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Schedule

1)
2)
3)
4)
5)
6)
/)

11 Feb:
18 Feb:
25 Feb:

3 Mar:

10 Mar:
17 Mar:
24 Mar:

break

8)
9)

21 Apr:
28 Apr:

Accelerators (Harry vd Graaf) + Special relativity (Niels Tuning)
Quantum Mechanics (Niels Tuning)

Interactions with Matter (Harry vd Graaf)

Light detection (Harry vd Graaf)

Particles and cosmics (Niels Tuning)

Forces (Niels Tuning)

Astrophysics and Dark Matter (Ernst-Jan Buis)

e*te” and ep scattering (Niels Tuning)

Gravitational Waves (Ernst-Jan Buis)

10) 12 May

: Higgs and big picture (Niels Tuning)

11) 19 May
12) 26 May

: Charged particle detection (Martin Franse)

: Applications: experiments and medical (Martin Franse)

13) 2 Jun: Nikhef excursie

14) 8 Jun: CERN excursie CANCELLED -> We try to organize special lecture(s) Tue 9 June
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Homework




Homework Lecture 5

1 The J/¢» meson

The J/1 meson is the lightest (¢¢) bound state, and was discovered in Novemeber 1974,
independently and almost at the same time, at the Stanford Linear Accelerator Center
(SLAC, close to San Francisco) and at Brookhaven National Laboratories (BNL, close to
New York).

a) At SLAC, the J/¢ was created in 6 + 6 GeV eTe™ collissions, using the SPEAR
accelerator. Draw a (Feynman) diagram of the production of the J/v in ete”
collissions.

b) (EXTRA, not easy...) At Brookhaven, the J/1» was created by shooting 30 GeV
protons from the AGS accelerator, on a Be target. Given the large energy of the
protons, the production of the J/1 in fact occurred through quark-quark collissions.
Draw a (Feynman) diagram of the production of the J/v in p + p collissions.

¢) The J/v decays for about 88% to hadrons, 6% to e"e™, and 6% to u"p~. The
decay to two leptons has the cleanest experimental signature, and that is how the
J /1 was discovered at both laboratories. Draw a (Feynman) diagram of the decay
of J/vp — ptp.

a) ete” = —cc— J/U

b) 47 — 999 — cc — J/¥

c) JJ =" —ptu
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Homework Lecture 5

d) Why does the J/v not decay to two 7-leptons?

e) Since the strong interactions is so much stronger than the electro-magnetic interac-
tion, it is surprising that the branching fraction to leptons is still as large as 12%.
Let’s see why. What is the spin and color of the .J/1» meson?

f) e) What is the spin and color of a gluon?

g)f) Through the exchange of how many gluons does the hadronic decay of J/1¢) mesons
occur? (Now you know why question b) was difficult...)

d) The decay to two 7-leptons is kinematically not allowed, because the mass of two
T-leptons is larger than the mass of the J/1) meson.

e) Sy =1, and all hadrons are colorless.
f) Sguon = 1, and all gluons have color.

g) J/1¥ — 1g violates color, 2 gluons add up to spin 0, or spin-2, so the minimum is 3
gluons...
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Homework Lecture 5

2 R

a) Explain why the jump in R does not seem to happen at c¢ threshold of 3.1 GeV,

but higher.

b) Predict R for a center-of-mass energy > 10 GeV.

a) Open charm threshold starts at twice the DY mass, 2 x 1860 MeV.

b) b-quarks contribute: R = N.(q2 +¢; + ¢ +¢>+q7) =3(2x4/9+3x1/9) =33/9

3.3 > 3.7
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Homework Lecture 5

c) Explain why you see a jump above 4 GeV, but no jump above 10 GeV, on Fig.46.6
http://pdg.lbl.gov /2012 /reviews /rpp2012-rev-cross-section-plots.pdf

d) What is the value of R above the ¢t threshold? To what value of the center-of-mass
does the tt threshold correspond?

¢) R changes from 3(4/9+1/9+1/9) = 18/9 to 30/9 at the charm threshold, whereas
it only changes from 30/9 to 33/9 at the bottom threshold.

d) Above v/s = 2m; = 360 GeV t-quarks contribute: R = N.(¢*+¢3+¢*+¢*+¢t+q7) =
3(3x4/943x1/9)=45/9=5
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Homework Lecture 5 g1 had
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Th t . S e e —hadrons
3 ree generations 2 F
=] b
h r
a) What are the possible final states of the decay of the Z-boson? Hint 1: the Z o [
decays only to fermions; not to photons, as that couples to electric charge, and not |
to two W particles as they are too heavy. Hint 2: remember that electric charge is
conserved. 10 3

YT

b) Write down the total decay width, as the sum of partial widths. Remember that
quarks come in three types (ie. three colors)! We call the partial width to neutrinos
the invisible partial width I';,,, as the neutrinos escape the detector undetected.

PETRA

T

T

TRISTAN

¢) The total width of the Z is determined by measuring the total cross section of e*e™
scattering for various value of the center-of-mass, around the Z-mass. This is called 10 ©
the Z lineshape. The total width is measured as I'; = 2495 MeV. The partial width
to one lepton pair is measured as I';+;- = 84 MeV. The partial width to all hadrons
is measured as I'y,4 = 1744 MeV. Calculate the invisible partial width I';,,,.

TYYTT

0 20 40 60 80 100 12(]
Vs (GeV)

d) Write an expression for the number of neutrino types in terms of the total decay
width, and the partial widths.

e) Estimate the number of neutrino types in the Standard Model, assuming the fol-
lowing input from the Standard Model, T, /T chargedtepton = 1.991.

a) The Z can decay to eTe™, utpu~, 7777, ua, dd, ss, c¢, bb, and to vp.
b) FZ — Fee + F[,l/_t + FTT + :3(Puu + rdd + Fss + Pcc + rbb) + F‘inv-

c)
Tiny = Uz — Thaa — 3T+~ = 2495 — 1744 — 252 = 499 MeV

d)

Iz —Thaa =31+~ Ting
B I', I,

[ S
=
<

N, = 499/(1.991 x 84) = 2.984
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Outline for today:

1) Higgs mechanism
2) Higgs discovery at ATLAS

3) CKM-mechanism
4) CP violations at LHCb
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Lecture 1: Relativity

e Theory of relativity

— Lorentz transformations (“boost”)

— Calculate energy in collissions — +(2® - 52"
N . o N U
:"(;r]—.iro '3=;
5 met 1
= - N =
— .r3 \H — B2
4-vector calculus <°
1
=" (=012 3)
2
pup = (E/c)* — |pI* = (E® = ¢*|p]*) /c* = (moc?) /c* 2

High energies needed to make (new) particles

2

o= (n+n) =2m +2(8+ )
=2m’ + 2B +2(E* —m® ) = 4E




"0
T
Lecture 1: 4-vector examples .
ot = p=0123
2
e 4-vectors: 2
— Space-time Xt
- Energie-momentum p* pup" = (E/c)* — |p* = (E® = &[p*) /¢ = (moc?) /c*
— 4-potential AH | ,
o, — D, =0, +1iqA,
- : / / / /
— Derivative o#

— Covariant derivative D~

- Gamma matrices

0, (OFA” — OV AF) = 5"

(iv"0,—m) ¥ = 0

Tensors o Leoe

° r ) .

