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S FOREWORD

A ® Hadrons = bound states of quarks

q Mase Q L B S C B T Y

U 1.5-3.3 +% +% Y% 0 0 0 0 +%

d: 3560 -% -% % 0 0 0 0 +Y%
range s 105(*2 % 0 Y% -1 0 0 —%

/2 GCh: c: 1270 +17100 +% 0 % 0 41 0 0 +%
Bottom b : 4200{"7° _—v. 0 % 0 0 -1 0 -%
' . 1713004 +588 +% 0 % 0 0 0 +1 +%

ﬁ"‘k

*Inertial mass without the binding energy, which depends on the hadron
St < o
- % | Q = I3 + 3 (Baryon + Strange + Charm + Bleauty + Truth)

=Y, so-called (strong) hypercharge [I= section 5.2.1]
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b @ Bound States of Quarks bing;,  “U8th

t e
° (Q-Q) & (Q—Q) bound states: qu-relativistic rest ne;;if )4
® (g-q) bound states: relativistic[>:) 1,
| ® (qqq), ..- (QQQ): very complicated@ B
% . - ndj
I8 ® Non-relativistic H-atom as a paradigm :d"’g Streng g
R A ® The Coulomb interaction & Bohr’s resul Perty bativ: !

® 2nd order corrections & hierarchy
® Lamb shift

® Field drag
g ® Annihilation: virtual & real

E_“" ® OZl rule: phenomenological ...later, derived from QCD.©
g 4
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UARK BOUND STATES

I @ Bound (gg) states with u, d & s quarks, of spin-0:

S=+1
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UARK BOUND STATES

® Mesons: 2-particle bound states

® Interaction may be modeled:

® Atdistances < 10-15 m, vanishing force
® Near = 10-15 m, force grows w/distance
® Just outside 10-15> m, force diverges

® So that trying to extract a quark to a growing distance...
® ...requires a growing amount of energy...
® ...until that energy sufhices to produce a gg-pair:

erl, 11
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i UARK BOUND STATES

= ® Mesons

® Initial approximation: central potential

® When one of the quarks is much heavier than the other,
® (\P(T)Q)Qb) = 2pg Ry(7) ng(H,qb)) (Spin) )

2 of H-atom as an initial approximation
: _f Baryons
® 3-body = ((2-body)+1 body) bound states

® Considerably more complicated...
® ...leave for later.
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1i~ATOM, REMINDER

® The problem and its solution (Bohr/Schrédinger):

B B} /8
ih a‘l’(r,t) = HY(7,t), H = { T

V2 4 V(r)},

f .+ U r
' \Ijn,g,m (7' t) = e ”'i( ) ng(el ¢)/ W = En,f,m /T

h? dPu, h* 0(4+1)
L1 V() - [t = En g thn
dm, dr2 [ (7) I, 12 Up e AT
1 &2 XohcC e
V - = , o )
(r) drtey 1 r . 4rtepghc
1 1
En:—iocgmczﬁ, n=1223...
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1-ATOM, REMINDER

® Degeneracy!

® n=1,2,3,4, ... (“h—o0” = continuum/scattering limit),
° £=0,1,2, ... (n-1),

® |m|<fand Am e Z (and since £ € Z, thenalsom € Z),
® m, =11,

E, does not 'f i1
depend onm, €: }
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m-ATOM, REMINDER

Because of the division by y/H, the operators A; are
- applicable only on eigenstates of H....

...but those form a complete set, so the operators A; in
fact, may be applied on any state.

I
b
J ™
;.ﬁ

E<QO,
E>0;

Ly] = i€jlez, Lj, Ax] = —iﬁjkl/\z, Aj, Ar] = ::iﬁjlez, for {

y/»
ﬂ/ﬁ For E < 0 (bound states), this is the $0(4) algebra,
,%l r ForE >0 (scattering states), this is the 50(1,3) algebra.

a8, ——
=% Symmetries count degenerate states.

I

th% | (But, all of them, here!)
» @ Lifting the degeneracy = breaking a symmetry.

-
F~§§g. 10
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~ATOM, REMINDER

® Given the non-relativistic initial approximation...

