Overview of the SM

Lecture I: the SM tapestry

* Particles as Quantum Fields

* Particle zoo vs symmetry

* Gauge invariance and particle interactions

* The origin of mass: Spontaneous Symmetry breaking

w=—==p * The flavour of the SM

Lecture II: the SM swiss watch

* Observables and field correlation functions
* How we calculate ? Perturbation Theory and beyond
e Precision tests of the SM (LEP-TEVATRON-B factories)

Lecture III: the open-ended SM

* The SM at the LHC: Higgs physics
* Open questions



The puzzle in the 605

> Particles with different names in the same gauge SU(2) multiplet
> Parity violation: L, R different charges, but fermions massive

> Three of the gauge fields not massless V

» Weak interactions mix quark generations

The SU(2)xU(1) symmetry is hidden




Fermion masses

Dirac fermion of mass m:

~Lp = ) =m0 Pa)(Un + o) = m( Y Drv)
Breaks SU(2)xU(1) gauge invariance!

But we can have other invariants with the conjugated scalar doublet:
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Exercise: check that the charge assignment of the tilde-field is correct
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Flavour mixing

No mixing between different families as it stands...but it furns out there
are three families, why cant these Yukawa interactions mix families ?
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Quark mixing

There is flavour changing in charged currents: s -> u, but very suppressed
in neutral currents

Br([(Jr — 7706+ye) ~ 5% Br(Kt —srtete)~3x10""

How to explain mixing in CC without that in NC ?

Glashow-Illiopoulos-Maiani mechanism



Quark mixing: Cabbibo-Kobayashi-Maskawa

The Yukawa couplings are generic matrices in flavour space:

basis where CC and NC diagonal # mass eigenbasis

_ _ dr UR €R
Lsy D —(dr,50,br) mg sp | — (4r,cr,tr) my CR — (e, AL, TL) My IR
~— ~— ~~\ 7

3x3 br 3x3 tr 3x3

m; — U}:iDiag(mi)VRi

up =Upyur, dp =Upedp, 1 =Uply, uy =Vgyugr, dip=Vgsadr, Uy =Vrir
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Quark mixing: Cabbibo-Kobayashi-Maskawa

The Yukawa couplings are generic matrices in flavour space:

basis where CC and NC diagonal # mass eigenbasis

_ _ dr UR €R
Lsy D —(dr,50,br) mg sp | — (4r,cr,tr) my CR — (e, AL, TL) My R
~— ~— ~~\ 7

3x3 br 3x3 tr 3x3

m; = U;iDiag(mi)VRi
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Quark mixing: Cabbibo-Kobayashi-Maskawa

Neutral currents diagonal in the mass eigenbasis: only quarks
in the same family can exchange a Z boson

Charged currents not diagonal: CKM 3x3 unitary matrix

0.97427 +0.00015  0.22534 +0.0065 (3.51 +0.15) x 102
V]exkm = | 0.2252 +0.00065 0.97344 +0.00016  (41.2111) x 103
(8.677029) x 1073 (40.4711) x 1073 0.99914670-500021
PDG



GIM

It was quite of a challenge to come up with this when only 1.5
quark family was known: u, d, s -> prediction of the charm !

mass - =23 MeV/ =126 GeV/c*
charge - 2 u 0 I I
spin /112 0

Higgs
Up l | boson
e |
=4.8 MeV/c* =95 MeV/c? / 0
113 d 13 0
2 172 S 1 w
\\d.;mn strange photon
511 MeV/c* 105.7 MeVic* 91.2 GeVic*
8 || ’
12 ]‘1 1
electron muon Z boson
<2.2eVic* <0.17 MeV/c* 80.4 GeVic*
0 -D 0 11
. Ve, W
electron muon
neutrino neutrino W boson

Exercise: draw diagrams that can mediate this process in the Fermi
approximation (W integrated out)

Br(KT — ntete ) ~3x 1077



CKM Parametrization

Not all entries are independent: how many physical parameters are there ?

3 Euler angles and 1 complex phase : s, = Cabbibo angle

1 0 0 C13 0 513€_i613 C12 512 0
VCKM= 0 Ca3 5923 0 1 0 —812 (€192 0
0 —S893 (a3 —51361513 0 C13 0 0 1
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Since s,, > S,; > S;5¢ Wolfenstein parametrization
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Counting parameters

# physical parameters =  # parameters in Yukawas
- # parameters in field redefinitions
+ # parameters of exact symmetries

Field Redef. Symmetries | Physical
Y., Yy UqL(3)deR(3)quR(3) U (1),
Moduli 2 x 32 3x3 0 9
Phases 2 x 32 3x6 1 1

Moduli = 9 = 6 masses + 3 angles



Higgs-fermion couplings

(1 + h/’U) (—deZLdR — My UL UR — mll_LlR) + h.c.

