Elementary Particles II

4 — Quarkonium

Heavy Quarks, Quarkonium, Models,
Experiments, Renaissance
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Quarks

Flavor Mass 0] 1 I3 S C B T

Up 5.6 MeV 213 | V2 | +1/2 0 0 0 0
Down 9.9 MeV 173 | Y2 | -1/2 0 0 0 0
strange 199 MeV -173 1 0 0 -1 0 0 0
charm 1350 MeV 2/3 0 0 0 | 0 0
bottom 4400 MeV | -1/73 | O 0 0 0 -1 0

Top 174 GeV 2/3 0 0 0 0 0 1

Physics case for flavourless, scalar/vector bound states:

Most interesting for heavy c,b quarks, where asymptotic freedom allows

for semi-perturbative calculations; large mass hints for non-relativistic motion
Less interesting case for s quark, too close to confinement region
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Hydrogen Atom - I
Start first from electron-proton interaction:

E ) (e, ) /

fi 2 q

q

. . . elp. P(Pe)
Expand matrix element to low speed approximation °

Get a non-relativistic matrix element, where ¥, " are 2-dimensional (Pauli) spinors for
electron and proton

The Bottom Line:

At low speed/energy we can neglect radiation, pair production (real & virtual)
—Left with corrections:

Relativistic Energy/Momentum

Magnetic Moments
More
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Hydrogen Atom - II
Transition matrix element:

SRl T U dl | e )
fi 2 8 2 8 2
q me mp
P, P, +io:(p,xp P, P, +io:(p, P,
~ 1t 1_|_ p p 2( p P) XX'T 1_|_ 2( )X+
dm;, 4m,
time section: p 4-current time sectionv, e 4-current

p.+p, —iox(p,—p,)

2m

e

p,+p,—isx(p,—p,)

2mp

—x" Xx"

X -

Y Y
space section. p 4-current space section, e 4-current
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Hydrogen Atom - III

Reminder from potential scattering:

Transition amplitude = Fourier transform of the effective potential
—Get effective e-p potential by anti-transforming the amplitude
Useful to calculate energy levels, atomic properties
Several terms:

2

V.= —67(5( i )Z) (X i X) Coulomb term

2

Vio = ¢ ()Z'TX)(X'TG-Lx) Spin-orbit

- Fine structure terms

_ € () ~f = ' ' : '
V, = e 476¥ (r)(x f X)(X Tx) Darwin term
87'('82 3) 2 . . . .
V., . = g,8,-s,0" (r)+ g,|3(s,-r)(s,-r]—s,-s | Dipole-dipole interaction
dip—dip 3memp p p Lmempr3 p ( p ) P}
Hyperfiné structure Tensor interaction

Valid for S states

Astonishing: Everything included in our modest 1-photon diagram...
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Hydrogen Atom - IV

Effect of hyperfine interaction on ground state energy:
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8e?
(5”0
e p ground state
8e’ 7., . 2
= AE,, =g ()= s (s )=, (s, + 1)} (0)
e'""p
2 (meoz)3 B 8e’ 1 (meOé) . 3 3
‘¢<0)‘ = - — AEhyp 3memp 4 2 T J(.] +1> 4 4‘
4 e’ 3 3
AE,  =— 1)——
- hyp 3 gp memp J<J+ ) kmea)
2
“g, emme (2—3/2)(m a3)=§gl, "t —(mea“) hyperfine shift -triplet
AE, = ! '
" f g zezme (0—3/ 2)(m o’ ) = —2 g l e (m Q ) hyperfine shift - singlet
P m, ¢ 3°72 m, ‘
8 m,
_) A (AEhyp )triplet-singlet — 5 gp m (mea4>
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Hydrogen Atom -V

3D5f2
3P0 3D
3% 3P
3Ds),
3Py
381’12
2P3’12
25, 2P
2Py,
15,2
1Sy
unperturbed + fine structure
AE £ o n 3
1L,L1/2;imy — bn . e
/2, n2\j+1/2 4

Fine structure:
Spin-Orbit+Relativistic+Darwin
Splits j sublevels
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3Dz
3P 2

