Fundamental Interactions. Part 2

Plan of lectures

Strong interactions
Neutrino oscillationa
Phase Transitions
Gravitation

Extra dimensions
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Previously

Choose L [(;}, C [ (}]

Fields: scalar (real and complex), vector, spinor
Potentials for different types of fields

Get an example

Fields ¢ transform under fundamental representation of G group.
(¢ - common symbol for fermions and Higgs field)

Set of matrixes U
UeG

gp' — U ¢, What is fundamental
representation?
1 — -1
V,'=UVU+U"oU
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Symmetrizaton of theory

Con5|dfer the Iagranglfa\n density L [ffi*, ﬁ}ﬁ (.-"'] his invariant
under the following tranformations

(T-Ti}f — L‘T(Q‘J‘)(;} (;—1 p— 1.' '2.' s D) Why do we need

symmetries?

This condition leads to the conservation of some

L(¢) - L(¢|) =0 guantities Q:
0Q _,
dt

Properties of U matrixes. Invariance of typical term
?

¢a¢a = Uab¢'b Uac¢lc = UbTaU ac¢lb ¢lc = ¢b¢b

To satisfy the last equality matrix must be unitary

U'u=1



For small parameters LT(Q—l) — 1+ ig 24 9—1T~1

- Generators of the group G in some representation

[TA, TB] _ iC_-—'lBC‘TC Structure constants defined by group G

What are the constants for
U(1) and SU(2) groups?



Gauge theories

In case of local symmetry, 04 = 04(z,,).

One should introduce a “long” derivative and matrix-field V
(*)  Dp=0,+19V,

Constant ]
Under gauge transformation

V!, =0V, U™~ (1/ig)(d,U)U"

. , . A ' ' '
For convinience let’s define V,=> TNV, since V is the matrix,
A actingon ¢

1;1:4 are a set of D gauge fields

Number of gauge fields — interaction carriers EQUALS
to number of symmetry group parameters.



How does V, transform under small shifts?

With 84 = const field V transforms as adjoint representation of the group:

For small shifts

L S VA S s U -1 1 - y Ay7
V,=UV,l UﬁﬂU — If;' =V, —EJ(--ABC&JI’JE _auQBTB

T

proof V=D TV, and U2 =14ig3, 0374
A |

V', =1+igf"T*V, (1-igd°T") =V, +igo TV, —igd T|V | =

U

Problem to
solve

=V, +igo" | TV, | =V, +igf" | T T® [V, =V, +igh"C 4 TV,

)7

+ take into account UﬁﬂU -

-1 . AT A . BT B : BT B
Ua,U™ = (L+igh*T "o, (1-ig6°T ®) = —iga ,6°T



It is easy to get

(D,¢) =U(D,o)
and hence the original Lagrangian is invariant under local
transformations

For fields to acquire a dynamic sense, it is necessary to introduce
Lagrangian of the free gauge field

1
Yoo A A
Lyn = ~7 E b E
A

A s rA o oA v By
Ej ::LLLV —L%}H ——gCAB¢¢“ Ly

Ny

¥/, =UF, U™

Lirs

The simplest case

Ulf(z)] = explieQf(x)] > V; =V, — 9,6(x)

CABC =0

One can see, that V —is a vector potential of electromagnetic field
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To sum up:

Set the group of symmetry

Introduce new fields which transform under fundamental representations
Introduce gauge fields

Choose a Lagrangian

Check for experimental issues



Strong interactions

Charged nucleus contains many protons at close range.
To neutralize the repulsion there could be introduced a new short-range force

Electro-magnetic interactions. — group U(1), boson - photon
electro-magn. interactions + weak—  group U(1)xSU(2), bosons —
photon + W,Z — bosons
electro-magn. interactions + weak + strong  — group U(1)xSU(2)xSU(3),
bosons —
photon + W,Z-bosons + gluons

W U @) > (1=1,2) UE) wi,(1=1,2,a=12,3)

leptons Ve o Mass term ~ ILIR
'R — singl
e L That is why neutrino is massless SU(3) —singlets
quarks u .d.- | |
QL — d , Uy U «—— mass #0 + strong interactions