Higgs couplings to fermions do not change flavour!




CP violation

Charge conjugation: particle <-> antiparticle (without changing helicity)
. x e I T
C: U — 1yWU" = ivyyW

This is not a symmetry of the chiral SM

c: Vi, 0,PLV —c Viy,0,PrY

The combination CP is a good symmetry except if there are phases in the
mixing matrix!

Wiy (1 = v5)Vigds + W diyu (1 —95) Vijui —op Wy (1—75)Visd; +
Wu_dj*yu(l — 75)Vijuz'



CP violation

CP violation was discovered in the kaon sector

Cronin, Fitch 1964

’K0> — CZS 7CP |K0> — 5d
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If there was no CP violation, the mass eigenstates would be CP
eigenstates:

1
K2) = —=(|Ko) £ |K{)),CP = +1

V2

Kio— a7 (CP=+1),7n'7" 7 (CP = —1)



CP violation

K1) = |Ks), |K2) = |Kp)

e ~ 0.9 x 1075, 1 ~ 2.7cm

TK, ~ 5.2 x 107 %s, e ~ 15.5m

The CP forbidden decay K ; — T was measured !

Exercise: would there be phases if there were two families ?

Third family was conjectured based on this....

Kobayashi, Maskawa



Higgs self-couplings

From the Higgs potential:
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Lecture II: the SM swiss watch

e Observables and field correlation functions

* How we calculate ?
* Precision tests of the SM (LEP-TEVATRON-B factories)






QFT in a nutshell

What we need to compute ?  x-sections

dN dN do

J0dz |scattered — Jggz lincident X 70

d’ -
0= 2Ep, 2E1p2|V12| f Hf (27r)3ngC1f |M(Z — f>|2(2ﬂ_)45(4) (Zz Pi — Zf Qf)



QFT in a nutshell

The observables: x-sections

N
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in-states " out-states
P1, P2;in) 1, -5 O out)

AmPIHUde — <q17 ooy Qn; OUt|p17 P2; Zn> — (ql, ceey qn|§|p1, p2>
S: time evolution operator S=1+47, St =861

(@1, -, an|T|p1, P2) = (2m)*0W (3, pi — Y5 q)iM(P1, P25 A1, - An)



QFT in a nutshell

How do we compute ? LSZ reduction formulae:

S-matrix elements <-> T-ordered correlation functions of field operators

For the (real) scalar case:
2 k
H/MmamwH/M%wwmw@m»&mwmxﬁwﬁm
- 2 k .

=P — Ep, .4~ Eg; H <pz —m2 - ze) H (qﬂ —m?2 + ze> (@1, -+ @i out|p1, D3 i)

1=1

In the path integral formulation

[ Do p(z1)p(x2). .. p(ys) €%
[ D¢ eiS19]

S[é] = / d'z ()

(OIT (@(1)d(22)Bly1)-- b)) 10) =




QFT in a nutshell

Method 1: Perturbation Theory

(Taylor expansion in coefficients of non-quadratic terms in Lagrangian)

S[8] = Sold] + Suneld] = / &'z Lolg) + / 042 Lint0)

n

Do $(a1)¢(w2). cb(yk) > b Sint[g]" S0l

(o|r (é(xl)i(afg)&(yl)&(yk)) 0) = [Do 3, L Sini[¢]neiSole]

> All integrals are Gaussian because S, is quadratic in the fields

/dx aziajje_éxTAX//dX o™ 3% Ax — (A7)

» Can be represented by a sum of connected Feynman diagrams

Wicks theorem: all fields paired-up in propagators



QFT in a nutshell

Method 1: Perturbation Theory
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QFT in a nutshell

"‘\
1 s N ‘=
\ , \ ) \kr <\,
\ /3 N\ , »
N R~/ N v
\ \
M(1—|—2—>3—|—4)= P + /'( + /.( +
IR VRN VRN
’ N ’ \ ’ \
y 4N y N y N

» Draw the external points x;, x, and the vertices z,
(from each external point emerges one line from each vertex 4 lines emerge)

» Pair-up all the lines and link them via a propagator in such a way that the
diagram remains connected

> Calculate the contribution of each diagram:

d4

[ TL 2 T asternat propaators) x J(conptings vertes) 55"
T

I I 4 i

> Multiply by the symmetric factor (this is the hardest part)



QFT in a nutshell

Generic diagram is divergent (L loops, I internal propagators, V vertices
N external lines):

L I
1
oc/Hd‘lleT qn)2—|—m2 X Aw
l:1 _/

L2 ri(ki pryp2,a -

external momenta

Superficial UV divergence w=4L — 21
A4V = N + 21

w=4—N

Only divergences in diagrams with 2 or 4 external legs !

