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Elementary particles and fundamental interactions

Matter

Interactions

fermions
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BH
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photon ~ EM
w*, Z0 WK
gluons G (a=1,...8) S6




Electromagnetic interaction

EEM = BJOEBMAQ

JIM = Qibivath:

A®  photon field
y;  fermion (lepton or quark) field

q = P2 —P1




Weak charged current

Lw = fw(Gy + JY YW +h.c.

J'XV — @Ze”yoz(l — 75)¢Ve + &,ufyoz(l - 75)¢VM + &T’Yoz(l — ’75)77va

S




Weak neutral currents

[ [ Vi Vi

Ly = fzJ?7°

Jf = 1@ O Y; O, operator which contains some combination of VYo Va V5




Observed: v+ N — v, + X

vy +N — v, +X

o(vy+N —v,+X)

~ (.25
o(v,+N —pu= +X')

o+ N =0, +X)

~ (.45
o0y + N — pt + X)

Absence of neutral currents with AS =1




Notice that: d = d cosOc + s sinfco
s = —d sinfc + s cosbc

(d'd") = (Pg Ontpg) = cos® O (dd) + sin® 0 (5s) + sin O cos Oc[(ds) + (3d)]

(5's") = (P Ouhsr) = cos® 0 (5s) + sin® O (dd) — sin O cos Oc[(ds) + (5d)]

(d'd") + (5's") = (dd) + (5s)

Weak neutral current do not lead to S violating processes

This requires the presence of the c quark

Glashow-Iliopoulos-Maiani (GIM) mechanism




In order to properly write the structure of the weak neutral
current we have to develop the Standard Model as a gauge

theory for weak + electromagnetic interactions
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unified view




Glashow-Weinberg-Salam Model

Ver, TS(”GL) — —1_1/2
doublet of weak isospin T
Ts(er) = —1/2

eR singlet of weak isospin

Right-handed leptons do not occur in weak interactions, but they are present
in electromagnetic ones

There are no R neutrinos since they are neutral and do not have EM interactions

vr = 51 =) vr =51+ )0




Leptons

Q T3 Y

ver | 0 | +1/2| —1

er | —1 | —1/2| -1

1
Weak hypercharge Q=15+ §Y

y B . 5



QED U(l) Local gauge symmetry
Q Charge: conserved quantum number

A Photon: gauge boson

L = (iy*0q — m)1 > L = —eJ MA~

104 — 10, + eQ A, EM _ 7
—— Ja T w%ﬂﬂ

This fixes the interaction between charged
fermions and the photon

e Coupling constant




GSM SU2)r x U(1)y

1" weak isospin

Y weak hypercharge

g SU(2) — AW A2 4B) 3 gauge bosons

q U(l) — B, 1 gauge boson




The interaction lagrangian has a fixed form and may be written as:

g W7«
L=—""=["W*+hc]+
1
T3 g®a 4 g (256 _ jEM) ) pa
2 2
1
where: W, =Wt = E(Ag‘l) —iAP)
wi—w) = L AW 4 4@)
8 87 2 o o




The EM current and the photon are recovered by means of the rotation:

Lo = AS’) cos Oy + B, sin Oy
A, = —Ag’) sin Oy + B, cos 0w

0w Weinberg angle

experimentally: sin” Oy = 0.23




The interaction lagrangian has a fixed form and may be written as:

£=-_["we+he] +

1
ejEMAY 4 - T ;7 70
2 cos Oy

where: g cosOy = gsinby =e




Weak neutral current: Leptons

iZ =) — 2gin? gy jEM

3% = Vo Ya(l = 15)%u, + 9r¥eVa(l — 75)%e + grYeVa (1 + ¥5) e+
= U, Va1 = 15) V. + Veva gy — gavs) Ve

T5 —Q)

1 . 9 1 . 9
gL=—§+sm O gvsz+gR:—§+28m Ow
) 1

JRr = Sm29W dgAa = 9L —9gr = — 3

2




Quark sector

ur T5(up) = +1/2
J doublet of weak isospin T
b Ts(d'p) = —1/2

uR,dgr singlets of weak isospin




Quarks

Q | . | v
up | 2/3 | +1/2] 1/3
d, | —1/3 | -1/2| 1/3
ur | 2/3 | 0 | 4/3
dp | =1/3| 0 | —2/3




Weak neutral current: Quarks

JZ = JB) — 25in? Oy JEM

Jf — UL 7ﬁufyoz(l '75) + %%(1 - 75)%4—
UR:%Eu’ya(l +75)¢ +wc’7a(1 +fy5)wc:+
Dr[Vava(1 = v5)ta + Ysva(l — v5)00s]+
DR :&d’ya(l + 75)¢d + %%(1 + 75)¢8:

T3 —Q
1 2 2
Ur, = §_§Sin29W UR:—gsin29W
1 1 1
DL:———l——SiIIQQW DRZ —Sin2(9W

2 3 3




Gauge bosons interaction

YW TW ™ WTW-W+TWw~—
ZOW+W_ W+W—ZOZO




EW contributions at high energies

e e (& €
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Gauge bosons decay

4()E||||||||||||||||||||||||||||||||||||||||||||E
35 2V's -~ —]
_ . , /N ¢ ALEPH .
70— 1l 3.4% each 30 - jfz\ 3 ¥ DELPHI ]
- ®L3 1
25
0 ~ o ~ m OPAL
Z° — qqQ 12% each 2 0k
©
ZO — o . . . = E
— VU 20% invisible ok
5
0_||||||||||||||||||||||||||||||||||||||||||||_
87 88 89 90 91 92 93 94 95 96
\’?= Ecm (GeV)
W+ — ¢5 (etc) 31%

Wt — Ty 11% each




Mass generation in the GWS Model

e If the gauge symmetry SU(2)xU(1) is an exact symmetry, all the
gauge bosons must be massless

e We have in total 4 gauge bosons (W*, W-, Z and photon): we need to
give mass to three of them

\ 4
Spontaneous symmetry breaking through the Higgs mechanism




e A scalar field is infroduced with a potential of the type:
A
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e The lagrangian is symmetric but the minimum of the potential does
not share the same symmetry

V(¢) = —p*¢” + Ao V(9) -

e When the scalar field stays in one of the minima of the potential,
the symmetry is spontaneously broken

(0|p|0) = v IS not symmetric




_|_
o — ( 2((0)) ) charged scalar doublet under weak isospin

® 4 scalar fields

3 enter as longitudinal polarizations of the W and Z bosons
therefore they become massive

1 remains as a physical particle

H Higgs boson

s =20
myg =7 (myg > 114 GeV)




Prediction

mw = My cos Oy experimentally verified

gHWW = — My,
01610y = v  scale of symmetry breaking
9HZZ = ;mz




Coupling of Higgs to fermions gives:

® Mass to fermions (again after symmetry breaking)

e Higgs-fermion interaction

91 =




Strong interaction: QCD

d1
( q2 ) Color triplet SU(3)c

43

8 gauge bosons: gluons G

iy — 10y + g3 TG

strong coupling constant




Quark-gluon interaction

Lg=g3J,G""

J¢ = ggtine (T) 507

gs

i — g  color

f—f  flavour diagonal




Gluon-gluon interaction

gs




Running of coupling constants
2
_ 93 das(p) _ 2 2
as = o = Olas)| v =1n(u"/ i)
Blas) <0  QCD
- Bla) >0 QED
0 Ll |
<€ >
Confinement Asymptotic freedom
non pQCD

pPQCD
AQCD ~ 200 MeV




e At small distancies, i.e. large energies, quarks are almost free

asymptotic freedom

e Af large distancies, i.e. small energies, quarks are strongly
interacting and confined into hadrons

confinement




Elementary processes in pQCD - I

e~ + e — hadrons

€ qi >» Jet of hadrons
y
er 7' >» Jet of hadrons
H_J

At large energies asymptotic freedom allows
us to assume the process at the parton level




e +€+—>qiqi > 71+ 72
H_J

(¢,9) Cannot remain as free particles, they must
form colorless states

Hadronization

ole” et — hadrons] — ole et — ¢




ole”e™ — hadrons] 5
R = 5 3
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Elementary processes - IT. Deep Inelastic Scattering

e +p—oe +X

k/
ok
_|_
P P rqq ——— > hadrons
u - /
u \ uad)
d

; hadrons

At large energies (above tens of GeV) we resolve the partons inside the hadron




SHES

|
r

P -
i Kinematical variables
qg=kK —k Q*=—¢
Q2
p=xP r=———
2(P-q)
Q?, x are determined in terms of electrons
energy and momentum
x longitudinal momentum fraction of the parton

fi(x) momenta distribution inside the hadron

fi(x)dx gives the probability of finding a parton ¢; with momentum
in the range (z, x + dx)P




p = [uudly + (¢@)s + gluonsg

Pl @) fP(2) fP(z) ete. / /P () — () = 2

0

@) @) fPl@) ete /O da[fP () — fPl (@) =1
/01 dxzx fi[p] (z) =1

1
/ dx Z x fi[p](x) ~ 0.5 observ.
0

1=q,q

n = [uddly + (qG)s + gluonsg

by isospin symmetry




ole” (k)p(P) — e (k') X] = /o diUZfi(iU)U[e_(k)Qi(xP) — e (k)]

—

sum over all partons

\4

depend only on x, not on Q* (at leading order)

Bjorken scaling




Unpolarized parton distributions for the proton

—— MRST2001, u*=10 GeV?

