Particle Physics 1
Introduction Lecture 1

Fall 2017

Lecturers: Wouter Hulsbergen, Marcel Merk, Ivo van Vulpen

Exercise classes: Laurent du Four, Maarten van Veghel



What is Nikhef?

1. Dutch National Institute for Subatomic Physics

- Funded by NWO: the Netherlands Organisation for
Scientific Research

- NWO-i has 9 institutes:
> AMOLF, ARCNL, CWI, Differ, Nikhef, NIOZ, NSCR, SRON

- NWO is part of ministry of education, culture and science

2. Collaboration of NWO-i institute Nikhef and particle
physics departments of 5 universities:
- UVA, VU, UU, RUN, RUG
- Director: Stan Bentvelsen
- Coordinates all particle physics research in NL



Nikhef Activities

LHC Collider Physics

e Atlas: general purpose detector
(“Higgs”, “SUSY”, “dark matter”, etc)
> Contact: Wouter Verkerke

e LHCb: heavy flavour physics
(“CP violation”, “rare decays”, etc)
> Contact: Marcel Merk

e Alice: quark gluon plasma

> Contact: Raimond Snellings

Future Acitivities (preparations)

e LEPCOL: e*e™ collider
> Contact: Peter Kluit

e DUNE: (Deep Underground

Neutrino Experiment)

> Contact: Paul de Jong

e Einstein Telescope (Grav Waves)
> Contact: Frank Linde

AstroParticle Physics
e Km3NeT: Cosmic neutrinos
> Contact: Paul de Jong
e Auger: high energy cosmic rays
> Contact: Charles Timmermans
e Xenon: dark matter
>Contact: Patrick Decowski
* Virgo/LIGO: grav waves
> Contact: Frank Linde

General Research

e Theory: QCD, Flavour, early universe
> Contact: Eric Laenen

e Detector Research & Development
> Contact: Niels van Bakel

e Grid computing
> Contact Jeff Templon
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Quarks i
Leptons .
lnteractlon ngQ W|th fermlons ("orlgln of mass”)
’.
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Atlas event




Higgs =2ZZ=2> ppup
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Atlas:

Events / GeV
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LHCb: B-mesons: matter vs antimatter

B? decays to K*and anti-BO decays to K~ en t*
Matter process Antimatter process
% 3000 % 3000
> = > = —
8 BY — K+~ 6 BY — K- 7t*
2500 o 2500~
s \'s=7TeV Data s \'s =7 TeV Data
‘\92000:_ ) R ..u;
A
g [
“ 15001 0
1000
500 \
0= T D — ok NP R I
9 51 52 53 5;4 55 56 57 ?.8 5 51 52 53 54 55 56 57 g,_g

* Left and right not the same speed
* Happens only in decays with three quark generations present
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Higgs field emerged durinﬂgw_E_iwg‘__wang

Today 14 hillion years =
Life on earth e -
Acceleration 11 billion years —
Dark energy dominate! T e g

Solar system form
Star formation peak

Electroweak transition
Electromagnetic and weak nuclear

farrac finct diffarantiate

t=0. 00000000001 S

& 3 1 = //‘;, 0 +
Matter domination 5,000 years =T | _
Onset of gravitational collapse 3 I o S WS S 1 s s e s
.. ,:.A. ;. »' = e
Nucleosynthesis — 3 minutes — RV w A PSRN
Light elements created - D, He, Li |/t B ol O e - o RSN ZTraRE | N
Nuclear fusion begins —— 0.01 seconds . i § L R s e e o S
gl | "c ia N o i 7 d ~ o k] i B :
NG ~ At =
Quark-hadron transition T £ \"f*, L JTee—
Protons and neutrons formed N+ i ' i . + Rl 8.
L < i N ::. ~
. e . b

Higgs field:

FrY x-f f - Tk

Grand unification transition F—— st
Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down

e Suddenly particles got mass
* Antimatter disappeared?