2P,

AE =

X F=2
o W2 24 MHx
Fei 9910 MHz =
:-"S‘I/Qﬁ————- S ey el - -
T8 1058 MHz Pt
F=0 i’P;/
243 nm ;159 e
F=0
ES 2466 THz
243 nm
F=1
T A R, (R -
1420 MHz
-F=U
2 /3(8, %) (S.-#)—S,-S 2
o) T (SO
87-[ m‘p me T3 3 m‘p m'f;‘ P ¢

Hyperfine structure:
Dipole-Dipole
Splits F sublevels
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Hyperfine Splitting of Hydrogen

spectrum from 1. W, Hansch, Stanford Univ.)
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F =1
Ground state AE =6x107° eV
A=21cm
v =1420 MHz
] | -
Ground state, L=0
Hydrogen Energy
Levels
Tunable Beam
dye |aser |
Thearetical Hypedine splittin 2ps Qﬂllﬂer
spectrum _55 7 X Chopper
45% 10 " eV "
™ I lI ! E::l' —f "‘_
L
0 D 10 GHz  Av Q:::::::::2 2 0 E;:-";E?g;at
P1 *
Hydrogen fine structure and hyperfine 7 %= .. frequency
structure for the n=3 = 2 transition. @TBA Lamb shilt . If"'"--------...
{After Qhanian, Modern Plysics, Ch 7., 4372 x 10V Absorption cell,
rtetaleid hydrogen gas
or 1057 MHz
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The 21 cm H Line: A Cosmic Tune

Important radio-astronomical tool: Mapping
the Hydrogen content of the Universe

TIDAL INTERACTIONS IN M81 GROUP
Stellar Light Distribution 21 cm HI Distribution

The Universe seen at 21 cm

Lots of physics and cosmology..
Example:
How is the transition excited?

A measurement of the galactic/
intergalactic temperature
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[ ]
More Hydrogens: Muonium
MH-e” ‘atom’
2P
312 F=2
2 f —Iﬁb]%l
.5 [ |10022 Mz .
j =1 Similar to Hydrogen
N s?s'hﬁﬁ"'f"lﬁ,;;m_ ~
+H—F=0 — Different:
=244 2_1_ - =0 Reduced mass
Pl-"2 Muon magnetic moment
A 2455 THz
A= Z44am
=1
Us, [

Fall 2013
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And More: Muonic Hydrogen

2P3r_f‘_= E‘f 84 me&,f
hfsx 5.0 =
SK I . .
Simplest g#-mesic atom
Made by stopping (£ in
hydrogenated matter
Laser: .
3310 QfHF AE = 206 meV Huge Lamb shift:
pe =498 THz 20? meV = - '
et 45000 szydrogen.
~ (m,/m,)
Lamb Shift:
Effect of interactiop with vacuum
EM field fluctuactigns
P 5 ey
= \ me
2§ —fmemmememeae -1058 MHz = : F=L
; 4 eV 28 pEEEs=—e i
_CF=0 i El Bt Y o meV=55T
12 B0 F=0
Standard H Muonic H

Replace e by i«
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Positronium - I

Take e - e interaction
There are now 2 diagrams:

0 el el ol (ol )ute Y(a(o Jolol)

T, =aj— 2 2
(p-—p.)) (p,+p.)

fi

Net effect: Add another term to the effective interaction

2
e
2
m

V,= (3 +o0, -62)5<3> (r) Same structure as hyperfine term
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Positronium - I1

(Unstable) Electron-Positron bound state: Positronium
Annihilating into 2,3 y#rays

POSITRONIUM LEVELS

7 ... Lonization limit 686V, ... Hyperfine splitting:
8me 2 (3)
%‘ 6 <D // AEh}’P - < 3me2 s[ .se+6 <r>
E n=2 S Ground state
AN O
?: More complicated for n>1, [>0
5 ~ Observe:
- S Levels labeled by 5L,
S S: Total spin
L4
s Previous pictures:
1= ! N
o Ll s ,7! Levels labeleq by °L,
— S: Electron spin
L=20 Proton spin only in hyperfine term
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Positronium - II1

PARA “ ORTHO n notation N2s*1L ;
P=(-1)-+1,C(-1)