Uy




Deep Tnelastic Scattering with neutrinos

> -+ X
Y k
J2 ——— > hadrons
d >
u vup — X
u vd —p~u fP (@)
v, — - d Pl
o vup — utX
aarons ﬁ'u’UJ . /L+d f,L[Lp] (;C)
Uud — pt i fc[ip] (x)




Higher order QCD effects: scaling violation

fz(ﬂi) - fz'(CU,QQ)

<Zp
P,—q(z) Probability for a parton to radiate a
hard gluon with z fraction of
(1—2)p momentum
P—q(2)
Pg—ac(2)
Pe—c(2)

DGLAP

scaling violation (log evolution with energy scale)




Structure function of proton from electron and muon EM scattering

~ 10° ¢ ~ 16
o F x=0.000063 =4 - a) Proton
— - **.** x=0.000102 Proton A i ® ZEUS
o110 8 = wx X o x=0.000162 * HI h:' |
> F st x=0.000253 ° * HI
g e o X=0- ZEUS — i
~ - "y «=0.0004 g5 BCDMS 14 L Q=12 GeV’ 35 GeV* A SLAC
h - Jok et ®
i ot " wr x=0.0005 O E665 : g BCDMS
L x=0.000632 % e - O ~NMC
X S et 2000102 i 150 GeV* ... ZEUS Regge
ok * \
10| s e . x=0.0013 12 | 4.5 GeV* ! —— H1 QcD
g o ettt x=0.00161 i &
-t FE e x=0.0021 Il { ¢
] I ettt 000253 | !
10 3 o ° . X * . |
g fo °e *T o, eee wes X=0.0032 " !
- 5 el x=0.005 1 \ !
4| o0’ no®? " e 2% 3 S e I 2.5 GeV* {
10 AL 0 o® o *Hﬁan!’ttt"""" x=0.008 +
¥ of ’ :uoﬂam’ PP i parow st x=0.013
| m
10 )| o unnommug‘:gl}“ PPPeRY L Al i ad wix¥  x=0.021
g ,ouomng": oo @ o WO wRRARXSRIRIIYE x=0.032
- 0% o PO
: : : Z ?nmad’ﬂd:":* bl hhisaak Ll Al + x=0.05
10 2 = g EDDW"* sesapxmm rixita ¥ ¥ 008
; and MBARNROD O IEHNEAOS 5 ki B3y y F 1 x=0.13
| Ammmmmnmw”?u AR o L kak¥ : 3 ¥ # x=0.18
10 E_ Aba R o b K Ak R RO R ¥ *.' *.e+ &+ +f+ x=0.25
g VY e . |
. RN T DN
1L t ¥ # T x=0.4
- MM?M
» i o-mwho,oos *} i j l
10 E ““AA%“ "'1}'#* Tt | x=0.65
- ey g ' x=0.75
2r
10" o,
g s x=0.85 (i,=1)
ar
- Ll TEETIT| T RTT] AT N TIT] B ST TTT| BT S ARTIT BT w0l 0l el il
10 = > 3 7 s 6 S 3 3 3 2 1
10 1 10 10 10 10 10 10 10 10 10 10 10 10 1
2 2 X
Q" (GeV?)




Elementary processes - ITI. hadron scattering

p + p — hadrons

:q; — q¢ — J1+ Ja

olp(P)p(FP2) — X +Y]| =

/Od:clfo diUQZfz‘(xl)fj(xQ)U[qZ'<xl>qj(372)_>qq/}




Drell-Yan

at the parton level:  ¢;q; — AN
iGi EM




Jet production

N\

hadron 4+ hadron — 71 + 79

qq9 — qq
qq9 — qq
qq — GG
qG — qG
GG — qq

GG — GG

AN J

Y Y

Partons of the initial state Partons of the final state
hadrons

hadrons




Example

u+d—u-+d

g3

gs
dq
dp

hadron 4+ hadron — 71 +J
2




Standard Model

leptons ( Ve )( Yh )( T )
e " T
Matter fermions s=1/2 <
Y(x) \ quarks ( :;Z )( ;Z )( Zz )

SU(B)C X SU(Q)T X U(l)y

f

f

photon ~ EM

Interactions bosons s=1 { w70 WK
BH

gluons G (a=1,...8) S6
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