How did anti-matter disappear duri.ng Big Bang?
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How did anti-matter disappear duri.ng Big Bang?
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Lectures PP1

: Wave Equations and Antiparticles

: The Electromagnetic Field
: Scattering of Spinless Particles

: The Dirac Equation
: Spin-1/2 Electrodynamics
: The Weak Interaction

: Local Gauge Invariance
: Electroweak Theory
10: The Process ete™ 2 u'u-

O 0o N O A W N -

11: Symmetry Breaking
12: The Higgs Mechanism

: Perturbation Theory and Fermi’s Golden Rule

QED for spin-0 particles
Scattering Theory & Cross sections

QED for fundamental Fermions
(spin- % particles)

Electroweak Standard model for
massless particles

Standard model for massive
particles

13: Fermion Masses, Higgs Decay and limits on m,
14: Problems with the Higgs mechanism and beyond the SM
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Standard Model of Particles

Fermions (Spin 1/2 particles) : Basic constituents of matter

Quarks :
U, U, U c,c,C t
d,d,d S,8,8 b
Leptons :

)

Quarks only occur in color
“neutral” objects: “Hadrons”

Baryons: gdq
Mesons: g

Three generations of
fundamental particles exist!

Vector Bosons (spin 1 particles) :

Strong Interaction: 8 gluons
Weak Interaction: W*W-2Z°
Electromagnetism: fotony
Gravity: graviton g ?

Force carriers

Grand, Unification
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Forces originate from principle of local gauge invariance: symmetry!

Scalar Boson (Spin 0 Higgs particle) : Masses via Spontaneous Symmetry Breaking




Matter Waves for Particles without Spin

Non Relativistic Relativistic
)
Kinematics: g E? = p? + m?
2m 9
Quantum i .0 d & = EF —i1— and p — —iV
Mechanics: — ‘9 ANC P — —1V , ot
1 _ 2 2
Wave Equation: z‘qu = __V2¢ _@Qb = -V o+ m-¢
ot 2m
. . - = 3p )
Continuity Equation: V .5 = _a or 6“3“ —
Probability density and current:
— alFal — 2 toJo) 0o*
p =9 ¢ =|N| :i<*__ —>:2N2E
i N p ¢ o~ [N
e G LR B I S (¢*V¢ - 6Vo*) =2|N|*5

Negative Energy solutions:  j* (+e) = 2e |N|* (E, p) = —2¢ |N|? (—E, —p)

The negative energy solution of a particle travelling backwards in time =
the positive energy solution of an antiparticle travelling forwards in time.
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Standard Model of Particles

Fermions (Spin 1/2 particles) : Basic constituents of matter

Quarks :
U, U, U c,c,C t
d,d,d S,8,8 b
Leptons :

)

Quarks only occur in color
“neutral” objects: “Hadrons”

Baryons: gdq
Mesons: g

Three generations of
fundamental particles exist!

Vector Bosons (spin 1 particles) :

Strong Interaction: 8 gluons
Weak Interaction: W*W-2Z°
Electromagnetism: fotony
Gravity: graviton g ?

Force carriers

Grand, Unification
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Forces originate from principle of local gauge invariance: symmetry!

Scalar Boson (Spin 0 Higgs particle) : Masses via Spontaneous Symmetry Breaking




Matter Waves for Particles without Spin

Non Relativistic Relativistic
p”
Kinematics: F=— E? = p% + m?
2m 5
6 —
Quantum | E—i— and §— —iV E —1i1— and p — —1V
Mechanics: Ot )
5] 1 2 2
Wave Equation: | 1 —1 = ———V? ——o¢=—-Vo+m o
ave Equation at’tp = P ot2
. . - = 3p )
Continuity Equation: V .5 = _a or 6“3“ —
Probability density and current:
— alFal — 2 (., 00 0o*
p =P =|N| p=z<¢a—¢ﬁ>:2|N|2E
- 1 - o IN|" . B -
e G LR B I S (¢*V¢ - 6Vo*) =2|N|*5

Negative Energy solutions:  j* (+e) = 2e |N|* (E, p) = —2¢ |N|? (—E, —p)

The negative energy solution of a particle travelling backwards in time =
the positive energy solution of an antiparticle travelling forwards in time.