Ty = z° z, = —.rl‘rz =-—z, 7, = —a 0 —1 0 0

— Metric g 9w =10 0 -1 o0

— Electromagnetic tensor Fwy 0O 0 0 -1

(0 —-E, -E, —E.

| | E, 0 —-B. B,

FH = 9t AY (1) — OV A () =
E, B. 0 —B,




Lecture 2: Quantum Mechanics & Scattering

e Schrodinger equation

- Time-dependence of wave function

e Klein-Gordon equation

Relativistic equation of motion of scalar particles

» Dirac equation

Relativistically correct, and linear
Equation of motion for spin-1/2 particles
Described by 4-component spinors

Prediction of anti-matter

Iz
E=—
2m
. 0 —1 79
i— v = — VY
ot 2m
E? =5 +m?
Y
——=0 = —V o +m* ¢
ot=

(Y0, —m) v = 0

S
— 2

LA S
Va

Niels Tuning (17)



Lecture 2: Quantum Mechanics & Scattering

e Scattering Theory

— (Relative) probability for certain process to happen

— Cross section

L)

do -
—=DI6. ¢)
dQ
do (22, J 1 do _| 2leZza’]2 Classic Scattering amplitude in
da b ) a2 |lde [ g2 Quantum Field Theory
e Fermi’s Golden Rule o
transition rate = - M|? X (phase space)

- Decay: “decay width” r a—b+c

— Scattering: “cross section” o a+tb—oc+d
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Lecture 3: Quarkmodel &
Isospin

e “Partice Zoo” not elegant

e Hadrons consist of quarks

» Observed symmetries
— Same mass of hadrons:
— Slow decay of K, A:

— Fermi-Dirac statistics A™, Q:

e Combining/decaying particles with (iso)spin

— Clebsch-Gordan coefficients

s=0 A7 N A /A -0 n p
Lo 07
s=—1 o*- 30 5o
/ s=—1 . »+
qg=1
s=-2 =% =0
= /_ g=1
=0 =-2
=-3 o 17 =- =0
g=-1 qg=-—1 q=0
d u s
. 2
Q — electric charge -1 +2 1
3 3 3
| — isospin P ) 0
2 2
|, — isospin z-component -1 - 0
S — strangeness 0 0 —1

isospin
strangeness

color

1/2><1/2E _

+1/2+1/2] 1] 0 O

+1/2 =1/2|1/2 1/2
-1/2 +1/2]1/2-1/2

112172




Lecture 4: Gauge symmetry and Interactions

e Arbitrary “gauge”
= Physics invariant

= Introduce “gauge” fields in derivative

» Interactions!

® QED

® \Weak interactions

® QCD

Oy — D, =0, +1qA,

U(x) — ¢¥'(2) = ()

1 photon

W — )" = exp (i

T-a\ |,
L“‘
2

3 weak bosons

1//%1//=6Xp(

a=1,8

I

350 Jo

8 gluons
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Feynman rules: Example

PY Pro cess: e_//t_ _)//t_ e @in 1 fermion (in, out)
e antifermion (in, out)

Massless spin 1 photon
(Feynman gauge)

v Photon—spin % (charge — ¢)

77 =
T

eNANANANAAAS - igm,
pz
ie(p +p)¥

/J-_ . uUp /J‘— . Up
1€ L)";’“ up

— I.\/[ = —iguv
/1

euc Y uy

e Ua e Ug
: 2— W, —1 — ‘
—iM = —e“ucy'uas — upy,un
e
2 4 | — 1 1
M7 = €' |(Tcy"ua) ) (Zp quB)] [(Uc"' Y 7z (ZpYyuB

Remember the 4-component
spinors in Dirac-space:

(@ ) o u

a number
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QED and QCD
QED

Local U(1) gauge transformation

¥(z) — ¥(2) = € @y(a)

Introduce 1 4, gauge field
“Abelian” theory,

F = orAY (z) — 8" A()

No self-interacting photon

— Photons do not have (electric) charge

Different “running”

QCD

e Local SU(3) gauge transformation

¥ %¢’=exp(2§9a(x)/la)w
a=1,8

e Introduce 8 4, gauge fields

e Non-“Abelian” theory,

C;ZV (I) — (:_)/_L :13 (I) - 01/ ‘_1;15(11) + g fabc :4/11 (l‘) "’41(;(1')

e Self-interacting gluons

— Gluons have (color) charge

e Different “running”
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Lecture 5: Running couplings

» EM coupling o

» Strong coupling og

a,(p?)

a,(Q%) =

1+

o, (1?)

127 (33 -

2n,) log(Q*/p?)

= Confinement

= Asymptotic freedom

== QCD o,(MZ) =0.1189 = 0.0010

1

II()
Q [GeV]

100
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Lecture 5: e*te” scattering and DIS

e ete scattering: QED at work: R

ee—uw
ete—ce
e'e—qq g
ete—Z

efe—>WW

e etp scattering: QCD at work: F,

Quarkmodel: do quarks exist??

Substructure
Bjorken-x, sum rules

Scaling

on (pb)

-Secti

=l

Fy(x) = el(zq(e) + zq(x))

q

‘Parton density functions’ (pdf) and ‘structure functions’

Scaling violations: more quarks at higher Q2 due to QCD

xq(x)

(®)




Deep Inelastic
Scattering

\

Lepton — proton scattering
or:

Hitting something big, using something small



Scattering

Rutherford scattering

(scattering off static point

charge)
. e’ o
ete—ptp scattering .
i
(s-channel)
e s
et —ept scattering
(t-channel) 3.
= T

dO’ a2

—=| =1+ cos’8
de o 4+ (1 +cosd)?
20 _ 2 22T A
dQ2  2s (1 — cos /)?
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e+q—) e+q

e+

Point cross section

e+

d(f ()52 24 4+ (1 1 cos 17)2
R : 59
d 25 7 (1 —cosv)
Q* =2E(1-cos0)
y =sin’ 4
do.e.(l—>e(1 271_(}'2 . . 2
dQ* B Q* “ [2(1 —y)+y
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mm-m-mmm

. SLAC-MIT SLAC fixed 1967-1973
DIS eXperImentS Gargamelle CERN v fixed
ESO - SLC SLAC fixed
. . CHORUS SPS CERN v 10-200 fixed 1998
¢ EaSIeSt: ﬂxed ta rg et CCFR Tevatron Fermilab v 30-360 fixed
. NMC SPS CERN u 90-280 fixed 1986-1989
o ep Scatterlng EMC/SMC SPS CERN u 100-190 fixed 1984-1994
. BCDMS SPS CERN u 100-280 fixed
p scattering
ZEUS, H1 HERA DESY e 27.5 920 1992-2007
— W scattering NB: Table not complete

e 1990’s: ep collider

40 GeV
Protons

620 &2
Proy-

14 GeV
Positrons
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detector
electron proton ®
beam target 7
b v AIEM HODO2COLER

do

] T

;. Electron scattering |
. from hydrogen !

dQ

Cross section

BEVWN DL

Robert Hofstadter

0w 10

10- 32

31 |

(188 MeV lab)

()
Point charge,
point moment
{anomalous)
curve i

I Mottt curve
e—

@ |

| ' | |

| !

o | S
irac
‘curve /N// <,
|
|
|
|

30

110 130 150
Laborctory angle of scattering (in degrees)

Fig. 9. Electron scattering from the proton at an incident energy of 188 MeV. Cuive

(a) shows the theoretical Mott curve for a spinless point proton. Curve (b) shows the

retical curve for int proton wi irac netic 1 . Curve
theoretical curve for a point proton with a Dirac magnetic moment alone. Curo

(©)

shows the theoretical behavior of a point proton having the anomalous Pauli contribu-
tion in addition to the Dirac value of the magnetic moment. The deviation of the ex-

perimental curve from the Curve () represents the effect of form factors for the proton
and indicates structure within the proton. The best fit in this figure indicates an rms

radius close to 0.7 * 10" cm.



