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Quark Model, Light and Heavy Quarks
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The Quark Model

Fundamental hypothesis:

Mesons = Bound states (qQ

Baryons, Antibaryons = Bound states Qg qQqQ

What are states Q, ( ? They are called quark, antiquark
Building blocks of ordinary hadrons:
A new level of structure for the hadronic matter

Quarks fill the fundamental representation of SU(3)

Quarks are spin 1/2, point-like fermions

Guess:

They are never observed as free particles >
The only bound states observed are 0, qqq qqc } Why :
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Predicting New Particles

Not a new game in town...

In the Thirties:

Pauli: Neutrino

Required in order to save energy, angular momentum conservation
in nuclear B decay

Observed in 1956 (Reines et al., Nuclear reactor experiment)

Yukawa: Pion

Welcome in order to explain the general features of nuclear force
Observed in 1947 (Blackett et al., Cosmic radiation)
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Quarks

Fundamental and conjugate irr.rep. of SU(3): 3, 3*

Each made of 3 states

Quantum numbers: From Gell-Mann - Nishijima & SU(3)
Q=1,+Y/2

Symbol

Flavor

Q

B

u

Up

Spin

2/3

/3

1/3

12

+1/2

d

Down

-1/3

/3

1/3

12

=172

s

Strange

-1/3

/3

L ol

-2/3

} isospin doublet
isospin singlet

Quarks are predicted to carry fractional charge, baryon number!
Should they show up as free particles, would be easy to detect :

Expect unusual electromagnetic rates [7Q?

Expect bound states with fractional mass numbers [/ B
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Mesons and Baryons

Hadrons: Expected to fill product representations

From our group theory rudiments:

Mesons 33 =19 8
Baryons 3% 3® 3= 1p 85 8 1

Expect:

Nonets of mesons with given spin, parity
Singlets, octets, decuplets of baryons, as above
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Quarks & Antiquarks: 3 & 3*

More quantum numbers

Relative space parity = -1 (Fermions)
Absolute space parity = +1 quarks, -1 antiquarks (Conventional)

Flavor Spin| Q B | S Y | T | I3
Up 2213 ol w3 |ve] e
Down # -1/3 1/3 o /3 | 12 -1/2

Strange £ -1/3 | 1/3 -1 | -2/3 0 0

@ Rappresentazione 3

. Rappresemazione 3*

Flavor Spin| Q | B | s | VY | I Is s
Anti-Up £ -2/3 -1/3 o -1/3 12 -1/2
Anti-Down £ +1/3 -1/3 o -1/3 172 +1/2
?

Anti-Strange +1/3 | -1/3 +] | +2/3 0 0
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A Couple of Subtle Points - 1

Q: Why are isospin 3rd components swapped for antiguarks?

A: Want to stick to Gell-Mann — Nishijima for them too

= =

[1] d_[o] Required in order to deal with qqq, qg qqc

E.g. all present in the same process

JOESGE LN SR E———
Q@)=+ - (@2 @)L @ttt
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A Couple of Subtle Points - II

Q: Why there is a -1 extra phase for u antiquark? [_da]
A: Want to stick to same C-G coefficient for both quarks and antiquarks

Same C-G - Same I-spin rotation matrices

[u']:eiTze/z[u]:[cos(G/ Ju-— sirfo/ ;)m] rord

d' d) |sin(6/2)u+ cog6/ 2d

U . ,.[(0) [cos(6/u— sifd/ 2d
[J']_e / [a]_ sin(6/ 2 u+ cog6/ 26]<—Want to ha

] [sm (6/2)u+ cog6/ Zd] [ cod/ pd+ siW/ )2
cos(f/ AU — sirld/ 2d| |— sifg/ pd+ cq¥/ )@

of generic state

—

d
u’
g] [—C;iefj/azd_—?gsffgf; >>] Required in order to deal with qqq, dg qqg

—u' —u

d') (cos6/2d— sifg/ 2(-u)] (4 E.g. all present in the same process
] sin(6/2)d + cs(0/ 2)(-u)| [ ]

Indeed, required because mesons are made of quark-antiquark pairs
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The Light Mesons

Combine 3 quarks with 3 a

ntiquarks: Get 9 combinations

Quark content ud,us uy dy ds dgd su sd s
Identified mesons
State’| Q I; I S Remarks Je=0" Je=1 Je=2
ud +] +] 1 0 = or a
us +1|  +1/2 £ +] K+ K+ K+
uu 0 0 01 0 I—Sp/'ﬂ undefined 770’77’77' p L w,p ag’ f2’ f
du 1| -1 1 ) o o a,
ds ol -1/4 12 +1 K° K" K
da o o 01 o I-spin undefined 71'0’77’77' po’w’gp ag’ f2’ f
ST -1 -1/ 12 -1 K~ K~ K™
sd o\ +1/3 12 -1 K© K© K%
SS o 0 0 o ™| plwep| 8, f, f
L#O0O
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The Light Mesons: Quantum Numbers

Build isospin eigenstates from S=0, I;=0 states:

1 — . .
— (uu— dd Uu+ dd—25S uy dd — Physical particles must
\/E( ) \/6( % ( % have I defined:

I-spin is a good symmetry

Left with 3 ambiguous states: I,=0

6 unambiguous states are octet members
—Have 2 octet, 1 singlet ambiguous

SU(3) singlet: Invariant wrt SU(3) rotations

—

1, = _
ﬁ<uu+ dd-+ S/ n,Mg cannot be identified with physical particles

n 4
SU(3) Octets: 1 SU(2) iriplet, 1 SU(2) singlet

= %(uﬁ—dﬂ),%(u‘tﬂr 0942 s

v
b UE!
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The Light Mesons: Spin & Parity

J=L+S
P — (_1>|—|—1
C— (_1)|—|—S

Ground state L=0—J=S
Singlets = J=0—-P=-1C=+1—> J“=0"
Triplets = J=1—-P=-1C=—-1- J°=1"

Remark 1:
Very simple and clear, but: Not covariant!
J separation into L,S contributions is frame dependent

—We are assuming small quark speed: Is this correct?