Perturbation Theory (1)

— =(Ho+V (£, ) v ; Y= Z A () O (E) e~ iEnt

/w;d3w v 'LZ dan( ) qbn(f) e_’E t + 1 Z( ’l, E a;(i%-—@(:) e—zE t

n=0 ne—0 —

Z En (@@T’f‘) e"‘E " Z V(Z,1) an(t) on(F) e~ iEnt

n,—()/

dan (t)
>3

n=0

/d333 ¢f(£)¢n(w) e~ HEn—Ep)t _

6fn

oo

Z an(t) /d3q; % (Z) V(Z,1) D () e (En—Er)t

n=0

daf (t)
dt

= —1 Z an(t) / d*x ¢} (E) V(Z,t) ¢n(T) e U En—Es)t
n=0



Perturbation Theory (2)

dacji:t(t) — —z'nz::oan(t) /d?’w ¢3(Z) V(Z,1) pn(T) o~ (En—Ej)t
dar(t |
acjlct( ) — —i/d3a; gb;;(j’) V(Z,t) ¢;(Z) e~ (Bi—Ej)t
as(t) = / Ll dt Vi = / d’z ¢%(T) V(&) (&)
! _T/2 dt

= "'/_m at [ & [0 @)e ™" V(@) [¢i(@)e ™

T/2

Ty = ayp(T/2) = —i / dt / &3z ¢%(F,1) V(Z,1) ¢i(, 1)

—T/2

Ty; = a; = —i / d*z ¢ (z) V() di(x)




Relativistic Scattering

Tfi = —iNANgNcNp (27)* §*(pa + P8 — Pc — PD) M

|sz|2 = |NANBNCND|2 |M|2 /d4$ e—’i(PA+PB—PC—pD)w % /d4$/ e—'i(PA‘H’?B—Pc—pD)w’

= |NANBNCND|2 |./\/l|2 (271')2 6* (pa + P — Pc — pp) X lim d*z
T,V —oco TV

— |[NaANgNcNpl? IM|? (27)? 6*(pa +pB —pc —pp) X _lim TV

T,V —o0

= |N,NgNcNp|? |IM|? (27)* 6* (pa + PB — Pc — PD)



Relativistic Scattering

dop = —1° d®
lux
Wei=  lim Tyl s Ty = —i | d'z¢h(x) V(z) ¥ (x)
¢ T,V—soco TV , F f ¢

Tyi= —iNANpN{ N} (2w)* 6*(pa + pB — Pc — PD) M

_ 2 _ 2 9 2
de= Z (27)3 2E; Fluz _4\/(pA 'Pp)? —mymp [V




Cross Section and

Decay Rate

Cross Section: A+ B> C+D

o (2m)* 6* (pa + PB — Pc — PD) M- d3pc d3®pp
4/ (o - pn)’ — mAm, (27)3 2E¢ (27)% 2Ep
. do 1 D
Center of Mass: D¢ M

dQ ~ 64nZ s 1D |

Decayrate: A 2 B+ C

Jr — (27)4 64 (pa — pB — PC) . |M|2 . d3pg d3pc
2E 5 (27)3 2Ep (2m)3 2E¢
Center of Mass: ar _ ! 72 |IM|?
2,2 IPf
df 3274 m%
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Standard Model of Particles

Fermions (Spin 1/2 particles) : Basic constituents of matter

Quarks :
U, U, U c,c,C t
d,d,d S,8,8 b
Leptons :

)

Quarks only occur in color
“neutral” objects: “Hadrons”

Baryons: gdq
Mesons: g

Three generations of
fundamental particles exist!

Vector Bosons (spin 1 particles) :

Strong Interaction: 8 gluons
Weak Interaction: W*W-2Z°
Electromagnetism: fotony
Gravity: graviton g ?