Sub-structure

Remember Rutherford

- Back-scatter of o from
nucleus

Now:

- Back-scatter of ¢ from
quarks

do
dS)

Cross section

1073

ile]

-3
10 2

-31 |

. Electron scattering |
. from hydrogen

|

(188 MeV {ab)

! i

I

(9]
Point charge,
point moment
{anomalous)
curve

I Mottt curve
e—

@ |

‘Expernmentcl curve—"""_

‘\\

\ {
i

¥ (b)
]Durcc
cw‘ve

|

30

50 70 S0 10

130 150
Laboretory angle of scattering (in degrees)
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ds
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Scaling

J.D. Bjorken “scaling hypothesis” (1967):

e If scattering is caused by pointlike constituents
structure functions must be independent of Q2

> Would you expect a Q2 dependence?

R. Feynmans “parton model” (1969):

e Proton consists of ‘constituents’

“Physicists were reluctant to identify these objects with quarks at the time,
instead calling them "partons"” — a term coined by Richard Feynman.”

A simpler and more elegant scheme can be
constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following
properties: spin %, z = -§, and baryon number j.
We then refer to the members u%, d-7, and 573 of
the triplet as "quarks" 6) q and the members of the
anti-triplet as anti-quarks . Baryons can now be
constructed from quarks by using the combinations
(qaq), (@qaqd), etc., while mesons are made out
of (@), (@add), etc. It is assuming that the lowest
baryon configuration (qqq) gives just the represen-
tations 1, 8, and 10 that have been observed, while
the lowest meson configuration (qq) similarly gives
just 1 and 8.

Figure 1.1: Murray Gell-Mann suggested in 196/
that the proton consists of three “quarks” ® [1].
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QCD: deep in the D’Oton , sea quarks

Proton

valence quarks




QCD: deep in the proton

sea quarks

Proton

valence quarks

Two important variables:

e Q2: 4-mom. transfer, scale

e x: fractional momentum of quark



(From: PhD thesis N.Tuning)

Deep Inelastic Scattering

eq scattering: do

ep scattering: d2oP7eX 270’

61(1—)6’.(] 271_():,2

dQ? Q4

2
= e

q

) [2(] ) +y2]

Ty~
dxd()? r()*

(1+(1-y)

Yy

A . f :" :.' ‘.|
p(P) > .‘ :—> | \ .——>
\/N \/\N W
Q? = —¢*=(k—FK)* : Virtuality of the photon
r = ..)7)(1_—(1 : 4-Momentum fraction carried by the struck quark
I) : ( . a3 K Y 1 l. r
Yy = pk : Inelasticity
W2 = (P+q)? : Square of the invariant mass of the hadronic final state

Form factor
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Deep Inelastic Scattering

e ep scattering: d20eP=eX 92 N
dzdQ? r(Q*

e F,(x): proton structure function

e g(x): parton density function

Folx) = Z ‘73(-‘1*1(-‘1-*) + 2q(x))
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Parton Densities

e ep scattering:

2 n—re X ‘ 2
d2ger e 2T

1rdQ? 2Ot

L+ (1 —y)°) Fo(x)

e F,(x): proton structure function

e g(x): parton density function

= But... the proton had 3 quarks?!

> Sum rules:

Fy(z) = Z e

4

(zq(z) + zq(z))

1
[ ()
. ()l |

J ()

—u(x)) dx = 2;

- (1(1)) dr = 1;

1
/ (s(x) — s(x)) doz =0,

- \'37)




Proton: X

|f the Proton is

e What is
‘momentum
fraction’ distribution
of quarks??

e Quarks:
> “Valence”
> “Sea”

A quark

then F5P(x}is

Three valence quarks

Three bound valence quarks

L=
<
<
pe
<
(= <

(From: Halzen & Martin)

1/3

Pl e R ———

—
w

=




Proton: X

I f the Proton is

e What is
‘momentum
fraction’ distribution
of quarks??

e Quarks:

> “Valence’
> “Sea”

» Dynamic, QCD |

A quark

Three valence quarks

Three bound valence quarks

<
o)
<A

000

<
L=

Three bound valence
quarks + some slow
debris, e.9., 0 > qq

(=
<

L=

0

(From: Halzen & Martin)

=

—>

’QYeﬁ-Smallx

then F5P(x}is

Valence

1/3
X
1]
|
|
|
|
|
i
{
|
1/3
X
Sea
]
1
|
I
|
|
1
[
1
1
1/3
X




Proton: X

e What is
‘momentum

fraction’ distribution

of quarks??

e Quarks:
> “Valence”
> “Sea”

» Dynamic, QCD !

(From: Halzen & Martin)

X= 1/ 3 (From: PhD thesis N.Tuning)
-‘\ 08 [ bl ‘\ 08 N
ad C | ——  Valence = - ——— Valence
~ N 7 ~ ol
30 - : ----- Sea S g‘ LT Sea u
0.6 | 0.6F A
055 0.5E
0.4F 0.4F
3k 3E
0.2 0.2F
0.1 0.1 .
: \l\\I\T-I--I L1 1 - L1 IIIIII| | | II|I|I| I\\I\ll
pl by e | : 05 3 ; -
0.2 0.4 0.6 0.8 1 10 10 70 10 ]
@) Yo :
Three bound valence
quarks + some slow Sea
debris, e.9., 0 > qq !
p |
A l:> | Valence
ol I
° !
e [
H |
\(Qqq‘i 173 1
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Proton: Q2

The “deeper” one looks into the proton,
the more quarks and gluons

e-

e-




Proton: x, Q2

low Q?:

xq(x)

A
N
N

high Q?: 4

Yy

IIllIIIlI

(b) 0

(From: PhD thesis N.Tuning)

0.2 0.4




Proton: x, Q2

> DGLAP evolution egs:
dg(#,Q°) _ o d}y (q y. Q)1 qq<;1) +9(y, Q7)1 19(;,))

Aoy

The “deeper” one looks into the proton, the more quarks and gluons

(I(T",»"q »qq 2 ) |

/ a(2)

e “QCD evolution”
: L . = e,
e Describes quark-gluon splitting dpi s ’1-]
@ Pl Na—ag e’ 2 O , &
o : . Cag P,,(z)log 2

dIn Q? 2 J,
dg(z,Q?) (‘\q/ dlj( T 9. T
_ = — qly. C ((—)—1—((7.(‘“)]’ (—))
dIn Q)? o ” Zq:l Y. 2) 9q Y 9y, Q") Py Y
low Q*: W\ 2
. ‘
o
high Q2 L
= )
> SN
Ve
\ e/
000" . .
= _ | 1
() 0 0.2 4 0.6 0.8
¥

(@)

(From: PhD thesis N.Tuning)




A7) André David @ )
=& @DrAndreDavid

1d

At high-enough energies, protons are

gggg9uggg9g9999999999999999999999999999999999
9999999999999999999999999999999999999ugggay
9999999999999999999999999999999999999999999
999999999999999999999999999999999999dgggagg
9999999999999999999999999999999999999999999
ddggg9999999999999999999ssgg

| r/particlephysics @rparticles - May 10
Can | write proton as udu instead of uud? If not then why? dlvr.it/RWLgwY

7:59 AM - May 10, 2020 - Twitter for iPhone



Scaling violations

J.D. Bjorken “scaling hypothesis” (1967):

e If scattering is caused by pointlike constituents
structure functions must be independent of Q2

e Would you expect a Q? dependence?

> Yes, due to QCD, ie. quark/gluon splitting !
= Matured in mid '70s
= The proton is “"dynamic” !

