __Q_ Gluon g 1 Gluino & 1
N Photon Y 1 ¥
- v o e Zboson Z 1 i Z_o Neutralino 70,70, 7%.% %
Higess H 0 { Hoﬁfz
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O Can the forces be unified?
aliay tag' ~128:30:9
L What is the nature of the Higgs boson?

O Flavour and the origin of CP violation

O Are neutrinos Majorana particles?

a..

04.02.2019

(@ (b)

60~ o' s 60 o' s
~ 40 _ 40
S S}
20| 20 |
g Su(s) F SusY
O L 1 1 1 1 i | 1 1 1 O 1 1 1 1 1 1 1 1
104 106 108 1010 102 1014 1016 1018 1020 104 106 108 1010 1072 1014 1076 1018 1020
|ql/GeV |ql/GeVv
n p
-
m
o
n p
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