L SU(3) — triplets



Name Symbol| Mass (MeVic?) J B Q I
First generati
1 1 2 1
Up u 171033 f;r_ +.«3 +z’a +x;_,
1 1 1 K
Down d 41to58 f;r_ + .«3 fé_ .»;__
Second gener:
+70 1 1 2
Charm C 1,270 4, ‘S +/ v/, 0
1 1 1
Strange 5 101 tii f';_ + .@ - fé_ 0
Third generat
Top t [172,000+900 +1300 | Y, +, +7, 0
180 1 1 1
Bottom b 4 190 +—EEI S Sl — 0

J = total angular momentum, 8 = baryon number, Q = electric charge, J'3 =505




Strong interactions

Group of symmetry— SU(3)

Particles — quarks (fermions) — transformed under fundamental representation of
the SU(3) group

Gauge fields — gluons - transformed under adjoint representation of the SU(3)
group. Higgs field - SU(3) invariant

Lagrangian of strong interactions MUST have a form of

_ __Z Fu—l,f-uf ;W + qu i']‘lj q;

]—;; — D ,u.ﬁ.":“
Matter field— vectgr with 3 components
Gauge field - N° —1=8mponents (number of parameters)
D# = 8y - IgSV#
8 AA
=YV th ="
A-1 2



Fermions of Standard Model

Lepton sector

Quark sector 3 generations

u C t
A e
o)t 13 P

3 colors— fund. Representation of SU(3)

Baryons — 3 quarks , uud (proton) n udd (neutron).

Me3oHbl — 2 quarks (main) , ud+ meson), uii—dd

(To meson)
V2




Unification of notations

Fundamental representation SU(3) (3 colors)

Left,
fund.representation SU(2) — duplets

Right,
Scalars SU(2) — singlets



Interaction Lagrangian of quarks and gauge fields

L1 5 Introduction of “long” derivative mixes the components
WAyy yWA of the fields which differ by group index

Try to constract Lagrangian by yourself

< A T RA NN 1 1%
AL, =1Q,,DQ,, +1U, DU_ +1D, DD, —ETFVWV“

- -Y - I Al - a
D,=0,-Ig EBﬂ—lgTWAﬂ —ig,T;V,

Tsa — ia / 2 -Generators of the group SU(3)  -mixing the colors
TV:/ — Ji /2 -- Generators of the group SU(2)  mixing up and down
quarks

Lagrangian stays diagonal in generations

-- There appears terms not

i i diagonal in color but diagonal
UAﬂd ! UAﬂU in generations



Lagrangian of quark interaction (one generation) with Higgs (without SU(3)
because of Higgs)

Keep in mind that there are three sorts of quarks. In general Yukawa Interactions are
(remind them to construct the Lagragian and about the index sum)

I d —
LsH — Yn:]Jn mgoUn +Yanm(DDn + h-C- n=1,2,3  generations

U, =Ug,Cq ’tF\
— — *p Because singlets transform differentl
Dn o dR ) SR ’ bR ﬁa gaﬂgp — > vl -undger U(1) '
o (u C t
n — y y
d) \s) \b)

Unitary and mass gauge — mixing of quarks

0
@ =| Vv+h(x)

N7 T

Unitary gauge:



Unitary gauge. Mass term NOT DIAGONAL in the generations

Vv Vv —
I—m — _YrrlljnU mURr.n +_Yrr(1jnd md n
Q \/§ L, R, \/z L, R,

Interaction with W-boson — DIAGONAL in the generations

Lo = —=0, Wd, , +hc.

J2

What is a particle?

There appears particle, for example u, but what is it mass?

Only a particle with a certain mass can propagate as a wave.



u, d — column of 3 components. Diagonalize mass matrix using

d =M, d., —d=M,d'; u=Mu'

n d,nm m

l

-matrixes M, 4 we can find
From the condition

M _1Y|\/| Mass
- - Matrixes /2
M d_lYM 41 Are diagonal \
But then L4 not diagonal:

Lo = %U'L,mV\AFVnmd . +he.

——

3x3 Cabibbo-Kobayashi-Maskawa mixing matrix

Lo = —=0, Wd, , +hc.
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Pue. 1. Cana ceasn B KX nagaet ¢ pocroM e prum.

Dependence of coupling constant of strong interaction on energy



Electron-positron annihilation
into quark-antiquark pair

Puc. 2. ®eiiHMaHOBCKas UarpamMma Ui €T e -aHHUTHISIHA B KBapK-
AHTHKBAPKOBYIO 11APY.