» Measurement of F,(x,Q?) very accurate test of QCD

Niels Tuning (45)



Scaling violations

» Measurement of F,(x,Q?)
very accurate test of QCD

-log,,x

m

2

® ZEUS 96/97
A Fixed Target
—— NLO QCD Fit

Ja
)aga it
A_~I~<Aﬁ‘1¥“"‘:]'_ﬁ) ¥

+__,

[PV
. Ta‘rﬂ-ﬂ* ™ §  x=0.05

RIF R Ll—;l—!i I

Lo a bk = ] x=0.08
[ e Afc*uA B s T e
PR . A bhapa —Q—OI—IEE i_:i i_ x=0.13
B a—hﬂ—_g—:awﬁeﬁ‘.a_o“o_a_._ — ¥y !vi—i x=0.18
VT a2t AA AS AL aA AL A L -
i + A 8- ?‘Aw———‘-o—._.!iri_ii_ x=0.25
L T by
daM+QAMHA — 4, o5 ¥ . 4 1 x=0.4
B T AMAAAAAAAAAAASAAS A A A b ——ee o X=
Ll Ll Ll Lol ol
2 3 4 d
J 10 10 10 10 > 10




Proton Structure
» The deeper you look, the more low-x quarks

w2f
c I
._g 1,81 ® H1, ZEUS
%‘ P A andere Experimente
| (CERN, Fermilab)
g 18 Q=15 GeV” \
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1 “ i
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i Q
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Proton Structure

» The deeper you look, the more low-x quarks
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Proton Structure: knowledge needed for predictions

/ Beam remnant \
Incoming proton
N\ <

v

Resonance \
AN
decay

Hard parton
interaction

ﬁggs production / Higgs decay to photons \

p




Proton Structure
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Standard Model

L= liy, D" ~m)y -=F, F*

Todo-list:
e No masses for W, Z !?
- (LHC/ATLAS) Higgs mechanism, Yukawa couplings

e Interactions between the three families 1?
— (LHC/LHCb) CKM-mechanism, CP violation

Niels Tuning (51)



ll!'




(

<

Higgs mechanism

~

J




Higgs mechanism

e Let’'s give the photon a mass!
— Not realized in Nature

— But is a simpler example

Niels Tuning (54)



Higgs mechanism

e Let’'s give the photon a mass!

e Introduce a complex scalar field:

- —i W+ (D) (Do) — V()

- it V() = =261 o+ A(619)"

- and the Lagrangian is invariant under:

Au(w) — Au(x) - 8//'7(37)7
d(x) — €1 ().

Niels Tuning (55)



Scalar potential V(o)

V(¢) = 19"+ (979)?

» Question: what is

on the x- and y-axis...?

Niels Tuning (56)



Scalar potential V(o)

What if u2 > 0 ?? V(qb) _ _M2¢T¢+)\(¢T¢)2

w <0:

Niels Tuning (57)



Scalar potential V(o)

If u2 > 0:

e ¢ will acquire a vaccum
expectation value v,

e“spontaneously” !
e System not any more

“spherical” symmetric

V(9) = —p*¢"o+A(97¢)?

C

» Spontaneous Symmetry Breaking

w <0:

Niels Tuning (58)



Complex scalar field ¢

If u2 > 0:

e ¢ will acquire a vaccum
expectation value v

e Parameterize ¢ as:
- h: Higgs boson

- . Goldstone boson

- Both real scalar fields

------
""""
" e
e -

..................... - Niels Tuning (59)



Higgs mechanism

e Let’'s give the photon a mass!

e Introduce a complex scalar field:

L= —Y1p,P (D) (D') - V(e)

4
. with: V(g) = =12 o+ (o1 0)?
v+h
« and: ¢= elx/v
J2
» Then: v
1 v u eV’ a1 " PN | u :
£=—ZFWF —evA, 0" x + 5 4,4 +5(aﬂha h=2uh )+§aﬂ;(a x +(h, x)int.

Niels Tuning (60)




Higgs mechanism

e Let’'s give the photon a mass!

e Introduce a complex scalar field:

e with:

« and: ¢= \/5

> Then:

L———FWF” (Do) (D") .

= — 29T o+ N0 )

| e—|

v+ h

iy /v
e

1
L = _ZF!WFMV —evAﬂG”)(+

éAA +4(0 ho"n 2y2h2) ; 0"} (B, ) int.

Niels Tuning (61)



Higgs mechanism

1

L= _ZF/WFMV —evA, 0 x +

2.2
eyv

A A" +

U

1

1 |
2(aﬂha“h—2u2h2)+gaﬂxa“;(+(h, ) int.

s

4 )

NSNS

\_ Photon field A® J

@

-

?

Photon A with

\_mass e?v?

~

J

v

4 N/ Y . v )
2u? h h™.
/ h. )

Higgs h with Int {t'
\mass 2’ JAN nteractions )

Niels Tuning (62)



Higgs mechanism

1

L= _ZFﬂVFMV —evA, 0 x +

2.2
eyv

A A" +

U

1

1 |
2(aﬂha“h—2u2h2)+gaﬂxa“;(+(h, ) int.

s

4 )

NSNS

\_ Photon field A® J

@

-

?

Photon A with

\_mass e?v?

~

J

e What about this field ¥ ?

v

4 N/ Y . v )
2u? h h™.
/ h. .

Higgs h with Int {t'
\mass 2’ JAN nteractions )

Niels Tuning (63)



Higgs mechanism

1 5 e’v’ 1 | :
L= —ZFWF“ + A4,4" +5(aﬂha’“‘h—2y2h2)+ (h )int.
4 ) 4 N/ VY4 Y . v )
a2y/2 202 b h.
AN / / b )

\_ Photon field A» )

e Unitary gauge:

Photon A with
\mass e2y?

J

Higgs h with
\/nass 2u’

J

Interactions
\_

A, — Al = A, -

1
ev

— X

> Goldstone boson has been “eaten” by the photon mass

(64)



Higgs mechanism

r--L1p pw +1A A" 1(a ho"h—-2u7h )+ (h )int
4 “ 2 2" "

4 ) a N\ ) /

s ﬂii
AN
Photon A with Higgs h with I
\_ Photon field Ax ) \_mass e2v2 ) \mass 2u JAN nteractlons
e Unitary gauge: , 1

Ay — Al = Ay = —0,x

e Degrees of freedom

- Before:
- After:

massless photon: 2, complex scalar field ¢: 2

massive photon:

3, one real scalar field h: 1

» Goldstone boson has been “eaten” by the photon mass

- Total: 4
- Total: 4

(65)




Higgs mechanism

e Let’'s give the photon a mass?
— Not realized in Nature

Niels Tuning (66)



Higgs mechanism in the Standard Model

e Let’s give the W,Z a mass!

e Introduce a doublet of complex scalar fields:

EHiggs — (DN¢)T (Du¢)

1

D,¢ = (8 —l—ZgTZWZ—{—Zng

V(6) = —26'o+ A (60)

— V(9)

)o

Niels Tuning (67)




Spontaneous symmetry breaking

+=(%)

w <0:

A

—

Sl =

(.50)

Niels Tuning (68)



Spontaneous symmetry breaking

(D"9)! (Do) = ' (% oo Wt 59'3*‘) ﬁ( )

v VE
’ Lkt r]\‘,
== (gT wh —i—g/Bﬂ) ( X )‘

| gW)L —igh}
- 8 [\ —gW2+¢B,
7°: Pauli matrices:

2 o 1 0
v V2\v+nh

10 0 -1

== s (W + (W2)%) + (W - 78,)°|[. (“ 1) (‘j ) (1 ”)

» Mass terms!

e How about the physical fields?