Remark 2:
Higher spin multiplets more difficult to explain, due to orbital degrees

of freedom
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The Light Mesons

Particle identification with SU(3) eigenstates not always straightforward
Example: Take pseudoscalars

\8;1,0>=%(uﬁ— da)—>7r° Must be true because I-spin is a good symmetry
1, = _
\8;0,0>:%(UU+ dd— 253| Not identified
Get some insight
\1;o,o>:%(u0+ dd—+ §g) from decay modes
Y Y
Koo Lo K
e re™ % n.p, Central states, I,=Y=Q=0
\\/ﬁl I3 - E&QE I3
K-& jl{}l'{ﬂ
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The Good News

Use SU(2) shift operators:
First, r:
| “77* =/2° From definition (and multiplet diagram)
From * wave function:
dd - uu
J2

N/ :I'(ucT):da—uU:nD:
Repeat for 7°

= ~ (dd-un) -du- du _ .
| ~7° =2 =1 = =7 =—du The - sign!
( 2 ] RE 9

Isosinglet (with u and d only), is 7
p=1- dd + uu _ —du+ du:O
2 V2

Can conclude the 72 is an octet, don’t know about 7, 7,
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The Bad News

Should SU(3) be exact, all particle states would fit to irr.reps

Try to apply mass formula to mesons: Use M? instead of M in the mass
formula, for reasons not very convincing.. Fermion Lagrangian: m
Boson Lagrangian: ¥
Assume the octet member is to be identified with a physical particle
Vectors

Predict

mgzé(4nﬁ* -n})=0.859 GeV o 1fi= 0.613 Ge¥, fa 1.038 G¢

Pseudoscalars
Predict

mgzé(sz -n})=0.321 GeV¥ . if= 0.299 Ge¥, fn= 0.918 G€

All in all, not very brilliant...
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Breaking Everywhere

Since SU(3) is broken, its eigenstates can mix:
Besides intra-multiplet (as before), consider inter-multiplet mixing
Call H, the SU(3) symmetric part of the Hamiltonian:

<1‘Ho‘]>: My, <aHo‘ E}: Mg

SU(3) breaking can manifest itself in a non-diagonal, singlet-octet mass
matrix:

, (M2 A
M2 = =
A M

By standard diagonalization find the physical masses:

2 aa2)?
Mi,b:—M12+M82¢\/(M1 Ma)  pe

2 4

Can infer M,, A:
M12+M82: Ma+Mb

2

2 2
A2 = (Ma_Mb) _(Ml_M8)

4
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How Mixing is Measured

Try to make a sense out of SU(3) breaking
Simple idea: Central states of 1,8 just mix in physical particles

|a> :sin0|]>— C0§| $ ‘Rotation’ of states: Must be unitary, phase preserving
by =cosd| 3+ sird| 8 ~Just 1 angle

Find the mixing angle:

Hl|a)= MJa}} ~ MZ=M7-A’cotf= M82—A2tan6} g MimMZ_MZ-M?
H|by=M,|b)| MZ=MS+Acotd=M;+A*tand MZ-MZ MZ?-M’
0, =—11 Pseudoscalars

6, =+38 Vectors

0. =+32 Tensors

Best observed in vector mesons:
m, ~ ut+ dTJI—w:J/x/E( au+ J(j p,w only KAlquarks: OK mass degenerate
m, ~ $s— = §s © only gquarks: OK decays modes

Pointing to: m,/m, my>m,,
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Higher Spin Mesons

Combine non relativistically L, S:

Remarks:

States in grey can mix

L S State | JPC C is meant for Q=5S=0
0 0 1S, 0+
=1 I=0 I=0 I=12
3 - . | — oy
0 1 S, 1 [P w | @ | K g++| 3 |t | T K",
1 0 1p, 1 +- 1450 1420 | 1680 | 1410 s 1320 | 1270 | 1525 | 1430
[ Rl f K
3 ++ sl o b L 1 o 11: 126 1::n *
! ! Po 0 1300 | 9085 | | 1460 -
t q+-| by Al b K
1 1 3P1 1+* 7{1400) | 1235 | 1470 1380
TR 140 a | f f [
1 1 °P, 2 1-- Cop w | © | K 0** :' : : 1430
770 | 782 | 1020 | 892 |
2 0 D, 2 : e - n=1 .
0+ bl n | n K a (a0) f p1avo) 1 (e60)
2 1 3D1 1-— 139 | 548 l 858 | 404 a {1450) fu[mmj- 1D|1T19;-
3 -
2 1 D, 2 b oToA il
2 1 0k 3~
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The Light Baryons -1

Combine 3 quarks: Get 3x3x3 = 27 combinations
But: Only 10 different quark contents

3+3 2+ 1= 10: uuu ddd,sss uud uus ddu dds ssu ssd
Remember:
Same composition does not imply same quantum state

Somewhat similar to difference between raw and structural formulae
Examples:

H H H H
H _(lz_(lz_OH H—Cl‘ —D—(l:—H Same atomic content, 2 different chemicals
==
% | pn>—|—| np) symmetrlel/ No bound states

Same nuclear content, 2 different states

H

% (|pn)—|np) antisymmetgic

One bound state

Spring 2007 E.Menichetti - Universita' di Torino
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The Light Baryons - II

SU(3) Multiplets: 1, 8, 8, 10 What about different quark masses?
= Well, that'’s all out of SU(3) breaking..
Reminder: L

Quarks of different flavor to be taken as different states of identical
particles (like electrons with spin up, down)
-~ Multi-quark states expected to have definite exchange symmetry

Can derive flavor exchange symmetry of each multiplet

1 - Singlet Great f ith S S
Fully antisymmetric ceatn U(3) and 55!
Special Unitary in 3 D

Symmetric Group of 3 objects }T'ghtly bound...

8 - Two Octets
Undefined symmetry

The Moral:
10 - Decuplet '
Fully symmetric Learn some group theory while still young..
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The Light Baryons - III

Now look at the remaining part of the wave function:

\a) fIav()l NB: This expression is incomplete! See later
acCe. EX

Sp pect S-Wave - Symmetric
Difficult to guess an effective potential originating a ground state with L#0

Spin: Quarks are Fermions
Combine 3 spin 2:

1201 2= 0—-04Y2=12 2 sub-states
1= 1eY 2= 12,3 2 2+4 sub-states

-~ Expect 1 quartet, 2 doublets
13/2,+3/2=(111), |312- 3/12=(1]])
3124+ 1/9=ISIL+ 1T+ 111), | 312 1p= A QLT+ 1T1+11])
12412 = 1NATL -1, | U2 U= /A @l-11) l} Doublet - Antisymmetric 1-2
12413 =1J21 (11 =11), | 112 12>S:1N—2¢(u—m)} Doublet - Antisymmetric 2-3

Quartet - Symmetric
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The Light Baryons - IV

Can use another bit of group theory to write succintly:

20 2% 2= 4D 2@ 2, Spin
33® 3= 15 8§ @ 8@ 10 flavor
Summary of flavor, spin symmetry of different representations:

Flavor Symmetry Spin Symmetry
105 S 45 S
SU ( 3 ) 8y s n.a., symmetric 1-2 M5 n.a., symmetric 1-2 SU ( 2)
Em 4 n.a. antisymmetric 1-2 M4 n.a. antisymmetric 1-2
1, A
Now combine flavor and spin: S,A,M referring to flavor*spin
10s 8u.s 8m, 14
45 (104) s (CRIN (CRIN 1,494
2ns (10.2) M 5,2) M 5,2) M 1,2)m
2m,4 (10,2) M @.2) M E2)M 1,2 M