Can be reabsorbed in a redefinition of the field normalization,
mass and coupling: the theory is renormalizable!



QFT in a nutshell

Imagine we had an interaction Lagrangian of the form

Lint D 9¢N¢ 9] =4 — N

At each new vertex there are Nd) fields

w=4—N—|g|V

If [g] < O, diagrams with arbitrary N become divergent for large
enough V: the theory is non-renormalizable

Only interactions with at most d=4 can be added!!



The SM is renormalizable

t'Hooft, Veltman 73

* Gauge symmeftry principle is essential

* Any modification of the relations between the couplings would destroy
this property

* Generically the renormalization procedure involves a scale dependence of
the renormalized couplings:

‘.l‘} l

i1n)
>< >©< Q2 is a physical scale s,t,u,m?

A2
Ar(p) = X+ CNlog (—2> ‘Q2:'u2



Running couplings

Physics quantities do not depend on this scale, but we can improve
the convergence of the series by setting it appropriately

2 2
:u ~ pext

The change of the couplings with the renormalization scale is called running
and it is defined in terms of beta-functions:

Og(p) .9 g°
H=gn P =bojga TP gy

B(g) =

Partial resumation of the perturbative series
2
g~(A)

16 m- log(f{—)

g(u)zl_

+ ...



Running couplings

Very different behaviour depending on the sign of f3,

¢t (@)

g°(A)
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Running couplings

Very different behaviour depending on the sign of f3,

g°(A)

9 (1) =

1 —

ﬁ0>0

xoz

(o)

ZiA
-O-

QED

o g2(A) log(45)

[30<O

screening correction antiscreening cerrection

QCD



Asymptotic freedom

, 2
QCD coupling: 50 — — |11 — §Nq
a‘s(Q) v T decays (N3LO) o

® Lattice QCD (NNLO)

( a DIS jets (NLO)

03¢ 0 Heavy Quarkonia (NLO)

o e'e jets & shapes (res. NNLO)
® 7 pole fit (N3LO)

v pp—> jets (NLO)

0.2

0.1 ¢t

— QCD ag(My) = 0.1185 = 0.0006

10 Q [GeV] 100 1000




Triviality & Landau Poles
4 2

g°(A)

QED: Bo = - g (1) = 5

3 1 — 1=% g% (A) log(

| e'e—e'e” L E P

®  1.81GeV’<-Q°<6.07GeV?

0.8 | m 1225GeV? <-Q? < 3434GeV?

| [ ] 1800GeV’ < -Q° < 21600GeV>
— QED

o x 100

0.75

o=constant=1/137.04




Triviality vs Stability

dA
Higgs self-coupling 16772,ud— = 12)\% + 12)\g7 — 12 + ...
L4
800r1|11[1111r1111_
800 m, = 175 GeV —
- _
O
O, _
—~ 400 —
= -
Landau Pole <A —
200 —
Measured value of mh ! =
A>0
pa Lo b b b 17

103 106 109 1012 1015 1018
A [GeV]



Precision QCD ?

Asymptotic freedom was a fundamental step in confirming QCD
experimentally via deep inelastic experiments, but made it impossible to
use perturbation theory to understand the rich hadron spectrum

* Method 2: Lattice field theory

After discretizing space-time and performing a Wick rotation,
correlation functions can be computed via Montecarlo methods

ID¢ ¢($1)¢($2) © ¢(yk?) eiS[qu] Wick rotation fD¢ ¢($1)¢($2) .- ¢(yk) 6_5[¢]

%

[ D¢ eiSle] [Dé ST



Lattice QCD is QCD

Running coupling beyond perturbation theory:

0.3 ——
.'\f - -l:
\ ~ — = 2-loop /3 function
'-::'. ——— 3-loop 7 function
0.25 \\
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0.2 %
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0.15¢
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Confinement

q q 3 P
| — —¢ 2 L
-« > 1
' ©
> 0f
=
= 1t
2,
-2+
|t
-4' | | | | |

The potential between static charges grows linearly with distance:
quark confinement