Niels Tuning (69)



Rewriting in terms of physical gauge bosons

W, W, W, B
— e— —
W and W~ bosons  Z-boson and ~

1) Wy, Wo sl = — (w! in2)

b
7

2) W,, B: | (—9Ws+yg" B’

» Let'sdoa ‘trick’ and ‘rotate’ the W5 and B
fields to get the Z and A fields

Niels Tuning (70)



Rewriting in terms of physical gauge bosons

I"I"rl

W

—
W+ and W~ bosons

w
Z-boson and ~

B

1) W,, W, :

2) W5, B:

1
Lt — 171
Wi = 7 (U 0

== z‘Hf)

9 R,
&www&f=mﬂm(% %2)(gﬁ

I

Diagonalize the matrix find eigenstates +

eigenvalues

(—gWs+ ¢

() _‘

By)”

= (¢° + g’Q)Zi +0- A7

Niels Tuning (71)




Rewriting in terms of physical gauge bosons

Wy W W, B
N S —

W+ and W~ bosons  Z-boson and ~

1) Wi, Wy i) i = L (wh = iw)

1
N

, , ‘ g° —qq’ W.
2) W5, B: (—gWs+g  B.)? = (Wi B,) ( J/ JJ/Q ) ( 33 )

I
ergenvalue etgenvector
A=0 ! (g’) ! (W3 +¢gB,)=A, photon(y)
= 7 . gwWws T gby) = Ay Y
2 12 2 /
Vgi+g© \ 9 Vg©t+yg
. 1 1
2 .
S Y (%)= —=—(sWs—g'B) = 2, Z-boson (2)

Niels Tuning (72)



Rewriting in terms of physical gauge bosons

Wy W, Wy B
N, — S —

W+ and W~ bosons  Z-boson and ~

: 1 ;
1) Wy, Wo sl = — (w! in2)

0 /2 L
2 ’
2) W, B |CaWard BR=an( 0 T ) ()

etgenvalue etgenvector

1 g 1 —_ o
A=0 - \/W ( p ) = ey (g w, +gBM)=sml9WWﬂ +cos6, B, =4, (photon)
A= (g2 +g'2) . \/% ( _gg, ) = \/ﬁ(gW;-g’Bﬂ)=cos49WW/f—sint9WBﬂ =Z, (Z-boson)

g T9g

Weak mixing angle (or Weinberg angle): 0,
Niels Tuning (73)




Rewriting in terms of physical gauge

Wy W, Wy B
N, — S —

W+ and W~ bosons  Z-boson and ~

DOSONS

1) Wo, Wo il w = — (w! =iw?)

b
7

2) Wy, B: | (—9Ws+g B’ =(UaB)( 4

+ g'Q)Z;‘Z +0- 4;)[

Niels Tuning (74)




Electro-weak unification

» Electromagnetic and weak forces intricately connected!

(—gWs+9¢  B.)’=("+¢)Z.+0- A

Niels Tuning (75)



Spontaneous symmetry breaking (Keep the vacuum neutral)

J

]

N ' ‘ kyx-k ! 1 0
(D"o)' (D, o) = '(dﬂ -+ 597 W, + 59’ B;,) ﬁ( )

v

2 10
v V2\v+nh

&
2

9
_ kvirk A
=3 (gT Wi+yg Bl,_) ( | ) '
¢ &) 2
B 2 gIv"I"“’;} _ igW'l;
-8 |\ —gWi+gB,

22
v

‘ A1\ 2 9 2 ~ 2
= 2 (V)7 + (W) + (oW - 9'BL)’]

| — |

» Mass terms!

e How about the physical fields?

(D*¢)" (D, ¢) = L}?[gz?(ﬂ'*)? + W)+ (P +¢7) 22+ 0 A2

C

Niels Tuning (76)




Spontaneous symmetry breaking

(D"¢)' (D,¢) =

v?
8

6 b kurk ! L /0

K)

=~

0 2
k 7k /
(gT Wk 4 g Bﬂ) (1)'

2
( gWi —igWys )
~gWi+ 4B,

02 ‘ ‘
=5 [ ()7 + (0)%) + (0~ o',
Physical fields: Mass term Mass

1 1 /g v\2 ,

/,r:i: — /1 ,,,,72 - 7T A7 g v

Wi = 5 (Wi i) > (5) win mw =2
7 e _gq" W 9 /2 ZQ 0 AQ Vi, — 1“’ \/ 9 /2
W, B ( —99' g ) ( B, ) (0" +97)2,+0- 4, Mz = Suy/g*+97)

Niels Tuning (77)




Summary:

¢+
1) Introduce doublet of scalar fields: ¢ = ( A0 )
2) With potential: V(o) = —u20Td+ A (¢T¢)
3) S.S.B.: ,_ L0
v V2\v+h

4) Mass terms for gauge fields: Dy — (8,L+z'g TiWﬁnLi%g’Bu) 5

: 1 i i __
(D*)' (D,d) = =0 [P (W2 + (W) + (¢* + ¢°) 2% +0 - A2

C

Niels Tuning (78)



Value of boson masses

e Photon couples to e:

e Prediction for ratio of
masses:

e Veltman parameter:

e Higgs mass:

A, =sin6,W, +cos6,B, (photon)
Z,=cos8,W; -sin6, B, (Z-boson)

> = gsin(fw) = g’ cos(bw)

, |
M W 504

J[Z N %(Yv\/g‘z — g’2

— — COS(QV\?)

\ 2
p = Mw
~ M2 cos*(6w)
mp — \/W
g ;
Muon decay: ST = \/g —ly=1/ 2GF

v =246 GeV

Niels Tuning (79)




Fermion masses?

e Add ad-hoc (!?) term to Lagrangian:

L fermion-mass — — A f [LL OUVR + WROW L]

Niels Tuning (80)
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First:
Higgs discovery

J
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190S o ZZ=o 4 EPLON'S

SMall - numper.or.beautitul events

120.000 Higgs bosons

@

Only 1 in 1000 Higgs bosons
decays to 4 leptons

E i Io ‘Dalta | ;47|'LASI ]

50% chance that ATLAS detector finds them o5 o ]
g ] H->zZ -4

§ 5 Oi [] Signal (m =125 GeV) B

<YL _

60 (Higgs > 4 lepton) events 1or peak I1? E
10— 2

‘other’ 52 events - ]

with Higgs 68 events 5 1

100 150 200 250
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Higgs - 2 photons

> LI R IR R R A R A A L B R R R R L
..... 8 3500E ATLAS ’ Data
g 3000E- — Sig+Bkg Fit (m =126.5 GeV)
‘S’ = &g e Bkg (4th order polynomial)
S 2500 -
w —
1500 (57 Tev, [Lat=4.816™
1000E" 5= Tev, [Lat=5 91"

Events - Bkg
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Interpretation O EXCESS

4 . . . )
Claim discovery if:

Probability of observing excess smaller
than 1 in 1 milion

~ 0000/

Throwing 8 times 6 in a row




Discovery in slow-motion

Time-line higgs discovery

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

IIIIIIIIIlIIIIlIIlllllllllllllrllllllll

10 ATLAS )

7

CERN-PH-EP-2012-218
Accaptad by: Physics Lattars B

10-2 =S L N
103F

Observation of a New Particle in the Search for the Standard
Model Higgs Boson with the ATLAS Detector at the LHC

1 0-4 The ATLAS Collaboration

This paper is dedicated 1o the memory of our ATLAS colleagues who did not Iive to soe the
full impact and their 1o the

ol

10°
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Mass is de ‘exchange rate’ between force and acceleration:

F=mxa

Does not describe what mass is ...

PHILOSOPHIA ||

NATURALIS
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Mass is energy

E = m x c?

Describes what mass is !
Einstein

13. Ist dic Trigheit eines Kérpers von scinem
Energieinlalt abhidngig?
von A. Einstein.

But not where it comes from ...

Die Resultate einer jingst in diesen Annalen von mir
publizicrten elektrodynamischen Untersuchung?) fiahven zu einer
sehr interessanten Folgerung, die hier abgeleitet werden soll.