Spring 2007 E.Menichetti - Universita' di Torino



The Light Baryons: Singlet, Decuplet

Observed multiplets

(SU(3), SU(2)) Flavor Physical
flavor spin Wave-Function Particles
(1, ?) %(uds— usch dsw dus sud sk 4
+14
Singlet: 1
Tricky.. uuu, ddd sss\/—é( uds usd dsu dus sud )0
1 1
—(ddu+ dud+ udd,— d
(10, 4) \/§< u+ dud+ u d\/é( uue- udg  dyu
/4 P -1+ P _ *
Decuplet: L (dds+ dsdr sdil—=( uus usu suu ! ="us32)
Astonishing J3 J3
E i(ssd+ sds- dgsi( Sst  sus lss —;;_ b _:_1 I
V3 V3 Baryon resonances, except Q-

Most unexpected:
Total wave function appears to be exchange symmetric for decuplet!
Would expect it anti-symmetric for a bundle of identical fermions

Are we forgetting something in this game?
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The Light Baryons: Octet - I

Assume a globally symmetric wave-function for octet too

Would be very difficult to account for a multiplet-dependent symmetry!
Guess the symmetric spin-flavor part:

Antisymmetric 1 -2 Flavor: Two sets, 8 states each Antisymmetric 2 - 3
1 1 ‘
%(ud— dy) d%( ud- dyf u ﬁd(Ud— dLD,T Y ud- di,
T(ds sd dT( ds- sl s T d(ds— sd, \/— $ ds sfd
1
%(us— su u%( us- sp,s o, +1,8 ﬁU(US— SL)@ $ us- sy s L6
%[(us— sU dt-( ds- il Ju %[d(us— sy+ § ds- s,
1
/_[2 (ud—du) s+(us- sy e( ds §d]ju E[ZS(Ud— dy+ d us- sp- (U ds ?]d
Spin: Two sets, 2 states each
/2412 = 1N 24T - 1)1 i1z 124112 =1V 21 (11— 11) 0 12
v2-ud, = WA - 2-uz = Wi
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The Light Baryons: Octet - II

Can also write down a 3rd set of 8 gflavor) or 2 (spin) wave functions,

antisymmetric wrt 1 3: ¢usi =18, X':.i = 1.2 Not independent from the others
The question:

What is the spin-flavor wave function of, say, a proton with spin up?
The answer:

Must consider all symmetric spin-flavor products with the proper quark
content and s,

Say the appropriate functions are n.2 (flavor) and n.1 (spin)
Physical Particles

@ _ L4 _ 1
Somz—\/z(Ud du)u 2 \/§<Tl lT)T y 5 ;
S P R w1 +11 J(935) |
P =1¥n3= \/E (Ud dLD X =171Xaz3 \/—T(Tl lT)
s =75 (uud— g D I(m 1) ol &/ D) =*
[ %,
e =5 (u— ) (11— 1)1 N ’\““)
Products: o = u(ud— dy— 1(11- 11 = =%(1323)
@0 _ 1,0 g1 ; ’ =7
¥ a3Xa13 \/E(UUd du'-;\/z(TTl lTT) -1 0 +1 3

Spring 2007 E.Menichetti - Universita' di Torino 24



The Light Baryons: Octet - III

In order to get a fully exchange-symmetric state, must take
a linear combination of all contributions

B o Unconvinced? Still it’s true, because any sum of
[p+Y2= ) ox 2 products is equivalent to the 3rd...

k=A12
11 1

1 1 1 1
|p,+1/2>zﬁ[ﬁ<ud—du) (M= T -+ fud- e 1(11 = 17)+—=( uue dt)ufzm—mﬂ
Finally: The proton, spin up wave function!

@ djul+ @ ul d + 8 u 4

|n+u3—N[
—uldiul—diulu-uu d-0 d 4—uv 6 d— d U

N = Normalization constant
1 1

1
N p— p— p—
J6-2+3 2 +J6+12 /18
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The Light Baryons: SU(6)

Flavor symmetry: SU(3)

Spin 1/2 : SU(2)

— Total symmetry: SU(3) SU(2)

Can think of extending to a larger group, SU(6): Giant symmetry

SU(6) includes SU(3)[7 SU(2) as a subgroup

[Just meaning SU(6) has extra transformations wrt SU(3) SU(2):

Generic SU(6) operation can mix states sitting in different (flavor, spin) multiplets

Generic SU(3)0SU(2) operation only mixes states sitting in the same (flavor, spin) multiplet]

Example: Mesons

6006x=1035 Observe: Situation similar to

SU@B)T SU2) content: SU(3) vs SU(2)0U(1)

35={13 0{81 083 Different SU(2) multiplets grouped

3states 8 states 24 states into a single SU(3) supermultiplet

Baryons Besides exchanging states within each

601616=2001560170170 SU(Z) multiplet, can exchange states
. among different SU(2) multiplets,

SUE)L SU2) content: within the same SU(3) representation

16 states 40 states
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Summary: Decuplet

State Q I; I S | J=3/2
uuu 2 | 32| 321 0| A
]/\/?S(uud+ udut duy 1 | #1/2 | 3/2 | O AT
1/7/3(udd+ dud+ duy o | 12|32 o] A°
ddd d | w232 0] A
1/\/3(uus+ usur suj |+l 1 -1 IS
]/x/é(uds+ sucH dsy sdg dus u)sd o 0 1 -7 570
1/</3(dds++ dsd+ sdif -1 | -7 1 | -7 -
1//3(uss+ sus- ssu 0 | 2| 12| 2| =0
1//3(dss+ sds- ssd q |2z 2| =
SSS -1 0 0 -3 O

Wave functions
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Summary: Octet

Qurks | @ | L | I | s | J=12
uud + | +12| 12| O P
udd 0 -2 | 12 0 n
dds -1 -1 7 -1 e
uds 0 0 | 10| -1 | ° A°
uus +/ +] 7 -1 >
dss B R - R V- R =
uss 0 | +2| 12| 2 =0

Quark content only
(no wave function)

Spring 2007
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Tired of Symmetry, Multiplets etc?

Go for some dynamics...

Examine first electron-positron bound states: Positronium
Somewhat similar to mesons: Particle-antiparticle bound state

Can be dealt with by use of non-relativistic potential models
Useful insight by connecting to perturbation theory..