Light Hadron spectrum from lattice QCD

2.0
mass [GeV] .
Lo ® ’:L 2
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EW precision tests

In the 90s LEP/SLD and Tevatron tested the SM at few per mille level!

e+e- colliders LEP1 (s=90GeV), LEP2 (200GeV)

p pbar collider s=2 TeV




EW precision tests

/
Need tfo fix the free parameters of the SM: (g, (, ( , U, Mh

a~t = 137.035999074(44) -> (g-2)e
Gr = 1.1663787(6) x 107°GeV  -> Muon lifetime
Mz =91.1876(21)GeV -> Z-pole mass (LEP)



EW precision tests

/
Need to fix the free parameters of the SM: (g, (, (G , U, Mh

ot = 137.035999074(44) > (g-2)e

Mz = 91,1876(21)G6V -> Z-pole mass (LEP)

M, sin® y = 2 ,

. 9 az "ty = My = 80.938 GeV, sin” Oy = 0.212
sin® Oy =1 — 3
Z

ALEPH —'— 80.440+0.051

L3 —_— 80.270+0.055

| My (exp) — My (tree)| = 553(15)MeV |

LEP2 preliminary —-— 80.%32059/:’,431,

DY [Run-1/2] + 80.383+0.023

Tree level relations get modified at higher orders !  Tevatron + BO3RT008

Overal| average | ---I ., 80.385+0.015

80.2 80.6

M, [GeV]



EW precision tests

Need one loop corrections: also virtual effects of heavy particles
enter

T
Grp = 5 . o (1 + AT)
V2M {7 sin” Oy
A 3G Fm? cos? Oy N 11Gp M3, M}%
r = —
8V2r? st Oy | 24v2n? T M2,
February 2012
v — y 8.5 T g
— LEP2 and Tevatron (prel.) L O LEPEWWG (2011) 68% CL (excluding M, . m_ & diect Higgs excusion “‘,;,;-;:--'_
80,5 { -~ LEP! and LD  pgustms me, b
68% CL > 80.45 |- "[;x(\,%a-- —
= S -' ]
D » = -
4 — —]
8 04 g ot
= - B
£ < - il
80.35 [~ \QQQ P
803 5
.1/.1 s s b ig sl hz-g':;:'._,|,,.__,,/-,‘"/.".| e i :
150 175 200 165 160 165 170 175 180 185 190 195

m, [GeV] Top Mass (GeV)



LEP
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LEP: 3 flavours/families

=

inv

F1/17

N, = 2.984 4 0.008

0

ALEPH
DELPHI
L3
OPAL

error bars increased
by factor 10

Pl (SIS G T L |

SRR S TR WA o |

92 94

s
E_ [GeV]

cm

86 88

Thanks fo the lightest of neutrinos we know that no new heavier families will

show up



LEP: gauge boson selfcouplings

W- ¢ Z
Y,.Z
v, e-
et W et w et 7
— 30 I . I |1 7/02/2005 — . I . | . 11/07/2003
8 LEP ' 8 | LEP PRELIMINARY
> | PRELIMINARY i ~ ZZTO and YFSZZ
N
& o)
20 | "l/',' ll","” ]
S pr
A
1 0 T ]
7 YFSWW/RacoonWW
; _...no ZWW vertex (Gentle) 1
,;/4 ....only v, exchange (Gentle)
0 _ T T T T T
160 180 200

Vs (GeV) Vs (GeV)



TEVATRON

Evgnts /2 GeV
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T
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- L,,=117 pb
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TEVATRON: top quark

b Jet

Neutrino

Muon

antiproton

A Y

Lepton+jets Runll CDF
Lepton+jets Runll D@
Lepton+jets Runl| CDF
Lepton+jets Runl D@
Alljets Run Il CDF
Alljets Runl CDF
Dileptons Run Il CDF
Dileptons Runll D@
Dileptons Runl| CDF
Dileptons Runl D@

173.00 £ 0.65 £ 1.06 GeV
17494 * 0.83 £ 1.29 GeV
176.1 + 51 %53 GeV
180.1 * 36 %39 GeV
17247 £ 1.43 £ 1.40 GeV
186.0 %100 % 57 GeV
170.28 * 1.95 £ 3.13 GeV
174.00 * 236 £ 1.49 GeV
1674 103 %49 GeV
1684 %123 % 36 GeV

Eptjets Runll CDF HooH 17232 + 1.80 £ 1.82 GeV
Decay length Run Il CDF ° H 166.90 * 9.00 £ 2.82 GeV
Tevatron Combination 2012 HOH 173.18 £ 0.56 £ 0.75 GeV
X1 dof=8.3/ 11
160 170 180 190