Ich legte dort die Maxwell-Hertzschen Gleichungen fur
den leeren Raum nebst dem Maxwellschen Ausdruck fir die
clektromaguetische Energie des Raumes zugrunde und auBor-
dew das Prinzip:

Die Gesetze, nach denen sich die Zustinde der physi-
kalischen Systeme andern, sind unabhingig davon, auf welches
von zwei relativ zueinander in gleichformiger Parallel-Trans-
lationsbewegung befindlichen Koordinatensystemen dicse Zu-
standsiinderungen bezogen werden (Relativititsprinzip).

Gestiitzt auf diese Grundlagen?) leitete ich unter anderem
das nachfolgende Resultat ab (. c. § S):

Kin System von ebemen Lichtwellen b auf das Ko-
ordinatensystem («, 7. bezogen, dic Kuergie /; die Strahl-
richtung (Wellennormale) bilde den Winkel ¢ mit der >-Achse
des Syste Kithrt man ein neues, gegen das System (z,z, =)
in glei lation begriffenes Koordis
sen Ursprung sich mit der Geschwindig-
se bewegt, so b t die genannte Licht-
£ semessen — die Knergie:

Von diesem Re-

i
sultat machen wir im folgenden Gebrauch.

1} A. Einstein, Ann. d. Phys. 17. p. $91. 1905.
2) Das dort benutzte Prinzip der Konstanz der Lichtgeschwindig-
keit ist nativrlich in den Maxwellschen Gl ngen enthalten.
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Mass of elementary particles is due to

m: yyH

BROKEN IYMMETAIES, MASSLESE PANTICLEX AND GAGSE TIELDY
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Mass of elementary particles is due to

m: yyH U

P




Next: Higgs properties as expected?

m,=125 GeV

|

[
LHC HIGGS XS WG 2010

—
Q

Branching ratios

—
<Q
N

1 1 Illllll

L 1 1 1 1 | 1 I 1 1 1 | 1 I L 1
100 120 140 160 180 200
Higgs boson mass (GeV)

Standard Model

IATI.'ASI 2014 -20'12

W,ZH — bb

Vs =7 TeV: [Ldt= 47"
H— 1t

Vs=7TeV: [Ldt= 4647fb1

H—ww S viv
Vs =7TeV: [Ldt= 47"
Vs=8TeV: [Ldt=5.81b"

H—y
\s=7TeV: |Ldt=4.81"
Vs = sTevILdt 591"

H- zz" = 4l

Vs=7TeV: [Ldt= 4.8 1"
Vs=8TeV: [Ldt=5.81b"

Combined

Vs=7TeV: JLdt=4.6-481b"
Vs =8TeV: [Ldt=5.8-591b"

prediction

]
Signal strength (u)

measurement




Philosophy?




Particle Field

PRotERN(IIgRE PARtICIE) Electrical fie

:
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Particle Field

J Particle
9 J %
A .
Apparent mass - v d Higgs field
9 9 . % >
L 5

As if the fish discovered the water he’s
in...




Mass of elementary particles is due to

@stein: \

proton mass =

binding energy no rest-energy= rest energy =
NO Mass interaction with Higgs field
= mass!
[ J F'F" r‘m{ > Jﬁqu

o -
Higgs Field
o

Revolutionary — with spectaculair consequences :

space is not empty, but filled with sort of ‘ether’




ANOTNEr TIEld: the Blg Bang

One of " properties match that of another field...

The that inflated the Universe between 1033 and 10-32

seconds after the Big Bang

tV(P)




Another field: the Big Bang

Inflationary
Epoch

l ]
10°1® 10




Afterglow Light
Pattern
375,000 yrs.

Inflati

Qus
Fluctuation

Dark Energy
Accelerated Expansion

Dark Ages Development of
Galaxies, Planets, etc.
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g Couplings across

generations:
CKM
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*CSM — EKinetic + £Higgs + *CYukawa

»C'Kinetic Introduce the massless fermion fields
Require local gauge invariance =» existence of gauge bosons

. Introduce Higgs potential with <¢> # 0| G =SUB)xSUQ2), xU(), =SUQB)xU(1)

Spontaneous symmetry breaking W*, W-.20 bosons acquire a mass

EYukawa Ad hoc interactions between Higgs field & fermions

Ivo van Vulpen (104)



Fields: Notation

Fermions: ¢, =(1_}/5 )z/; Y, =(1+7/5 )z/; with @ = Q;, ug, dy, L;, Ip, v

2 2
Quarks/hteract.onrep ____________________
u'(3,2,1/3) 2.1/3 y
ST [o o 11 —  Qul; T \/ ) Q=h+3
Right handed singlets {f (3.‘ 23 1/3) L/ / C SU(2) HyperChargeY

Left-handed
generation index

uh(3,1,4/3) di(3,1,—2/3)
I
Leptons v(1,2,-1) I 9 _
-1y ), o b2 =)
[5:(1,1,=2) Vh.

o ¢+
Scalar field: b (1,2, 1) Interaction representation:
T standard model




Fields: explicitly

Explicitly:
e The left handed quark doublet .

u' !, el !
Qr.(3.2,1/3) = r>7g>"h ro g2 b rolgsly
IAEY Y AN Rl IS SRS N A B P A B
dr)dg)db I S,,,S ,Sb I b’,,b b

g

e Similarly for the quark singlets:
uh(3.1,4/3) = (u]ulul )R (c
(dr],d:,df) ,(SI s., St
R

dpi(3,1,—2/3)

r | v, v, v!
 The left handed leptons: Lj,(1.2.—-1)=| |, ,
L L L

e And similarly the (charged) singlets: [} (1,1, -2)= e, t}, 75
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ﬁSM :+ EHiggs + ﬁYukawa

£Kinetic : Fermions + gauge bosons + interactions

Procedure: Introduce the fermion fields and demand that the theory is local gauge invariant
under SU(3) xSU(2), xU(1)y transformations.

Start with the Dirac Lagrangian: [, = i1 (0", )

1 1
Replace: 9" — DV = 9" +ig,G"L, + Eiyl«ﬂ“ﬁ + Eig’B’”Y

Fields: G, : 8 gluons
Wt . weak bosons: W, W,, W,
B* :hypercharge boson

Generators: L, : Gell-Mann matrices: 2A, (3x3) SU(3)¢

g, . Pauli Matrices: V2T, (2x2) SU(2),
Y : Hypercharge: U(1)y

For the remainder we only consider Electroweak: SU(2), x U{1),



£SM :_|_ EHiggs + ﬁYukawa

with ¢ =0y, g, dy, Ly, 1

Ri

® Example: the term with Q,/becomes:

L kinetic (Q]{z) = lQ[I,l }/yD‘uQii

AL u l u l u 1
= lQLz‘yﬂ ((9 +§gVVb Tb"'gg,B )QLi (01
"1 o
® Writing out only the weak part for the quarks: ’f((i) ;’)
1
/ u 10
Linere W5, = i(uad)in(a”+§g(VW%+VT€“TZ+VK"Tg))(d) T3=(o -1)
L
= uly0tul + idlyetd] - Sulywdl - S=dly Wl -
u,!
_________ W—i-‘u 1
W= = — (W, =W,
dLI 2 L=JMWM \/E( 1T _)Ivo van Vulpen (108)




o T —————————

ﬁSM — EKinetiC +_|_ ﬁYukawa

‘E'Higgﬁ - D,H'[-:'{‘I}Il‘D“{-:"ﬁ T Li’liggh «“‘ri.t]]. Ifﬁlg,ﬂ_‘,“v — ;_Jf':z(ﬂﬁr{iﬂ _|_ /‘”\Q'jfm)l

—————————————————————————————————————————————————————————————————————————————————

1
1 <0
e =4y

__________________________________________________________________________________

o %

.

v=—p*fA~ 246 GeV [/

Spontaneous Symmetry Breaking: The Higgs field adopts a non-zero vacuum expectation value

Procedure: ; - ¢ = Rﬂ(ﬁﬁ:) +Im(fﬁi:] Substitute: Re(¢”) = 1
Re(d”) +Zm(¢”)

¢0

And rewrite the Lagrangian (tedious):

\/ﬁ

(v+h)

1. Gy, :(SUB) xSUQ), xU(1), ) = (SUB). xU (1), )

2. The W*,W-,Z°% bosons acquire
3. The Higgs boson H appears

Mass

Ivo van Vulpen (109)




Lsnv = Likinetic T LHiggs -|-[£Yukawa]

Since we have a Higgs field we can add (ad-hoc) interactions
between Higgs field and the fermions in a gauge invariant way

doublets

The result is: / l singlet
Y

Lyvakawa YZJ(IZLZ ¢ ) Yy + hc

&?‘)u +YZ(L ¢)lf + h.c.

i, j : indices for the 3 generations!