235,
215 A1 (AL=1, AP=0) \. 23p,
n=2 0 23P1 21P1
| . 23p,
wal X s, <
s e
Q t=08ps
1=0 =0 =1 =1
S=0 4t S=1 # St &0
= JPC=O'+ — JPC:" = JPC=0++ 1++ 2++ — JPC=1+‘
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Breit-Fermi Hamiltonian - 1

Consider the effective interaction previously introduced:

Add kinetic term, including relativistic corrections

1 |
H = (b +p2) =5, (Pl +P3) + U (pr.pr)
2
U(pppz,l‘)qu
2 2
q ) q rp +rp,
_ 4rd (r)—2——=|p, ‘P, +
™y [pl S ]
2
+$[_<61+262)'<r><p1>+<62+261).<r><p2)]
2
7 |o -6 6, r)o,r) 8
+<2m)2 1,,32—3(1 z,g : )_ 3 (61'62>6(3)(r)
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Breit-Fermi Hamiltonian - I1

Rearrange to:

2 2

H=L_2 v v +v,

m r
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Breit-Fermi Hamiltonian - I11

Level splitting due to spin:

AE = O; ~(L-s,+L-s, +2L-S)
2m’r
13T o 5,6 (r)
(@ A A~
+m2r3 [3(sl-r)(s2-r)—sl-s2]
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Breit-Fermi Hamiltonian - IV

Extend to quark-antiquark, as coming from one gluon exchange diagram:

S _(L-s, +L-s, +2L-S)

Last term coming from linear (confining) potential

contributing to orbital motion
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Breit-Fermi Hamiltonian - V

State My AMg  AM] My, Mexp
1°P, 3521 +458) —13 3553 3551
1°P; 3521 —32  +13 3502 3507
1°Py 3521  —128  +26 3419 3414
1P, 3521 0 0 3521 -

Sample prediction
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Annihilation - 1

Annihilation into two photons:

Transition amplitude in the small speed limit (8 — 0):
2 diagrams, similar to (rotated) Compton scattering

Permutations of 2 photons
—2 diagrams altogether

T, =T,+T,
= (Qa(p —ptm)eu(l), T=————v(2)a(n —ptm)zu)
(P —py) —m (P —=p) —m

p, =m(1,0,0,0), p, =m(1,0,0,0), p, =m(1,0,0,1), p, =m(1,0,0,—1) ~ rays emitted along z

2

(p1 —p3)2 —m’ :<p1 —p4)2 —m’ =—2m

— T =—4e> Averaged over initial, summed over final spin projections
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Annihilation - I1

Cross-section from amplitude: 2-body reaction

do 1 |py

= all

dQ)  64rs |p,|

‘pf‘ =m, |p,|=mpB, s =(2m>2 = 4m’

do | m 62 a’

dQ  64ndm’ mp B 16mm’ 3
do a’

— o0 =4r =
dQ)  4m’p

Fast increasing at low speed

Fall 2013

E.Menichetti - Universita' di Torino




Annihilation - ITI

Selection rule for bound state annihilation into 2,3 photons

Uel27)=(=1) [27) > 7. (27) =+1
—(-1)"" =+1
—->L=0=S5=0

S-wave: Singlet only

Uc|3y)=(-1) =-1
_)(_1)L+S =_1
—->L=0=S5=1

S-wave: Triplet only

E.Menichetti - Universita' di Torino
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Annihilation - IV

2 v Annihilation : Initial state not a plane wave — Expand into plane waves

A, =2 (T | p){p|TT)
i A(p) v(p)

A(p) plane wave amplitude, ¥ (p)momentum space wave function

— A, =|d'pA(p)y (p) =ﬁ [a’pA(p) [y (r)e™ a’r

1 .
—>A =—\|d’rw(r)|A(p)e® d’r
N I

Take A(p) = A=const (can be shown to be true)

A ipr
— Apos = —W.[d3ry/(r),[e ’ d3p = (2”)3/2 AW(O)
(27) S
(22)'8°(r)
‘2

"= (27)'|A] |w(0)
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Annihilation -V

3
R

o=

4m5 I}

=, (2n) A w0 =2

Computed by using averaged matrix element: 3+1 = 4 spin states
Since only singlet initial state contributes:

Ground state wave function required:
Use scaled Hydrogen w.f.