Start first from electron-proton interaction:

e(p:)

E-[F'e FIlF:I:]
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The e-p Effective Interaction - I

Expand matrix element to low speed approximation

X+

2 2 ‘2 2 2
+
Tfig_e_zl_pe+pe 1_pp = :
q 8nt 8y
_.p,+ie-(p x P tic-(p
[l PoPs 2(|op P, il PP (p'xp
4 ang
time section,Y p 4-current time section: e 4-current
u p'p+pp—io'><(p'p—pp) — p'e+pe—io><(p'e—p;
—X XX X
2mp 2m

space section. p 4-current

space section, e 4-current

Get a non-relativistic matrix
element, where x, Y’ 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

Spring 2007
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The e-p Effective Interaction - II

Reminder from potential scattering:
Transition amplitude = Fourier transform of the effective potential

- Get effective e-p potential by anti-transforming the amplitude

V. = —eT(pz'T %) (x"x) Coulomb term

€ : :
Vso: 4m:r3 (X TX)(X TO'"—X) Spln—orb|t

5 - Fine structure terms
Vo = S?nj 478 (r)(2 " ¥)(x "x) 'Darwin term'

2 2
(/- :% 9,5, 597 (r)+ n;’npr” gp[S(se-r)(sp-r)—se.sp] Dipole.—dipole interaction
‘ HYPeI‘finevstructure — Tensor interaction Valid for S states

Astonishing: Everything included in our modest 1-photon diagram...
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The e-p Effective Interaction - III

Effect of hyperfine interaction on ground state energy:

2
e’ 9,S,-s 67 (r)
3 pe >p
me mp ground state

B 8re? 1

— AE, S gp-—z[ j(i+1)=s,(s+1)—s[ s+ 1)}-@(0)\2
piof =k ag,, = B¢ o Ml 23
HAEhyp:ggpmjnpl j(j+1)—§](mea)3
ﬂ91;, em (2—3/2)(mea3):£' gpﬂi(msa“) hyperfine shift -triplet
STy 32e2 . 312 ”le
kggp m:l (0_3/2)(%@3):_3 gp—Z%( np“) hyperfine shift - singlet

— A(AEhy':’>trip|et—singlet = § 9 pH( n‘leOé4>

Spring 2007 E.Menichetti - Universita' di Torino
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Hydrogen: Fine & Hyperfine Structure

3Ds2
3Psa  3Dg
3512 3Py
I ———— 3Dsp 9910 MHz
——3Pp 3Dip U8 e— e d e t
—— 35 3hp 1058 MHz
21—!3;2 243 nm |)

P 1/2 2 J[')l__.-'-z

245

1512

1512

. 1571 13 s on v o o v 0 o 1o 0 0 0 o 0 -
unperturbed + fine structure ' l N\ 1420 M
\\ x FALR 3

) oo n 3 et /3(S #)(S. - T —S, -8, e? |
A, i (777 7| A8 = e (MR e s, o

grrmy, me 3 3my me
Fine structure:

'r_

Hyperfine structure:

Spin-Orbit+Relativistic+Darwin Dip_ole—Dipole
Splits j sublevels Splits F sublevels
F=J.+s,

Total angular momentum electron+ proton
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Hyperfine Splitting of Hydrogen

AE =6x10°% eV
A=21lcm
v =1420 MHz

Ground state

’. Larnb -
I shift "'| |"' F =0
I \ Ground state, L=0
| I|
.' b
fl kl u III
A Lﬁ—wv"hﬂ.l' AL Hydrogen Energy :
Levels e
Tunable Beam
dys laser i
Theoretical Hyperine splitling o, ff: Her
spectrum 5 ' 5 Chopper
4.5x 10~ aV Ye,
. 1 1 | ‘.
0 5 10 GHz Av H _________ % Detector at
i i 2pq v, chopper
Hydrogen fine structure and hyperfine @TBA = -"""1.___":' frequency
structure for the n=3 = 2 transition. Lamb shift LR RANEE e,
{After Ohanion, Modern Physics, Ch 7., 4372 x 10 ey Absorption cell,
spectrum from T W Hansch, Stanford Univ) ar 1057 MHz hydrogen gas
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The 21 cm 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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Muonium

wr-e- ‘atom’

b

|
~ +372 F=2 ..
T - S Similar to Hydrogen

%
2S, 4 - 10822 Mtz
AEneE T ]“’Z{“ VB ) Different:

- =]
=0 197 Mz Reduced mass
F=0 .
Muon magnetic moment

Jam 24400 ~2 -
' 2P
A 2455 THz
b= 24dom
F=1

oo o e e oo e o o -

2~ 4463 MHz
I'S,
VT e F=() @TBA
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Muonic Hydrogen

E=2 8.4 mey, .
e 25 =5
hfzx 50 B — B . .
Simplest y-mesic atom
Made by stopping 4 in
hydrogenated matter
3351”12: — Huge Lamb shift:
i 202 meV = —
Py 45000 x /-Zlydrogen!

~ (m,/m,)

Lamb Shift:

Effect of interactiop with vacuum

EM field fluctuactigns ]

25 - - 1058 MHz = : P=L

v N e i vinind eteiefminitad i
{F:n o5 E4 hev . v T eV =55T
P B F= @TBA
Standard H Muonic H
Replace e~ by i
Spring 2007 E.Menichetti - Universita' di Torino
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The et - e- Effective Interaction

There are now 2 diagrams:

e )u e ot e ol ) (e o) d o) Biel )

(p—p (p.+p)

Net effect: Add another term to the effective interaction
en
—

V. —
A 2m

3+6,-6,)6%(r) Same structure as hyperfine term
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Positronium

POSITRONIUM LEVELS
7. Jomzadon limit 6.8eV. Form of hyperfine term:
87T€2 (3)
L AE,,=(——s_-s_67(r)) for the ground state
- 6 yp 3rn: e €
E n=2 More complicated for n>1, I>0
S 5
: Observe:
o Levels labeled by SL,
5 = S: Total spin
3
4 Previous pictures:
Levels labeled by SL,;
n=1 S: Electron spin
OLE— 5,7 @TBA Proton spin only
o - in hyperfine term
L = L=1
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Light Mesons: Masses

Observe large mass splitting between singlet and triplet mesons:
Guess effective strong interaction has some term similar to hyperfine
electromagnetic

Can be shown to be true, to some extent:
When perturbative expansion can be granted, color interaction vyields a
chromomagnetic term with similar hyperfine structure

AE:L(%‘Sz)

mim
Then expect for the hadron mass: | , m constituent quark mass
(51.52) Somewhat difficult idea, basically similar to
M=m+m+ A—F"== effective mass for electrons bound in a
My crystal.