Force carriers

Grand, Unification
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Forces originate from principle of local gauge invariance: symmetry!

Scalar Boson (Spin 0 Higgs particle) : Masses via Spontaneous Symmetry Breaking




Matter Waves and EM Field

Matter Waves

Y i s P —iV
Non Relativistic ot Relativistic
p°
E =" E? = ﬁz + m?
2m o
—1 2
v2 ——¢p=—VoPp+m qﬁ
= 2
’¢ 2m VY ot
Continuity: 0, 7" = with:  g¥ =1 (@™ 0" — ¢ 0" ™)

dop; = —1° d®
lux
W= lim Tyl s Ty =—i | d*zyi(x) V(z) ¥i(z)
v T,V—soco TV , ‘ f ’

Tyi= —iNANpNEN7, (2m)* 6*(pa + pB — Pc — PD) M

N —
|4 d3pi 2. 2 2




Matter Waves and EM Field

EM Field v-E=p
V-B=20
V xE+ 9B _ 0
ot
. - OE .
X — E =]
Gauge Invariance: A* — A'#
Lorentz Condition: 0, A"

Coulomb Condition: A° = 0

Maxwell Equations

S

—

AP 4+ O* A
0

—

; V-A=0

B=VxA
. 0A .
FE=_2"_
ot
AP = (V, A)
j¥ = 8,0"A¥ — 8V, A"

Photon has 2 polarizations!

Aharanov — Bohm Experiment! Is the Vector field just a mathematical tool?
Quantum particles “feel” the A-field, even with E and B fields equal to zero.
=>» Even though it has gauge freedom the A-field is real!
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1) Free particle wave equations Plane wave solutions: Current: g9 " =0 Quantum FElectrodvnamics

(0,0" +m* Yo (x)=0 ¢ (x)=Ne™ j —z[cp (a“q)) (6"" )q>] - o=2|N[E

. . T
Dirac: (. u - M= - =0
(zy*c')u—m)p(x)=0 lp(x)=u(p)e w J* =9y 'y p=vw
2) Electromagnetic field Gauge freedom: Lorentz condition: Plane wave solutions:
WV av W " 0 A% =0 .
Maxwell a“a A" -9 aMA =J AM - AH AM + 8‘u7\ u A% = Ng* (p)e'lp«\
or d F" =]} with 9 ,0"A =0 0,04 = (2 polarizations since m=0)
u ‘
: ; T-storder: 2
3) Scattering Perturbation Theory 0
—e e i (Hy 4+ ()l 7| |
A: non-relativistic derivation: ot W, = lim—— with

T—

Plane waves @/4); P = i a, (), (1)e™ T,=-2miV,d (E r —El-) with
i =a (teoo)_—zfd“xq)f(x)V(x)q) (x) Vi=[d'xd, (;C)V(})q’ (})

""""" Cicross séction: T 22
_—C do W ﬂux_4\/(p“p3) —mmy [V do 1 1p
A—" B —o=—2d® vod ’ |M|
D dQ  flux dd = H( 7 ZEP dQ  64n” s
2n i

4) Electromagnetic Scattering " — 9" —jed" |
@.0" +m* P (x) = (@,0" +m*+V (o (x) 5 V(x)=—ied, 4"+ 40" T, =~ifie[0] (3,0, )- (o q)f)q)]A“ d*x
(zy‘au—m)q)(x) — (zy‘au—m+V(x )d)(x ; V(x)=-ery 4" Tﬁ=—'f—e[xpfy1p ]A“ d*x

5 ' 5 i = Vi€ Y v q
AKC =_lfJACAMd4 =_lfJAc W ]‘;Dd4x=—iNANBNZN; (2n)464(pA+pB—pC—pD)M

pw

-iM = le(pA + Pc) . le(pB + PD) —) “Feynman rules”
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I Particles with Spin=0 _ Particles with Spin=1/2 I

E*=(&-F+pBm)’