E.Menichetti - Universita' di Torino
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Annihilation - VI

Taking scaled Hydrogen wave function

_2r

2 1
w(r)= e ,a,=——,m reduced mass
(ao) am
1
Hyd: m=m, —a,=——
om
2
Pos: mzme — a4y =——
2 am,
) 2(am )3/2 3 3 3

Y s (O) = )3/2 = (2)3/2 — ‘Wpos (O)

(g

—T = (27’ |A|2 ‘y/(O)‘

Observe : @ dependence not obvious from 2 vertex diagram

Initially a bound state, not perturbative

E.Menichetti - Universita' di Torino
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Annihilation - VII

3 v Annihilation

\

Permutations of 3 photons
—b6 diagrams altogether

After some algebra...

4 ’ 2
o — 9—7T<7r2 ~9) Zj [ (0) = 9—7T<7r2 ~9)m,af
Ff{f,s 927T(7r2 —9) m,a’ 4(7T2 _9) .
= : = a~10
s a’m, Om
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Ch '
(28+1)
Godfrey-lsgur, PRD 32, 189 (1985) n I‘J
Ho00 3D —
£8, cc
4m R
o N 2°D;2°D,
I'F, FFs °Fy
1000k Ky
= 2 w3
| A
< ss00f n
* open-charm threshold -
® L
= 3600
.,
3400
3200
s Jiy black: measurements
2000 I'S n, blue: predictions
l— 1 | ] 1 1 | | ] | || | [
0—"|' 1'—'— l"l"— 0++ l++ 2++ 2—+ o= g 3‘."' 3""" 4++
J
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Bottomonium

11.00 T{11929)
r{1080)
10.75
_____ A e 2MB_
1050 — nn _y(’zb) -

1025 —

Mass (GeV/c?)
8
T

9.75 _ .
Bottomonium
family

—

9.50 —

LI =0 1~ g (012 (123
¥ 1 1 2
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OZI Rule - 1

Okubo-Zweig-lizuka Rule: Disconnected diagrams are suppressed

AY

E.Menichetti - Universita' di Torino

This diagram is connected

This diagram is connected: BR 83 %
(with smallish phase space)

This diagram is disconnected: BR 15 %
(with much larger phase space)
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OZI Rule - 11

Jhy
c \
Non permesso energeticamente

,///

NiE

AY

E.Menichetti - Universita' di Torino

Compare mass and width

Explaining the small width:

m, =1865 MeV — 2xm_, = 3730 MeV >m,, ,m,
Therefore J /1), ' decay to open charm

is energetically forbidden

— Decay diagrams are disconnected

— OZI rule: Decay is suppressed

— States are very narrow
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OZI Rule - III

As a general rule

— Ao a] n=number of gluons

Connected diagrams: Small number of soft gluons — A = large
Disconnected diagrams: Large number of hard gluons — A = small

Indeed:

Single gluon annihilation is forbidden for mesons by color
conservation (meson = 1, gluon = §8)

Annihilation of massive quarks yields hard gluons— ¢ is small

Connected diagrams involve softer gluons — ¢, 1s large
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OZI Rule -1V

Consider quarkonium annihilation into gluon@

qq — ¢ Excluded: (q7), ><(1g),
qq — gg Allowed
qq — ggg Allowed

Decompose the direct product of 2 octets:

8R8=1080810010" 27

Charge Parity: é é
J=0"—=C=+1—2g OK

J'=1"—-C=-1—-3g OK \ \

Perturbative regime: A(2g)>A(3g)

—Pseudoscalars wider than vectors

E.Menichetti - Universita' di Torino
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Quarkonium Decays - 1

Attempting to calculate the vector meson decay rate to lepton pairs

I, = |AV|2, A, = < f |T|V> Transition amplitude between V (initial), f (final) state
Meson is a bound state — Initial state not a plane wave

From the roaring ‘60s

Then expand the amplitude into plane waves:

A=Z (Tl r)ely)

—_—
A(p) v(p)

A(p) plane wave amplitude, ¥ (p) momentum space wave function

— A, =[d’pA(p)y (p) =W! d'pA(p) [y (r)e™ d’r =W[ d'ry (r) [A(p)e d’r
Take A(p) ~ A= const — A, ~ ﬁ [ary(r)[e* a’p=(27)" Ay (0)

(27)'8(r)
‘2

=T, =|A[ =(27) |A] jp(0)

E.Menichetti - Universita' di Torino
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Quarkonium Decays - II

Why is A(p) = const?