. 0 1) . 0
with: 0= io, ¢ =(_1 O)¢ =(_¢¢)

(The CP conjugate of @)

yd yu Yyl are arbitrary complex matrices which operate
ij ij ij in family space (3x3) = flavour physics

Ivo van Vulpen (110)



'CSM — EKinetiC + EHiggS _l_[EYukawa} . The YU kawa Pa rt

Writing the first term explicitly:

+

7 . | ¥
Yl.jd (u; ,d,)); ( , ) df{j

2

L + L + L +\
v () wo) Yé(uz,d,{)((”o v (.} Z)
¢+ (p+ - /dé\
e (ef.57) Z) r(.41)(7, K;’(ci,si)(zo |5t
b[
) . | \Pry
7 ¥ 7 I\ ¥ 7 ¥
ol v (R I A N | AR R A R [
\ @ @ ¢ )
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SSB
£Yukawa — 'Cmass

© Start with the Yukawa Lagrangian

+

Z

Lyakaga = ' (u],d)), .

dy + Y'(.) + Y/ (.)

y

Spontaneous symmetry breaking - Re(@ﬁ“) = (v+h)

-

© After which the following mass term emerges:

£Yukawa > ﬁmaﬁs = d fdd TL“ f“ U“RJ + LF ﬁff LF —|— h.c.
,with M = JW,W—T“,sz
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SSB
£Yukawa — Lmass

Writing in an explicit form:

d’ u' e’

Lo (757) {MdJ o\ (@TET MU | - (777) {Ml) e e

L b[ L tl ) L T[ )
The matrices M can always be diagonalised by unitary matrices VLf and VRf such that:
i g

F gl vt _agf —
VL M VR _Mdiagonal (dI,SI,bI)L v v M v s
b[

Then the real fermion mass eigenstates are given by:

dLi= VLd)l.j'dij dRi=(VRd)l-j'd1£j
U, = VL”)U_-uij uRl.=(V]§’)U-ufej
L=V -1 le.=(V;)Uoz;j

i

d', u,’, ! arethe weak interaction eigenstates
d, ,u, , [, arethe mass eigenstates (“physical particles”)

—

o van Vulpen (113)



SSB
£Yukawa — 'Cmass

In terms of the mass eigenstates:

U

m, m, u

L= (@sb)g  m ||+ (weilg m  |ge

3
SH
S @

3
Q

¢ (emr)g  m g
m

=
+
Ny
o

)

T R
L = muu + mcc + mit
11nass u ¢ 4
+ m,dd + mss + mbb
+ mee + m,uu + MITT

In flavour space one can choose:

Weak basis: The gauge currents are diagonal in flavour space, but the flavour
mass matrices are non-diagonal

Mass basis: The fermion masses are diagonal, but some gauge currents (charged
weak interactions) are not diagonal in flavour space

=» What happened to the charged current interactions (in Ly,,....) ? 1vo van vuipen (114)



Lw —  Lcoxu : The Charged Current

The charged current interaction for quarks in the interaction basis is:

yr = & w pod, W

\/5 u

The charged current interaction for quarks in the mass basis is:
g o u u dt +
Lw+ = w, Vyoyt vpdy, W,

\/E u

The unitary matrix: )/~ = (VL” -VL‘”’) with: Ve, Vi, =1

is the Cabibbo Kobayashi Maskawa mixing matrix:

d
£W+ = % (Z/_lagﬂt_)L(VCKM) A )/1“ Wu+
___________________________________ e
Lepton sector: similarly Vi =(VLV VL”)

However, for massless neutrino’s: 7, = arbitrary.

Choose it such that V,,, = / =» no mixing in the lepton sector : Vulpen (115)
VO van Vulpen



Charged Currents

® The charged current term reads:
*CCVQ = iu_ii}/ﬂWy_dLli + id_LlinW;uii = Jét(; Wy_ + Jgg W;

J2
—(1-p° 1=y g —(1-y i (1=7
u( 5 )y”WMVU( > d, + ﬁdj 5 yw, v, > u,

&\% Sl\% ™)
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How do you measure those numbers?

e Magnitudes are typically determined from ratio of decay
rates

e Example 1 - Measurement of V Vg Vus Vi
Ved Ves Ve

— Compare decay rates of neutron
Viae Vis Vi

decay and muon decay
— Ratio proportional to V 42
- [Vy4l = 0.9735 + 0.0008

- V4 Of order 1
v v
> - . Vit

Ivo van Vulpen (117)




QU

U

SN AN 2

SR

What do we know about the CKM matrix?

e Magnitudes of elements have been measured over time

— Result of a large number of measurements and calculations

I/us V;lb \
I/cs I/cb
I/ts th /

d\ (Vi Vi Viu\(d
s 1=\Va Vi Vulls
b' Va Vi Vo )\ D

4 parameters
o3 real
o1 phase

(0.9738+0.0002 0.227+0.001  0.00396 = 0.00009
0.227+0.001 0.9730+0.0002  0.0422+0.0005

| 0.0081+0.0005 0.0416=0.0005 0.99910+0.00004)

Magnitude of elements shown only, no information of phase

Ivo van Vulpen (118)



Approximately diagonal form

e Values are strongly ranked:

— Transition within generation favored

— Transition from 1st to 2"d generation suppressed by sin(6.)

— Transition from 2"d to 34 generation suppressed bu sin2(6,)

— Transition from 1st to 3@ generation suppressed by sin3(6.)

CKM magnitudes

d s b
r \
[l -
n
[ |

)2

I
. M A >,

A=cos(6.)=0.23

Why the ranking?
We don’t know (yet)!