Mass of the Top Quark [GeV]




Measurement Fit  |0™eas_Qf/gmeas

0 2 3
m,[GeV] 91.1875=0.0021 91.1874
I,[GeV]  2.4952:0.0023  2.4959
ov [Nb]  41.540=0.037  41.478 A f _ OL —OR
R, 20.767 £ 0.025  20.742
A% 0.01714 + 0.00095 0.01645 0L +OR
A(P) 0.1465+ 0.0032  0.1481
R, 0.21629 + 0.00066 0.21579 1 do 0 do
R, 0.1721+0.0030  0.1723 A Jo deosO5 — |7 deos 05755
AL 0.0992 = 0.0016  0.1038 FB fl dcos -3
A 0.0707 + 0.0035  0.0742 -1 deosd
A, 0.923 = 0.020 0.935
A, 0.670 = 0.027 0.668
A(SLD) 0.1513 £ 0.0021  0.1481
sin®05P(Q,) 0.2324 = 0.0012  0.2314
my [GeV] 80.385=0.015  80.377
r,[GeV]  2.085=0.042 2.092
m,[GeV]  173.20 = 0.90 173.26

March 2012 O 1 2 3



Higgs mass before the discovery

6 i mll_imit'|= 144 GeV
4 6 _ .

5 - AOLhad - N
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Higgs mass before the discovery

6
5 Ao‘gd =
— 0.02750+0.00033
1\ 0.02757+0.00010
4 -« incl. low Q° data
s
k> 3
2 ]
1 -
) | Excluded
40 200

m, [GeV]



Flavour Precision Physics

|Vud| ‘Vus‘ ‘Vub|2 \
Nuclear § decay K—nlv, K,m —-1lv B — nlv
|V ‘ — ‘/cdl ‘Vcs‘ ‘chb|2
CKM D —rwlv,vd—cX D-— Klv, Wr—=¢s B— Dlv,b— clv
|Vid] |Vis Vs
\ loops loops pp = tb+ X /

Extract precision physics from hadronic observables is a major achievement!



Flavour Precision Physics

One example: a precise determination of [Vus|/|Vud| comes from comparing
K, pi leptonic decays: Pion decay

Yy
fd W
T[ -
fimon

"
(dT) - p + 7,

Kaon decay
K-dS N
u

K~(sT) — =+ 7,

AM — pv) o< Gp(pv| iy (1 —v5)v[0) (0]gy.(1 —v5)q| M (q))

\ 7

?:qupL
DK = ) Vi [Bmac (1 = md/m3,)?
— 2 [ £2 2 /. 2\2 (1+dpm)
F(W%MI/) ‘VUd‘ T mﬂ'(l_ml /mﬂ')

requires a non-perturbative evaluation

Extract precision physics from hadronic observables is a major achievement!



Flavour Precision Physics

FTAG2013 fi /fx

T
our estimate for Ne=2+1+1
_%L e FLAG WG
HElH

HPQCD 13A

MILC 13A

MILC 11 (stat. err. only)
| ETM 10E (stat. err. only)

our estimate for Ny =2 +1
— RBC/UKQCD 12

Laiho 11

MILC 10

JLQCD/TWQCD 10
RBC/UKQCD 10A

N¢=2+14+1

BMW 10

JLQCD/TWQCD 09A (stat. err. only)
MILC 09A

MILC 09

Aubin 08

—
{1}
H
—HCH
—1 H
»—\[35—4 PACS-CS 08, 08A
— . RBC/UKQCD 08
H—7—
—H
L
{ }

Nf=2+1
:F
]

HPQCD/UKQCD 07
NPLQCD 06
MILC 04

our estimate for N¢ =2

ALPHA 13
BGR 11
ETM 10D (stat. err. only)
H1- ETM 09
{1 : QCDSF/UKQCD 07
1

:

N¢

1.14 1.18

Percent level non-perturbative determination

Extract precision physics from hadronic observables is a major achievement!



Flavour Precision Physics

Phases of CKM: only one for three families.

We can formulate the criterium for CP violation in the quark sector in ferms
of a basis independent invariant:

Im {det[Yqu YY) ]} £ 0
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Im[‘/;] ZZW/{W;] — jzeilmejkn

In terms of the usual parametrization:

) .
J = C12C23C13512523513 sin 0



Flavour Precision Physics

The unitarity triangles: all
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The last one has larger area/sides:
CP violation more significant in B sector
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