Consider the process involving free quarks (plane wave):

aq—ee

Cross section, averaged over initial, summed over final spin projections:

1 2\

O goete (P): ‘A(p)‘z - ,V ¢, q relative velocity — o e (p): ‘A(m‘z ( :}T)
(2n)
—

Take 1-photon annihilation QED diagram:

2 2

o +7( ) 7TO‘Q P Justthe same as e +e —pu' +pu”

e e s . s But: Do not neglect rest mass
For small initial velocity:

2 %
sm(2mq) P, = m, 5
22 2 Am? 22 2
TQ v T v TQ TQ

o +7(P): Q&H———I- < g P. I+—+1 g Pe g~ 3Q Pe

e e s D, s 4m 3 m, my m, v
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Quarkonium Decays - I11

Obtain the decay rate:
2 (27 Ta’Q’ p,
0y (P)=jalpf LT
q
> w’Q’p, v Ta’Q’ p,
—>‘A(p)‘ = v 3 3 3
. (27r) m, (27T)
212
p,~=m, — ‘ A(p) ? (;:)5;2 Neglect quark momentum, electron mass
q
M, :  A4ma’Q*
m, 7= —>‘A(p)‘ ~ (2%)3 v p-independent OK

We took the average over initial spins for our plane wave cross section,
resulting in 3 (triplet) + 1 (singlet) = 4 states

Vector mesons have spin 1, so we should not count spin 0

—Get a further factor 4/3:

4 3 4ma’Q’ 2
T ~—(2x) 2222 |y(0
v 3< ™) (27) M W >‘

_ET(O[ZQZ
3 M,

‘@b(O)‘z Van Royen-Weisskopf formula
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Quarkonium Decays - IV

For Bottomonium and Charmonium:

3 3
4, OF ~ () =2l =5

8
4 Ara’Q » 4 Tma’QP m T Q'm
o, o o) P o) AT e T
(2 )MV 3 m, 8 6

_O0m, 0946
L, Q’m  0Q23.10

Fw (ee) ~5.55 KeV

DORIS (DESY) results (1978):
I, (ee) ~1.26KeV

N O, ~ Ly m, ~ Eﬁm 28—>‘Qb‘:l strongly preferred
0. L, m, 5.559.46 3

E.Menichetti - Universita' di Torino Fall 2013



Quarkonium Decays - V

By comparison with positronium:
<e+e_ ) positronium -7

[( )= w} —\w I
{e — —e—Qq— — a Quark charge

X9 Sum amphtude over colors
480
27m’
(cf)cmmm — 88
From SU(3) algebra: 2 g in a color singlet state

<(0)

)— 7| =

Color factor = %

2

3 2

< (0)f

F[(cc — gg]—

E.Menichetti - Universita' di Torino

But:
Positronium rate was obtained by taking the
low speed limit of scattering amplitude to 1-

photon approx

Is it granted for cC ?
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Another Way to Charmonium - I

Try to avoid limitations inherent to electron positron annihilation:
(1) 1-photon tree diagram: Forming just 1- - states

(2) 2-photon process: Forming just C = + states

Difficult to manage

Go for pp annihilation: No constraints on quantum numbers
High luminosity possible by special techniques

p+p— cc — Electromagnetic decay
Charmonium
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Another Way to Charmonium - II

Fermilab antiproton accumulator DIA__apio0
Built around 1990 in order to provide "
intense, cooled antiproton beam to the Tevatron

m-c
B¢ = Lygr frey — Eﬁ = —= >
-0
AFY (ALY
oo [

%zfew 107”7

— AL dominant error source

From m et Ly

Then Amd}, =100KeV - AL =0.7Tmm

E.Menichetti - Universita' di Torino
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Another Way to Charmonium - III

Target

» Molecular hydrogen jet into the machine vacuum(lots of pumping power!)
* Microdroplets formation @ 1bar, 35 K

» High density >10'4 at/cm3

» Instantaneous L~2.5103'cm2s? (DAQ limited)

» Several beneficial side effects (small source size, effective use of pbar, ...)
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Another Way to Charmonium - IV