® ...check for corrections. These may well break some of the «
L. . Symmetry & lift some of the c{'[egeizf‘ic(zzcl)r
$'® Relativistic corrections: J:
1 00 1/ ﬁz

Trel = “16‘32[\/1 + (F/mec)? = 1] = mec* §_ (;) (mzcz) ’

P, ()

N\
Y

2me  8m3c2  16m3c?
h4 (@2)2 H! . - — 7 (@2)3
8113 2 : el * T 16md :
R (WY W 2 A
B 2mic% g2 2
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-ATOM, REMINDER (H V]:[zheVZJrV V]:erl;e[vz =4
In computations, use = —p2[V2, 1] = 2z (r)
2o, 77 This is
2m = # nonzero
h ‘ only for
so that £=0.
1 Ve . :
/ B 2 12 Why.
(Ha) = g ([V2 — HV VB ZF]),
(i) = =3z [V -
i 2m2c*

—HV*+H'V+HVH-H])

"o Use this also for arbitrary matrix elements, but will have
: to re-diagonalize the |n, ¢, m, m basis..

.. for the 2nd and higher order perturbatlons

12
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S -ATOM, REMINDER

The 1st relativistic correction, to 1st order produces:

(L) 1 > (0) 0)\2
En ™ = 2111,C? BV ) = 2B (V) + (En) ]
_ 4 mecz 1 { 2n %}
q dntl(L+1) 2
1 : : 1 2 2 1
ﬁo Compared with E, _5% mc 3

» ...the correction is indeed of O(a*).

#4==e [t depends on ¢, so it breaks the Laplace-Runge-Lenz
&N :
-* symmetry and lifts some of the degeneracy.

Ef‘ ® Higher corrections will refine this result.
5 ;
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~ATOM, REMINDER

Consider now the magnetic corrections.

® Both e~ and p* have intrinsic magnetic dipole moments.

® They are charged, so their relative motion produces an

A (orbital) electric current and a magnetic field.

.® These three magnetic fields interact pair-wise, and

| - . contribute to the energy:
q . (—e) =

H — —1.-(1B _ 7
SO He (_2,8)’ B = [ = Ue = S., etc.
Hs,0 = —Hp - B, 21 2Me

- . N1 8mT. _ S
SN Hss, = i [(301) (i F) = fiefiy ) 5 + S Refly O(F) |

ey, W
S ® The dipole moments were attributed to spinning...

k-
e

e ...but, there is no teensy spinning sphere.
3 14
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~ATOM, REMINDER

For what it is worth, the observable magnetic dipole
. moment and the half-integral “spin” of an electron are

related: o = 2(1- e | ) (—e) g
: 27T 21,
B e = —etsSen  pni= o e = 2.0023193043617(15) ~ 2;

2m,’
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i ~ATOM, REMINDER

The S.O correction, to 1st order produces:

e’ h? 1 7. oceh3 1 ocf}mecz
4reg 2msc? \ 13 » 2mic ab 2

p(150) _ 2](]"‘1) ((£+1) — %
n = “eme
4n30(0+5)(0+1)

Ji=[+8 = L[-§=1[)-1*-8
..which is commensurate with the 1st relativistic
correctlon, to the first order, and they add up:

s 1 [ 2n g} {j =L+,
-~ 4n (]"‘%) 2V ] ={="%;
#.,_‘_‘!' ® ...resulting in the O(a*) fine structure (splitting).

NS y
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~ATOM, REMINDER

® The next order corrections are:

CEY = (H!,) ~ ! ( e” N a8 mec?

n rel m204 47T€()1’ (771 3

B o _ y (n',---|H el\n Y ) > 2' b
» _:"_‘:- Tl/“-yén--- En Tl4 s

Vs /. 2 32
> 7ip(15p0) H _ sp € f l [.8 N (me) oWiol™
/¢ 1 < SPO> 477e, mempcz 3 p 8p /

¢ ; 2 4. 2
S 5.5,) gp 7 = o= B Me \ KgMleC
fl = (Hs,s,) ~ 4710 Moty <2 Se-Sp—z )~ gp( ) .

1,9) (2,r1) (1,SpO) (1,SeSp) . 2 . 2 e M,
: ‘1(1 2 : By 1 o P : By 4 ~ N, © &, :gp(—> :gp(—)
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~ATOM, REMINDER

® So the hyper-fine structure is given by:

My

* e +1 - °—|—1/,
| B L B = (me)“g ec” 23;93 1 1\’ { / ] 12.
n> (f+3)(£+3) f =j— "1

) + { —I—%, { z =1 (triplet),
J ﬁ (F+3)0+3) | -4 z =0 (singlet).
@ "'i After this there is the O(a®) hyper-hyper-fine structure,

&N
‘; “* and so on.