. o Creation of two jets by
> electron-positron pair

Puc. 3. Ilpouecc npeppallieHus JIEKTPOH-IIO3UTPOHHON [apsl B B
a/IPOHHBIE CTPYH.




Hadronization




q h

LPHD

Puc. 4. DBosronus KBAPKOBOH CTPYH € YUYETOM HAPTOHHOTO JTANa M
aAPOHU3ALIUL.

Evolution of quark jet taking into account parton stage and hadronization



Confinement 1s the property that no 1solated coloured charge can exist but only colour singlet
particles. For example, the potential between a quark and an antiquark has been studied on the lattice
and it has a Coulomb part at short distances and a linearly rising term at long distances:

Vg = fL?F[':rSWjl + oo+ o] (10)
where 5
Nz —1
13Cp = Y t4td = EE:TH (11)

A



Oscillation of the neutrino

Neutrinos are massive so the should be mixing of flavors as in the case of quarks

Oscillations happens when neutrino ‘Va> , =€ ur

appears in process W + —> e+Ve
state of a certain mass propagates in space ‘Vu >’ | = 1’ 2’ 3
?
L =.. MaﬂVaVﬁ---——)miViVi
Transition from gauge basis to mass one —
s ‘Vi>_Uai‘Va>

Obviously

Mm.o..  -Equation to find
Uwunmi

M, =(UM™U*

Since vV ZZUJTV- — W+—)ZU;Vie+
i



Let the neutrino of sort a appear at the moment t. What is the probability to
detect the neutrino of sort  at the distance L?

_ j d®xy (t, x + L), (0,x) = j d*xU”, .y (4 X + LU, (0, X)
vt x+L) ="y (0,x)

Solution of Dirac equation

A,=e MU U j dxw’ (0, X, (0,x) = ="™U” U,
Ly
Ze U ,U,.
P=A," L
— OC,B pj:\/E _mJ:E_E



Oscillations between two sorts of neutrino

coséd sindg
—sin@ cosd 0=?

)

Then the probability to change the flavor is

2
Pa_)ﬂz a_)ﬂ‘ =sin® 20sin° (AiX] Correct x —Lt
AE
AmM® _4rE

L.=7—>L, =

4E % Am?



We know in nature of the existence of six different types flavors of quarks: w.d. s. c. b,
and t. Each flavor of quark is actually a triplet of fields, since the quarks transform irre-
ducibly under the SU(3) symmetry group that characterizes QCD. This SU(3) symmetry
is a local symmetry. so besides quarks in QCD one must introduce the 32 — 1 = 8 gauge
fields which are associated with the local SU(3) symmetry. These 8 gauge fields are known
as gluons, since they help bind quarks into hadrons— like protons and m-mesons.

Let ¢l () stand for a quark field, with the index f denoting the various flavors f =
{u,d,s,c,b,t} and o« = {1,2,3} being an SU(3) index. Under local infinitesimal SU(3)
transformation then one has:

N , A i
af(x) = qf () = |Sap + idas(x) ( ;) ] AR (138)
af
In the above, the \; matrices i = 1.....8 are the 3 x 3 Gell-Mann matrices ? transforming

as the 3 representation of SU(3). The SU(3) structure constants denoted here by f;;,are
easily found by using the explicit form of the A-matrices given below:

01 0 0 —i 0 10 0
M=|100|: d=]i 0 0];: x=[0 —10

00 0 0 0 0 0 0 0

"0 0 17 [0 0 —i ] 0 0 0
M=]000]: X=[00 0/|; X=[001]:;: (139)

10 0 i 0 0 01 0



S
(W]
-
'—'L
-

N Y’
?a ? —3'f13k2

F;’t’p — a,uﬂgf — 8"‘24? + gfq;jkfl?}lz

s A
af

Using the above equations, it is easy to see that the QCD Lagrangian

1 1
Lacn =3~ [f,.uz_’(D Jas + m0as| @b — TFL" Fi (144)
: |

is locally SU(3) invariant. In the above, the parameters my are mass terms for each flavor
f of quarks. If these terms were absent. that is if one could set m¢ — 0, 1t 1s clear that the
QCD Lagrangian has a large global symmetry in which quarks of one flavor are changed
into quarks of another flavor. For six flavors of quarks, it is not difficult to show that. in