E® =p* +m? 5 M.
EFE—»i1— ; p— —iV
Klein Gordon: ot Dirac: (1y"9, —m) ¥(x) =0
(8,0" + m?) ¢(z) =  with = 4 =(8,68) ;5 {v",7"} = 29"
¢(w) — Ne Pz «— Soluticl:ms —> Qp(:p) — 'u,(p)e_ip"3 E — ¢T70
(08, +m?) $(z) =0 & C.C. (10,97 + myp) =0 (adjoint)
j* = 1[o" (0" ¢) — (0" ") 9] | gH = byt
8,3" = 0

jf= i |03(0me) — (@ nes| = et

oy () = o))

Transition Currents Feynman Rules



Solutions to the Dirac Equation

Dirac eq ~ 4 x K.G., so use ansatz: 1
: P2 Ua (p) —ip
ko, — = — — p
(tv*0, —m) Y (x) =0 = P = vs | =\ Us (p) e
Dirac becomes coupled linear equation: Pa

(o 5) e §)r=(o2)m(es)=(5)
(6-P)Up = (E—-m)Ua UA:<*>;UB:<*> 3.ﬁ:< P pm—ipy>

0
1) Choose: Uil)=<1> = Ug):<( pz/(E+m) > Uf):<1> = U =..

Pz + ipy)/(E + m)
Yy

1
2) Choose: Uy = ( 0 ) = U =.. 1
1) Solutions are orthogonal 4) Completeness: > ul®(p)u'® (p) =p +m
S=1,2

2) Normalisation: N =+ FE +m

3) Adjoint: (B —m)u=0 = u(p —m)=0 5)Helicity: )\:%f)-ﬁ; i:(‘g g)
(p+mv=0 = (P +m)=0
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Wave equation: (8,0 + m?) ¢(z) =0 : (iv*8,, — m) (x) =0
Solution: ¢(m) — N e—iPiB | w(w) — ’u,(p) e~ P

Conserved current:  j# =i [¢™ (0" @) — (0" ™) @] : gH = yH

Perturbation Theory: Ty; = —z’/d4w qb;(zc)V(zc)qS,,(m): Ty, = —i/d4$ TP}:(w)V(m)‘Pi(CL’)

Electromagnetic Field: o, F" = 3% with FH” = gAY — 0" A+
QED ot — ¥ — ieAH = Tp; = —z/]l{"’(w) AF(x) d*x
FeynmanRules A c~—, — ¢
" ie(pa + pc)” ie (ucyHua)
—iM = - —igu/q? —iM = - —igu/q?
- ie (pB + pp)” - ie (upy*uB)
C D

Cross Section:
do B o’ <3—|—cos€>2 - do B 1 1
dQ  4s dQ  64n2 s

d a? 4 1 + cos 0)?
MP = 2= ATt
d? 2s (1-—-cos#)

1 — cos@

2

- - +o— +,- = 2
Mandelstam Variables & Crossing: ete” = ptpT = (1 + cos® )
)
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Electromagnetism/ Weak Interaction

QED Weak
Matter Waves: (iv#8, —m)¥(z) =0 ; (z) =u(p)e * ; (¥ —m)u(p)=0
Substitution: ot — o — ieA* o* — o + igB*

I
Field Equation:  8,0"A” — 9,0" A" = 31, : 0,0"B” — 0,0"B" + m*B” = ji ..
Perturbation Ty; = —il/ Jﬁw,“ At () d*x : Ty = —1 J";\feak,u ?”(w) d*x
Theory JE"M’M = YyHap | JV\;eak,p, — Ei,yu (1 . 75) "

Matrix Element: ;e (wcyPus) A B i% <gC;7u ( 75) )
—iM = - —igu./q° —iM = . zg”,,/ (M? — q?)
- te (upy*up) AM B~ - i 5% (Up 37" (1 —7°) up)
ete” — u+u,_ n — e v,uUe
do o? G215
aq = a5 (LHeosto) | C ¥ b= 152«5
A A o Y T
General Matrix Z Ci; (TWcOsu,a) - prop - (UpOjuc)