E835 DETECTOR

CENTRAL CALORIKETER

FORWARD

CALORIMETER

INTERACTION &
FOLNT

ANTIPROTON
BEAML
—_

GAS ¥
JET
INNER DETE c:ron/ '

Hz
M

“— LUMINOSRTY
MONLLOR

k 263m

—a
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Another Way to Charmonium - V

Concept of resonance scan: A fixed target, formation experiment

Move the beam energy in small steps across the energy range of any given resonant state
Measure the decay rate of the state at each step

Rate

Resonance profile
Typical width I'< 1 MeV for cc

Beam profile
Typical resolution 0<ECM ) ~ 0.2 MeV

Get resonance mass, width, coupling by deconvolving the beam profile from the observed rate
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Another Way to Charmonium - VI

].fz‘:it _504ff3( )UBW E>dE+UB

0

Resc_mance Cross

section

(27 +1) B(pp— R)B(R— f)T}

O-BW - 4k2 \/_ 2 I‘i
( s—M R ) + T Measured rate
pp—cc—e'e \
— - + — Beam profiles
P f — Cf —J/ ,Qb X —eeX during scanning /7,
pp—cc—yy _.' 4
p; —multi 7y

p]_) — P — K'K K'K

pp—Dpp
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Another Way to Charmonium - VII

Electrons: Cerenkov + Calorimeter + Tracking
— Very low background to e* e

Number of events (0.05 GeV/c
B o¥ g §
[=1 (=]

g

ok —— e
2.6 2.8 3 3.2 3.4 36 38 4
Mol GeV/c? )
FIG. 5. Invariant mass distribution of electron pairs for @TBA

the 1991 J/y scan (open area) and for the off-resonance back-
ground normalized to the same luminosity (shaded area). For
this figure only the level of background has been multiplied
by a factor of 10 to make it discernible.

M . from scan across J/y
e e

E.Menichetti - Universita' di Torino

V' Jlv+X P —ee

200 \ e-’_e

Number of events (0.05 Gev/c?)
g8 B8 & &

5 & &

[

26 28 3 332 34 36 38
Meol GeV/c™ 1

FIG. 6. Invariant mass distribution of electron pairs for
the 1991 ¢ scan (open area) and for the off-resonance back-
ground normalized to the same luminosity (shaded area).

M , from scan across ¥’
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Another Way to Charmonium - VIII

A few results..

@TBA

- 1.4 L4

-1.2

- 0.8
- 0.6

04

Events / Luminosity (nb)

L 0.2

L L Il [ '} L Li

m-HJH‘:EI‘IDISEI‘II Jﬁﬂlﬂﬁ:lﬂ ‘mlﬂﬁﬂ 3556 3558 3560
Center of Mass Energy (MeV)

FIG. 3. Events per unit luminosity for the energy scan at (a) the z.1, (b) the z.z, and (c) the . The solid line represents the best
fit with the data. The dashed line shows a typical resolution in the center-of-mass energy (arbitrary vertical units).

as6e2 3564
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Another Way to Charmonium - IX

Back in 1999: PP —

Oy (pb)

120

M (n.)=2984.8+1.9 MeV
Coror (n0) =17.8"15 MeV
T (n:)=37"3+12KeV o |
assuming BR _ = (1.2£0.4)10"*from PDG

O=lcosd’1=0.2

60

40

20

D 111 I 1111 | 1111 I L1 11 I 1111 | 1111 I 1111 I | I - I 1111 I 11 1 1 I 1
2900 2925 2950 2975 3000 3025 3050 3075 3100 3125
Vs (Mev)
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Another Way to Charmonium - X

Repeat for 1, :
I (Xz) =0.31£0.04£0.03 KeV
by taking mass and total width from ¢y data

— Get a measurement of ¢, close to confinement region

aS

c) — 2
L 9o 14+4.8%
T
aS

2)— 2
Lo 900102 %
T

E.Menichetti - Universita' di Torino Fall 2013




Another Way to Charmonium - XI

Get
o (M) = O°321L8.'8451 Jrom 1,

ag(m.)=0.36 £0.02 from Y,
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03}
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Charmonium on PDG

Mass (MeV)

4700 1

4500 1

4100 +

o 4

ason 1

200 4

300 1

K
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