J=S +S,— J? = sf+ §+231.32 Will be clarified when discussing QCD.
—5:-5,=Y2(P-F-g)=§2A [ *1}-2% 8}

+1/4  triplets
Sl'Sz - :

-3/4 singlets
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Masses, including hyperfine splitting

Free parameter counting: Meson AE.. Ctted mass
3 quark masses (m,m,m,)+1 constant A (MeV)
Hope to fit 7 meson masses: = T 140
Pseudoscalars + Vectors m
K __3a 485
-~ Go for a 3 constraints fit m, m,
n _a = 559
Results: - a L
o,w = 780
m,
m,=m,~310 MeV = a 596
m, >~ 483 MeV mm
7 a 1032
A~>~160 rrf,d Me\? m¢
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Light Baryons: Masses - I

Extend the idea to baryonS' Sum over 3 quark pairs
S-S

IJ 1IT]IT]

As an exercise, first neglect differences between quark masses:

J=S,+S,+S,— 3*=(S,+S,+S,)
=S+ S+ $+2(S;:S,+S,:S,+S,S)

= S Stl)=34— 5+ 5+ S 94
—S,-S,+8,-S,+5,5,=1/23*~94=12)(J+ 1- 9 4

1S +3/4 j=3/2decuplet
—>—ZSI = _
254 —3/4 j=1/2octet

Spring 2007 E.Menichetti - Universita' di Torino
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Light Baryons: Masses - I

Now take into account different quark masses:

13,
2|1

Must consider quark pairs in order to evaluate hyperfine contribute

Ji=(S+S) =F+§+25-5
_>S|Sk—]/2[ ik(Jik+]>_$($+]>_ §< I€S+j)]
Quarks i,k in a spin triplet state:

S-S =Y2U1+)-13L2 J-Ap12 )L
—S-S, =4

Quarks i,k in a spin singlet state:

S-S =1Y200+1-1312 - fpA2 )L
—S-.S =-3/4

Spring 2007 E.Menichetti - Universita' di Torino
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Light Baryons: Masses - III

N: Only u,d quarks — Same mass

3A'

Am, =3m-——, —
My m4nfmm

A: u,d spin & isospin singlet

S.'S; . Su'S, , S.'S S,;S,. S;S#S:S
m, =2m + m+ Attt s d]:2m+ T+ IE “Fnd+ i2 ‘i
m, =

mm mm iy |

1 3
SuSs+SsSd:EZSISJ_SuSd:_3/4_<_‘?/4): 0— ZTJJ—{_ ng_4mf
ij=1
Y. u,d spin & isospin triplet
[SSi, Su'S, 8.8, S,S su-ss+sési

=2m+ S
mm  mm r@m] mw/{ﬁ\ mm

3
S, 8,+5,8,=255:5-5,5,=~F4—(+¥4=—1-m = M+ m+ A[

ij=1

m, =2m + m-+

1 1 ]
4m; mm
=: dl,s2 spin triplet(<— Flavor w.function = ss Symmetric — Spin w.function must be symmetric too)
S-Sy SuSe , SaSe

S¢S S.S.+S ;S
rn£:2n1+m,+ :2rp.|_ m-+ /{ $- e “u— s u z]
mm - mm M m N m
S,-S,+S,S :iis.-s.—s S,——34—Y4——1-jm—m+m+ A L
u sl u <L 2i‘j:1 i j sl <L = 4”\52 ”LVQ
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Light Baryons: Masses - IV

Fit all octet + decuplet:
8 masses - 4 constraints
Interesting questions:

IsA=A

Are the quark masses the same in

?

mesons as in baryons?

m, = m, =363 MeV
m, >~ 538 MeV
A'~50 nf, MeV

Baryons:
Masses

Constant /1/3Hyperfine splitting reduced

[#50 MeV 710%higher

Baryon AEMF Fitted mass (MeV)
N(938) _ 3*’;1' 939
M.

A(1116) _3?' 1114
M
5(1193) az' o 1179
Mg MM
=(1318) a’ 4a 1327
me mm
A(1232) = 3?' 1239
M.
>*(1384) | & | 4a 1381
my mm
=x(1533) | & 4 1529
me mm
2(1672) +£2' 1682
m;

Spring 2007

E.Menichetti - Universita' di Torino

45



Light Baryons: Magnetic Moments

I

Take total dipole moment operator as the sum of the single quark operators:
3

n=>"m —p, =(p+1U2pu[ p+113={pt 1 +p,+u,)| p+ 1/ | Can this be really granted??
- | [uTurdi2dlup 2w dou-
+1/2)=——|—u| dTul—uf ul df — —
? > \/E—leuIULJ le UI—:LTLJFZ
Now dive in some really dummy algebra:
Autut df(m+p+ o) Ut ut db) = A0 G G (] D= bed W= Ap+ =] = 81— 4
A(d Lut ut|(p+pp+ps)| dlout ut) =40 dl W|(m+u,+u)l U d 0) =81, — 4y
(uldTul|(pm+p,+ps)lul di up=(u u df(m+p,+p) 4 4 d)
(dTulut|( + e+ pa)| dT Ul Uy == py

Each operator acting on the corresponding
factor of the wave function

1 1 1
—><p’+1/2|(ﬂ1+ﬂz+ﬂ3)| P+ 1/321—8[3(8,% - 47%)“‘ 5%}253[ 240, — @‘d]:_:g( 4’Lu_lu’d>E:u p
Then take neutron: Just swap u - d

1 2d17dTul+2ul dT df+2d] u d - 1
12 = —diurdi—di diu—d d U= |—p =4
—ufdidi—diuf di-u d d
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Light Baryons: Magnetic Moments - II

Take quarks as Dirac particles:
e

MZ% Can this be really granted??

2 e 1 e 1 e

“3o2m M 3om T T 3mm
Predict moment ratio:
4[_ e }_ 2e
Hy Ay — 1, _ 3-2m, )] 3 2m, ~ —4de— 262__2%_0.667
fy A, — g 4 2e _[_ e ] 8+ e 3
3-2m, 3 2m,
Experimental ratio:

— Hy

Hn ~ _0.685 Amazingly close!