If you figure this out,
you will win the nobel
prize

Ivo van Vulpen (119)



LHCb experiment: study the B particle

1) Find differences between matter and anti-matter

2) Find new particles

|



\
==

23 sep 2010 19:49:24
Run 79646 Event 143858637

B




LHCb experiment: study the B particle

1) Find differences between matter and anti-matter

CP violation



Final remarks: How about the leptons?

e \We now know that neutrinos also have flavour oscillations
— Neutrinos have mass

- Diagonalizing Y!;doesn’ t come for free any longer

L Yukawa — Y;, j Z+ Li O C Rj -+ h.c.
_ d T U [ I
= Y QL; O dh, i+ Y QLL & uRJ—I—Y LLL ¢ lp,

e thus there is the equivalent of a CKM matrix for them:

— Pontecorvo-Maki-Nakagawa-Sakata matrix

Ve U U Ueal| |1 d') Via Vus Vi d)
Vy| = L?p.]. L?PQ L'rpg 12 vs S!) = Vcd V:: s Vcb .S)
Vr | i 1 U U 3| V3] i b )_ i Via  Vis Wb_ i b) )
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Final remarks : How about the leptons?

e the equivalent of the CKM matrix

— Pontecorvo-Maki-Nakagawa-Sakata matrix

-L'rel Ueo Uea- -V1- i d')- —Vud Vs Vub- -d)-
— L'Tﬂl L"vpg L‘TP3 Vg Vs 5’) — Vcd V; s Vcb S)
i 1 Un "773_ | V3] _b')_ _Wd Vis th_ _b)_
e a completely different hierarchy!
0.85 0.53 0 0.97428 0.2253  0.00347
Uynsp ~ | —0.37 060 0.71 Ve = | 0.2252 0 0.97345  0.0410
—0.37 0.60 —-0.71 0.00862 0.0403  0.999152

Niels Tuning (124)




Final remarks: How about the leptons?

e the equivalent of the CKM matrix

— Pontecorvo-Maki-Nakagawa-Sakata matrix

L'Te 1
[y

'#1

-

i 1

U Ue| |1
U 2 " 3 V3
U Usz] | Vs

e a completely different

vs

U., |';
| Uu 1 | 5
["TT 1 |

V3

See eg.

R. de Adelhart Toorop

') Via Vs Vi | [|d)
5') Vea Ves Ve 5)
|b') ] Via Vie V| ||D)
Ueo)®  |Ues|’ 2 1
r 2 r P ~ i i 1
(/‘ /_1-2 |.) (/' #3 |2 ~ (f % %
Ura|”  |Urs| 6 3 2

d b
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What’'s going on??

Yukawa Couplings
A

_ N
e I
Couplings Masses
d S b
vy B u /. a/ =
22
c [ ] - o -» C o s jm}

H
]
|
~
on
o

o ??? Edward Witten,

Higgs fields and quarks and leptons are
supported on the three curves, and the
matter Yukawa couplings that gives masses to
fields
oncurves|| down qugrks and _charged leptons come
from the intersection drawn. (Up quark

masses come from a similar intersection.)

In this approach, the ordinary Higgs field is The picture is a little like this:

a wavefunction on K, as are the quark and
lepton fields

In the leading approximation, only one
Quark and lepton masses and the CKM particle .Of eaCh. type (i.e. the third
tri det ined by th | f generation particles — top, bottom, tau) get
matrix are determineéd by the overiaps o SU(5) ... on afour- masses. The others have wavefunctions

these wavefunctions. dimensional slice that vanish at the intersection point.

e See “From F-Theory GUT'’s to the LHC” by Heckman and Vafa (arXiv:0809.3452)
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Kabbalah!

e Is 125 GeV coincidental?

arXiv:1208.18ii

HDECAY 4.43 + PROPHECY4F 2.0

'
'
IIIII|I |

I N I |

20 30 100 200 1000
m (GeV)

HDECAY 4.43 + PROPHECY4F 2.0 arXiv:1208.18ii

Hap — WW,ZZ / Zy,yy,99 / bb,cT,sS,dd,ut / v, u*ue'e

<m.>=1247+ 0.1 GeV
o(m)=6.0+0.1GeV

¥3ndf = 61.6/ 68

._lllllIIIIIIIIIIIllllllll]llllllllllllll

R

o
Ok
—
—
ol

140 150 160

my (GeV)

David d’Enterria
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Kabbalah Leermion-mass = — M VLOUR + VrOUL

e More serious stuff:

3.1.1 Lepton masses

L, = _)\e% [(?776_’-)1, ( y j: h )GR +er(0,v +h) ( ? )J

Xe(v+h) . _ -
= 5 [érer + éper]
Ae(V+h)
= ——Z¢e
AU Ae he
= — ce — 1ée
) V2
— . .
electron mass term  electron-higegs interaction
AU Ae
Mme = — X m

AV V2 2448
me=Tm L) [n=Tefoin

= 1.001!?
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Kabbalah?

e More serious stuff!

sign(A)V | A |

Strong coupling

Mj=Mmax

M=y, <

A L L

Scale u

MEermi B Mbplanek — - —

Higgs mass M;=124 GeV Higgs mass M;=127 GeV

Av

L

=2

=

Fermi

Planck

AV /
/
/
/
/
/ 0
Fermi - Planck

Figure 2. Schematic depiction of the SM effective potential V' for the Higgs field for My >

)p=tability

min

(left) and My < A\!::;'nh"“"‘ (right).

Scale u, GeV

Scale u. GeV

0.06 - 0.06
0.04 0.04
_ 002 0.02f
0.00 0.00
-0.02 1 -002f S
100 105 108 101 10% 107 10® 100 105 10° 1o 10% 107 10%

Figure 1. Higgs self-coupling in the SM as a function of the energy scale. The top plot depicts
possible behaviors for the whole Higgs boson mass range—Landau pole, stable, or unstable elec-
troweak vacuum. The lower plots show detailed behavior for low Higgs boson masses, with dashed
(dotted) line corresponding to the experimental uncertainty in the top mass M, (strong coupling
constant «), and the shaded yellow (pink) regions correspond to the total experimental error and
theoretical uncertainty, with the latter estimated as 1.2GeV (2.5 GeV), see section 2 for detailed
discussion.

Shaposhnikov et al
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End

Enough to wonder about...

e Couplings of Higgs to fermions, bosons?
e Why different masses?
e Relation between masses and W-couplings?

e Quark couplings and lepton couplings so different?
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(h.c.)

Standard Model Lagrangian (including neutrino mass terms)
From An Introduction to the Standard Model of Particle Physics, 2nd Edition,
W.N. Cottingham and D. A. Greenwood, Cambridge University Press, Cambridge, 2007,
Extracted by J.A. Shifflett, updated from Particle Data Group tables at pdg.lbl.gov, 2 Feb 2015.

L = —iBWBW . %tr(WWW‘“’) _ %tr(GWG‘“’) (U(1), SU(2) and SU(3) gauge terms)
+(vr,er) "D, <Z§> +erotiD,er + vro"iD,vr + (h.c.) (lepton dynamical term)
2 o
—£ {(DL, er) pMer + egM®p (:L )} (electron, muon, tauon mass term)
v L
2 _ _
—\/7— {(—eL, v1) ¢*MYvg + vg MY T ( VeLL )] (neutrino mass term)
+(tig,,dr) 6"iD,, (Zi) + tigo*iD,ug + drotiD,dgr + (h.c.) (quark dynamical term)
vV2r[, _ d 7 oard7 [ UL
—— | (ap,dp) oMdg + dpM ¢ d (down, strange, bottom mass term)
v L
2 - _ —
—% {(—dL, i) ¢* MYug + apM“¢T ( uCiL )] (up, charmed, top mass term)
+(D,,¢) D" ¢ — mi [pd — v*/2]*/20°. (Higgs dynamical and mass term) (1)

where (h.c.) means Hermitian conjugate of preceeding terms, )= (h.c.)y =T =v*T, and the derivative operators are

Niels Tuning (131)



(h.c.) (hot coffee?)

The problem is that the term above,

already includes its Hermitian conjugate. In physics-speak, we say that the kinetic term is self-conjugate (or
Hermitian, or self-adjoint). This just means that there is no additional “+h.c.” necessary. In fact, including the

“+h.c.” means that you are writing the same term twice and the equation is no longer “canonically
normalized.” This just means that you ought to rescale some of your variables.

i

P‘
I’ —t‘t F/;v P ’

+ L¢,B)& +he B0

oM. >

+Re*-VE) B

R ——— uning (132)

From: https://www.quantumdiaries.org/2011/06/26/cern-mug-summarizes-standard-model-but-is-off-by-a-factor-of-2/