Element

o S=pp; V=yy'p; T =9pa"p; A=ypy"y*p; P=py°y
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Symmetries

Lagrangian density is the basic object for physics: £ (¢(x), 0,¢(x)) = ¢ (iv*D, — m) ¢

Symmetry: Require that the Lagrangian
remains invariant under a
symmetry operation

4 symmetry groupes: ® Permutation symmetries
e Continuous space-time symmetries
e Discrete symmetries C, P, T
e Unitary or Gauge symmetries

Unitary Phase Symmetry U(1) | ¢ (iv#D, —m) ¥ | Yang-Mills Symmetry U(1) | ¥(z) = < Z )

Covariant Derivative:
D, = 0, +i1qA,(x)

Gauge Transformati.ons:
P(a) — P (z) = ez;‘@)vp(w)
Au(@) = Al (@) = due(@)

Covariant Derivative:

D, =0, +1igB,(x) with B,(x)= 5“

NIH

Gauge Transformations:

B,(x) — B, (x) = GB,(z)G™' + g(@uG)G_l

(Maxwell Gauge Invariance)

U(1) Lagrangian:
Y (Y*Dy —m) Y = o (iy"9, —

SU(2) Lagrangian:

|
|
|
|
|
|
i W(x) = P () = 3T E@ ()
|
|
|
|
|
|

— — — — ].
bu(xz) — b, (x) = b, —a X by — ;8“04(:13)

(“non Abelian”)

m)yp — q%“iPAu:
+ojrA,
$ (iIY"D, —m)p = P (i7 9, —m)p — g_v%&

Lsu) = Eg?fe(z) + '“gu



Particle Physics 1
Introduction Lecture 10

Fall 2017

Lecturers: Wouter Hulsbergen, Marcel Merk, Ivo van Vulpen

Exercise classes: Laurent du Four, Maarten van Veghel



Standard Model of Electroweak Interactions

Origin of interactions is described via the principle of local gauge invariance

Recipe: Take the Lagrangian of free Dirac particles Lpirac = ¥(z) (i7", — m) 1 (x)
and impose that it remains invariant under:

) 1
Uy : (@) — ¢'(z) = Y *@yp(x) ;Y = hypercharge ,» Q=15+ Y
/ 'f." = 1 — . . 1— 75
SU2)r :Yr(x) = Py (x) =T @y (x) ;3 T= 2T = weak isospin , Y = ( 5 ) P
To do that compensating gauge fields are introduced which transform with the Dirac fields:
Y =~ -
Oy — Dy = 0Ou—+ g,Ea’u + 9T - by, a, = hypercharge field
J’J’ . . 1 2 3 — . .
& L= Coee—gXa, —git.b, bu’ bu’ bu weak isospin fields
“““ ey P
Physical currents: c.c.: wt=-%2__F¢ N.C.: A, = a,cosbw + b sinby
M \/i ©
W — bi + ibi Z,, = —a,sin Oy + bi cos Ow
________________________ Y2 ____
Theﬁl_ag_ranilan becogmeg: . L o) W e = gsin 02; g'/g = tan Oy
- free \/5 ’u,’y 2 7 d |72 gz - g/ COS W
— 1
_9 P Y= (1 _ 75) Yy W C{, = T31c — 2Q7 sin®? 0w
V2 2 w
_ cf —Tf
—e Q ¢ ,-),NJ ,(p AH A 3

1 1/2
—gzwv“E(fo/—Cﬁ’Y"’)wZu T3:—1§2 (Z) (7)



Fevnman Vertices
q

€ , 1 ,T
E.M.:
€+,/,L+,T+ a v
f
N.C.: g Cy =T; —2Q7 sin® Ow
0 pr—
Z 9= cos Ow C£ = Té,f
7
Vel Vp,L VrL
g/v2 g 2
. - . g/
er, HL TL
u c t
g/Vv'2 V2 9/V2
w9/ w I 1%
d’ ’ A