Hp

Absolute moments difficult to estimate, as involving unknown quark
masses.
Nevertheless..
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Magnetic Moments - Octet

...If one insists in believing the constituent quark masses have something to
do with reality, can compute the expected magnetic moments for octet:

Spring 2007

E.Menichetti - Universita' di Torino

Baryon Moment Predicted Observed
P guu—éud 279 2793
4 1
n — U, —— -1.86 -1.913
gud BMU
/N0 1, -0.58 -0.614
Not too bad for such S+ 4 1 268 2 33
a simple attempt... 33l
1Y (1t +Hg) == 15 0.82 Unstable
: 3 3
We are taking baryons - ) T
as composed only by z 3Ha—3ls -1.05 -141
valence quarks, which = ﬂ _LL -1.40 -1.253
is wildly incomplete 2“3 %““
= Eﬂs—é,ud -0.47 -0.69
48




Hyperon Magnetic Moments

Dipole rotation along a variable path length in a uniform magnetic field

Orot OC,LLAof Bdl

Collect A° decays at different distances
Measure /° energy

A° produced polarized at high energy
n,lls,: s, L A° production plane

— s, initial known

A° — p+7° weak decay

a) Milgg M2 VES o Parity violation
s~ ] ] oM — p momentum preferentially £ s
——!:_—;\4\* : o e e st : : —
4R ] | = — s, final known from p  direction
T — e C3 C4 (5 6
7 o’égEWE .
b) N\Fﬁ\fj ' = }Ih“{}m:j T '
' Yp"’d/ /_A. ’E,.f?.:"mh_ : o .
A2 PRODUCTION, .V /L £F 7 oA ¢ fﬁ
TARGET o N\ 4F7 A/ -  _— X
<<_—@ e o | |
\\ H-;RR-’-}/_#_;; B ;;;;;;;;;;;;;;;; t\;_“
(g}}@_f o h ‘;l? F — " ‘ 1
b @TBA T b
ENTL
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Mag. Moments of Unstable Particles

Cannot measure them with the same technique discussed for stable particles
- Consider a different approach

Take as an example the 0 decay (octet):
»° — A%+~ Parity conserving, electromagnetic decay

77P<ZO>=+=77P(AO>—>77P(7) must be +

( 1>j+l . Just meaning:

= magnetic . : This photon has

77P(7>— (_1>j electric ] =1—magnetic < total ang_ular momentum =1
total parity = +1

Transition is M1 (magnetic dipole)
»° A°: Same quark content uds
»%: I-spin triplet — u,d Spin triplet
— Wave function=Sum of Permutations of [(ud+ du) #TTl

A°: I-spin singlet —u,d Spin singlet

— Wave function=Sum of Permutations of |(ud— du) §(7] — 1)1
Amplitude= A Spin flip for[ u or @
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The Transition Magnetic Moment

Reminder: The neutron e.m. transition 4-current
in =€t p')[ R(d)r" + Gl d) iy — q] 4(

Take the 0 as a kind of neutron...(Well, that's SU(3)...)
This woul% be the current involved e.g. in electron DIS off a yo

Wo( P

k., =? Not observable, the »° is unstable
Define an e.m. transition current for our process

j;vo :eUA°< p'>[ |:2°A°<Cf)7# + C%OAO( d) RZ%OZ—:; g lﬂf’( p

? Can be determined by the observed rate

jgo — eUZo ( p'>

() Gl )i D g

K’EOAO =

In the static (g?=0) limit (actually never reached in the transition) analog
to the static magnetic dipole moment
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Vector Mesons Radiative Decays

Take radiative decays of vector mesons to pseudoscalars:

V— P+y
I~ -0 "+~

— ~:1" — magnetic dipol

From quark model perspe

For any magnetic dipole transition:
Ratex w®, w:Photon energy

ive: Triplet - Singlet, S-wave

As before: Spin flip of one quark
(I = Fraction of space overlap between initial/final meson wave functions)

&aite consistent with simple

Rate in units Prediction Experiment .

e of &'|I[2/3w (keV) (keV) ﬂBﬁk@) symmetry: Same overlap
\

w—s My (tty — ptal? 1390/F ? 890 + 50 0.64 + 0.04

prmy (s, + pal 148/7|* 67+ 7 0.45 4+ 0.05

@y (i, + pq)/2 1y ItH 0.27+0%

p—ny (o, — )72 92(f 2 50 4 13 0.54 4 0.14

—" M, + pgPr2 17]1 2 7643 0.45 4 0.18

7'—py 3, — pgP/2 1| 83 4 30 0.48 + 0.18

ra— 2ul 1101 |2 6249 0.56 + 0.08

sy 0 0 5742

K**—K*y e, +m,7 153|7 2 60 + 15

K*'—K" (g — . 24)1? 754 35

— = @TBA
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Decays of Vector Mesons to et e

P —e +e : v
>
w—e +e < D
p—e +e :
r - 16ma’® |w(0)|2 Z«’%Q i Van Royen — Weisskopf Formula
T (=M i Partial decay rate
1 *la(2 ( ) 1
O Al _ -
gyt di- (o - - -
2 2
1 1(2 1 1
2l dd =39 _‘ﬁ[T[_é]] ~ 18
2
_ 1 1
. SS === ==
PSS QQ{ ‘[ 3 9
—T__ (po)ifgé(w)iféé(go)zgilﬁ
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Van-Royen - Weisskopf - I

Attempting to calculate the vector meson decay rate:

r, :|A,|2, A, ={f|T|V) Transition amplitude between V(initial), f (final) state
The meson is a bound state - Initial state not a plane wave!
Then expand the amplitude into plane waves:

A =2 (T R(AY)

p —_
Alp) (p)
A(p) plane wave amplitude, ¢ (p)momentum space wave function

= Av:IdspA(p)w(P):ﬁfdspp(p)fw(f) & a_ﬁ; dy(r)[ o) & o

Take A(p) = A= const-. A:ﬁ [ ay()] & t=(2n)"" &(0)
T ——
(27)°e(r)

- Ty =[A[ = (27|l (0)
Why is A(p) = cons®
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Van-Royen - Weisskopf - II

Consider the process involving free quarks (plane wave):

qg— e e

Cross section, averaged over initial, summed over final spin projections:
1

0 ee(P)=|A(D v q qrelative velocity —o_ __( g=| A q
(2r)
flux
Take 1 photon, annihilation, QED diagram: Just-the-same-as
aQ® pf, , V¥ Amy e +e& —pHp
O ee (D)= . 14— — But:
& Do not neglect rest mass!
For small initial velocity: Clumsy algebra..
2 Vv
~(2m) . R~ m;
4m? 22 2 22 22
o +7<p) 7TOZQ pe l—l— + rnq%ﬂ-aQ pe _i_l_i_l 7TCVQ 934%7-(& Q_pe
qa—e"e s p 3 s 41 mqy 3 4h mv oo
2
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Van-Royen - Weisskopf - III

Obtain the decay rate:

— A — —€
A == e T
22
AP e Q Neglect quark momentum, electron mass
P( | 3 9
(27)
22
L, ~ 4770‘3Q p-independent OK
(2 My

| Can this really be granted?