E: ® But, that’s not all.
g
3 h‘% |8

—
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S -ATOM, REMINDER

Lamb shift: recall that

o - Ke (_)—’
ﬂe—2(1|2n| )Zmes

4 .so that the O(«) correction in the magnetic dipole
moment produces an O(a®) correction to the S.O term:

{ o5, 13 k(n,0)<«—slowly varying functions ¢ = 0:
e g [k 0% s | =tk ££0
#Z29 Since a > (m./my) > a2, the Lamb shift is ~5 times
== bigger than the hyperﬁne shift.

E1(11 ) . E1(/12r1) : E;(; ,SpO) : E,(; SeSp) : E}(/lQED) ~ nzxz e gp(me) gp(me) @
iy Mp
~ (5.33x107°-n) : (5.33%x107°) : (1.52x107%) : (1.52x1073) : (7.30x1072).
19
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POSITRONIUM, A LA H-ATOM

b ® Mesons, where the quark and the antiquark have similar
- masses, are well approximated by positronium.

I. '._ Nom me+me_ L lm
m+—+m,— — 2°7°€
1
+ =y 1 2 2
Eqn(e",e7) = 53Ex(H) = —agmec 12

o The wave-functions look identical, except that the Bohr
= radius ag — 2do.

® The 1st relativistic correction to the Hamiltonian
..p--a-‘s‘. (kinetic energy) doubles, as e~ and e* both contribute..

..but (72)?) « (mec)* is reduced by (¥2)4.

b‘ ® "Ihe relativistic energy correction acquires a 3 factor.
20

esday, November 1, 11



Fundamental Physics of Elementary Particles

S POSITRONIUM, A LA H-ATOM

b _: The magnetic corrections acquire factors that all stem
~ from the facts that

e ) me/mp—)me—/m6+_—_ 1) ge/gp—)ge—/ge+: 1) and
& © Thomas precession is symmetric between e~ and e*.
s ;

‘® Th1s variety of changed ratios makes, e.g,, the

“hyperfine” splitting as large as the “fine” splitting...

but leaves the Lamb shift « ~¥; 5, times smaller,

74 ® and the O(as) corrections smaller still.
&N , |
th% ® But there also exist two profoundly novel corrections to
B _the energy, with no analogue in the H-atom.

‘*% 21
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DSITRONIUM NOVELTIES

Field latency:

® Ase*is as light as e, their orbiting each other is symmetric.

® As one moves in the Coulomb field created by the other...

e ...that Coulomb field itself moves (with the other), and
the changes in it propagate (lag) at the speed of light.

Hl — 32 1 1(p2_|_(p?)2)
N 4rteg 2mic? r
: 1 111 24
] 4 ’
! Ey(lat) = <H1at> = DéemeC 2713 |:327’l Z _I_ 1/2:|
(0 for j =/, s—0
...where €=/ _(fﬁf(%ﬂ) for j=£6+1, )

D W =4 y ¥

3¢—1 .
=y for j=¢-1,

22
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¢ POSITRONIUM NOVELTIES |l

* @ Virtual annihilation:

» Unlike in the H-atom, the e~ and e* in the positronium
- can annihilate and be re-created.

o ,p For this, they must be in the same location, so «|'¥(0)|3,

L e, =0 only. (Why?)

ﬁo Since spin(y) = 1, spin(e-,e*) = 1 too, i.e., the

1/ p051tron1um must be in its triplet state (s)

2 1
4n3’

« @ ... which is of the order of fine structure, but exclusive

% - to “spin-triplet S-states.”

N “% 23
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DSITRONIUM NOVELTIES |

® Real annihilation: |
time

positronium

1" — 00 “LIJ(G, t) ‘2 LR

2 5 242
0._/d2 hC |m‘ ;if :47_(“87;[ .
87T (Ee_ + E,+)? | p; mscv

T=c= “5%62 — (1.24494x107105) x #?,

..which agrees with experiments.

24
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ALLY, SOMETHING ELSE...

b o The “OZI rule” (Okubo-Zweig-lizuka, 1960s):

Decays that require the annihilation of

all initially present partons are delayed.

¥ 2@ Or, in terms of Feynman graphs,

Decays are delayed... as compared to this.
25
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GQUARK BOUND STATES

B o The general idea is to use the results from the H-atom
- and positronium, and adapt them by:

® varying the masses of the constituent quarks

® changing the fine structure constant, «,

from the electromagnetic (~ /;3,) to the strong (~ ¥;o-1)

@ adapting the spin orientations (triplet for positronium
. annihilation) as needed (to include flavor and color)

..and this works remarkably well!

.. so people talked of “paper-writing algorithm,”

® recycling (preferably obscure) papers on E&M

® into papers on strong interactions. & don't for
T the Auf

26
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