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 O

- Get a further factor 4/3:

T %f"'m‘—zQZ:E ma’Q” || This formula is still incomplete...
= 3(2r)’MZ 3 (2r)’M2|| Missing factor 3 ??
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Drell-Yan from Isoscalar Targets

Take production of electron pairs from pion beams: Drell-Yan

u.d

-
-«

i /
. M Rate quark

Cross section: Electromagnetic, counting antiquark content in 77
For isoscalar targets: N,=N, - N, =N,

YvyYy

Old Ol
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More Quarks

Flavor Mass QR | I | Is ) c B T
Up 56 MeV | 2/3 | 3 |+1/2| O o) o) 0
Down 99 MeV |-1/3| 5 |-1/2| O o) o) o)
strange | 199 MeV | -1/3 | O 0 1 o) o) o)
charm | 1350 MeV | 2/3 | O 0 o) 1 o) o)
bottom | 4400 MeV | -1/3 | O 0 o) o) 1 o)
Top 174 GeV | 2/3 | O 0 0 0] 0 1

Spring 2007
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Charm

Predicted to exist in order to solve a major puzzle in weak interactions
via the GIM Mechanism (see later)

Expected mass much higher than u,d,s

Phenomenology similar to strange quark s:
New breed of charmed particles, both mesons and baryons
Difference: Much larger mass
—Many channels open to weak decays - Shorter lifetime (71013 s
- Extended symmetry severely broken - SU(4) not useful

Based on asymptotic freedom of QCD (see later), guess an exciting
physics case for a heavy, hidden charm bound state

Discovered simultaneosly at SLAC (Mark I) and BNL (E598)
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The J/y Particle at Brookhaven - I

J«;.f

e =4 y— I e

r rd T qﬁ‘*ﬂ
/ ; o7 e g N
A rd i
o
f et
o -
g )\

’ ”‘,}:‘,./'\:.,-/ A% 4

AGS - East Experimental Area

Special beam (Line A)
No collimators

@TBA
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The J/y Particle at Brookhaven - II

-

2-Arm Spectrometer c \@""”
\

B
[\ 0‘,/\\31» ‘
Magnetic analysis (3 dipoles) My g
Excellent electron identification (2 Cerenkov) . .y
Very high intensity (2 1012 ppp) g
Small spot size (3x6 mm?2)

For higt m state decaying
to gfe” produced at rest in

A \.‘ P e ¥ g . 1@- 5 \eweMmf-ral ne-
Ny Poroton = 28.3 GeV
o ~ 8= 29.19 for any m

e

=

Electron identification

-4’; "" o A ');_,,. l_,’ /;7;
, . M1 /_,/ ‘, e ),-v"/
[@V s 7777
2 -4l )
B Yy !
&H‘A < R \1(5 CO P *‘JJ)?I
Spherical WMrror
1st Cerenkov 85 AM |
(inside magnet) @TBA e
P
TARGET
2nd Cerenkov
0 Im 2’m b Side view

Calorimeter
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The J/y Particle at Brookhaven - III

Detectors in the experimental
setup at BNL

Cherenkov photomultiplier spectrum
Excellent single electron resolution

Counts

. @TBA

an®a e

-
L L

- ..t. " ..0
L

1 2 3 Photoelectrons
Puise height 4
Good for signal efficiency, background rejection
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The J/y Particle at Brookhaven - IV

Target area: Special Magnet (M,) + Cerenkov (Cp) for calibration
Want to be sure not to trigger on ete" pairs from yconversion

Uranium Shielding

v
/Arbund Aperture Cg Time of flight for
Pb Smem.nq f"’w rejection of pp=T°+X
Lysete ¢

) e T e
S

1channel = 0.2 ns

Teegdts ;
€
<
Thin Window, (0.25mm @TBA
Stainiess Steel)
5 m?.-i .
no_)y+e++e— hannesl Number
Segmented target Beam Cerenkov Time resolution O1ns

Improved mass resolution Detects electrons from Dalitz decays
Logic:Coincidence C;*(C,+C_)*Cal
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The J/y Particle at Brookhaven - V

|
Large peak observed at m = 3.1 GeV
Still present at the same mass after 4 A
reducing magnet currents by 10% €™
Very large mass ’- [N I 3 N
Wrong by 6/3100/72 10° @i T ﬂ
Excellent control of systematics! of Uroxmmem ] .
Very small width o =5 MeV
Consistent with experimental resolution | "
Totally inconsistent with standard

picture of a high mass hadron:
In view of the many decay channels
which are open, should be quite wide
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The J/y Particle at SLAC

EXPE NTAL PIT, ™
{
oF & 68
ELECTRIC QUAD-._ oF 8 D SHar/
» a3 "o auo:.pr cmoin e
\ 1 \mn
\ NO. 3 RF CAVITY
A
NG, 2 RE CAVITY e 12 2m - f
AN LHO. 4 RF CAVITY
‘?‘Ji]‘ | RF B
CANTY
4 CONTROL g -
pre BUILLING BTm o Baer
w ; 2y AW
@TBA & - e
2 KICKER SHE LTE
5: v C}‘ KICKER
* 3L6m
\
T SUBSTATION
SERTUM x YARD !
. AL x o
» .. © SERTUM | INFLECTOR)
"\ KiokEr =
\, EXPERMENTAL PIT ~
\ aF2 ot S INJECTION BEAM
QUTURGLE 7’" _‘j M - CKER
3 WICKER
L v Q@ -
< oF, R J -
A ) A et
- NSERTION CEL """
\
.- .

[EIETS)
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The J/y Particle at SLAC - II

MUON SPARK

CHAMBERS

SHOWER

Ji— — | COUNTERS
§' y’ Gy I N n;,(;x‘n;wgg":/w‘;»“.FQ TRIGGER
E T,
{ [ i | | COUNTERS
=T L —==r]| |
A L3 % COMPENSATING
- = = ' /soLencm
M i
WIRE SPA ti CHAMBERS f LUMINOSITY
— ~ MONITOR
.~ END~CAP CHAMBERS ¢ / (reeam pipe
/ | PROPORTIONAL CHAMBERS '] | | /
E s =

|
§‘i y;, r f;’s/‘ i

MUON SPARK CHAMBERS —_
'
FLUX RETURN

SHOWER coum'ERs\
COIL

TRIGGER COUNTERS

SPARK CHAMBERS

‘ \—-PiPE COUNTER
COMPENSATING SOLENOID
VACUUM CHAMBER

.

(0 TBA LUMINOSITY MONITOR

229IAN

The Mark I Detector
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The J/¢ Particle at SLAC - III

Iti-purpose, collider detector

Mark I: First example of mu

@TBA

] = .- ¥ A
3 b - oL F— = o
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The J/¢ Particle at SLAC - IV

J/wand y/ as seen
in different channels

TT

L]

-

ete” ——hadrons

A=y

Ll

Lo

1200 E : =

2 c \ E

- - \N Radiative tail -

© joc g — E

No interference- ¢ —]
s I-F..l | ] i ] | |

CeteT =ty 1eosBl< 0.6 3

100 = ﬁ : 3

= F }j ; ]

= i : i

0 e =

N O -

CT ]

Interference - L |

l ol i | | | | | l |

!

200 F ete” —=—ete lcosdl < 0.6 "

z 00 F E

No interferenc€- [+ LA d
3 i .

20 | L | | | ] H | |

@TBA

3050 3.090 3100

Ec.m.

IND 2200 2030

[Ge\

1000 FT T T T I |
- ete” —=hadrons By’ 3
: N\ :
L . \ ]
100 z ‘Radiative
.
0 H
L oete -t lcos8l <06 .
E - —
al ! - |
_WSP! — 4]
E‘ - -
0 I I I i _ 1]
g0 Hete —ete”  lcosflc06 -
40 f—a e =
20 F
o F'l | l L | -
3670 3680 3680
—C.m. {GEV}

tail

Spring 2007

E.Menichetti - Universita' di Torino

68



What is the J/¢ ?

Quickly understood as the first, indirect evidence for charm
Bound state of ¢, € quark-antiquark pair

Another member of the vector mesons family
Main differences:
Charm quark has a large mass 1.5 GeV

Lightest charmed particles are so heavy the J/¢ cannot
decay into a pair of them - Most decays channels are closed
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The J/y Particle

One day of November, back
in 1974, Frascati got a phone
call from Brookhaven..

But: J/¢ mass was just beyond
the energy range of ADONE

So what?
Push magnet currents up...

at Frascatl

EVE ;4? $/0.3 b LUMINOSITY
N

Liveny

7 l
|
204 H
Y
A § B
b, i
IRIRIAE R RIS
: ey
W 306 00 05 mo e
(TBA
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J/¢ Quantum Numbers

An interesting example of quantum
interference

Take the 2 annihilation diagrams:

S

2nd order QED
Resonant for “/s = m

1st order QED

Interference between the 2 shows
up in the total cross-section as a
result of the resonant state being
JP€=1— like the photon

@TBA

Take the ratio to minimize
point-to-point luminosity systematics

- {od (3095} s
/N
a ¥ . ‘
by i T
,"!i - -
i P— - ¢
! i . 1
4
30 2090 209 A1 3105
= ol @ {3GES) ﬁx ' + -
LA .
e, \\\\...g_..“ -
4. . Ly
A
Woooos e
& i
O T R .
3670 3875 36BC 3685 3630 3695

ENERGY Epm  (Gevi
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SU(4) Multiplets

Fundamental rep. 4, 4%, 6 Mesons Baryons

4-4-1= 15generators Pseudoscalars Spin 1/2
3 fundamental, non equivalent irr. reps.

"

tal

@TBA

(bl

OK for spin 3

A4 _1£15 l
4®4®420M@20@><

Vectors
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Open Charm

SLAC-LBL Collaboration — Mark I

00— B I B e e e RS
F'FC|Z|T|II'|I:|'|'!|I
+ =
K-t

8O - Eom® 03 Gav ]

Bl -

-
[
02 Gevict

oy s Fpo i ri
ENTS / ve Gods
NTS 7002 Gevi

m; T’#ﬁ ‘r+ | @TBA
t

20 +++ 4 + —

I et e ', ]

WEIGHTED COMBINATIONS /20 Mev/c?

0 : !
0 (W= 1.8 2.0 2.2

INVARIANT MaSS  (Gewe@)

DO Do*
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The Charmed Zoo

ﬁ:

A (2593)1
Ac(2625)1
A (2765)1
Ac(2880)"
¥.{2455)
T, {2520)
F.{2800)

T

o
I'ml'\-

-

I
8
-
i
=
=
L
i

=.(2790)

Baryons

EE &
TEd

Ei¥

Ekgx
xX¥
E
X ¥
X ¥
=X ¥
=&
TEy
Et ¥
xX¥

i¥

@TBA

CHARMED
(C=%1)
o D* 1/2(07)
o DY 1/2(07)
o D*(2007)° 1/2(17)
o D*(2010)* 1/2(17)
D¢ (2400)° 1/2{(07)
Dy(2400)* 1/2{0™)
o Dy(2420)° 1/2(17)
D:(2420)* 1/2(7%)
D, (2430)° 1/2(17)
o D3(2460)" 1/2(27)
o D}(2460)* 1/2(27)
D*(2640)* 1/2(7%)
CHARMED, STRANGE
:{ﬂﬁﬁﬂﬁx&}
«DF 0(0~)
oD 0(7%)
o D! (2317)* 0(0")
o D, (2460)* o1y
o D,y (2536)* 0(17)
o D,,(2573)* 0(?%)

Mesons
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Bottom

3rd family (Bottom, Top) predicted in order to ‘explain’ (Better:
Account for) CP violation (see later) — Kobayashi & Maskawa, 1973

Bound bb states first observed at Fermilab in 1977
Discovery subsequently confirmed at ete machines (DESY, Cornell)

Several b-hadrons observed
Very large b-quark mass [014-5 GeV

Situation similar to charm
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The Y Discovery at FNAL - I

Similar design as J/y experiment:
Switch from electrons to muons
(Easier to handle at high E)
High intensity ps \%1 e
~Good mass resolution AN

- MOVABLE :[U]jﬂ] N HJW
ABSORBER
{Cu or Be) —
TARGET it
SCINT
(5 CTR
I G = We
05F
1 1 1 1 1 |
o TS 5 10 5 20 25 30
METERS
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The Y Discovery at FNA

Mass distribution for exclusive process:
p+tBe-ut+ r + X

y: Pseudorapidity of the muon pair
(Related to CM angle)

y=0 Central region

High mass region shown
Exponential trend + peak

Mass resolution ~ 180 MeV

- 11

L

10 F

dm—;ly i (cm? /GeV/nucleon)

d!

@TBA

= 3

L i S

! O(Id’tm%wfmcreonl
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The Last (?) Zoo

Baryons

Eix g

@TBA

BOTTOM
(8= %1}
’aisi J.i*sf :‘

o B* 1/2(07)
o B° 1/2(07)

o 5% /BY ADMIXTURE

o B*/B"/BY /b-baryon AD-
MIXTURE
Ve and Vg CKM Matrix
Elements

. 172(17)
3
LR T T L
B4(5732) 7M7)

BOTTOM, STRANGE

{B= %1, 5= F1)

.o B 0{0™)
8 0(17)
B* ,(5850) ?7(2°)

BOTTOM, CHARMED
{8=(C==%1)

.87 0(0™)

Mesons
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DORIS & CESR

ETORAGE

/, RING

SYNCHROTRON = ~_

CESR

LINEAR e —
ACCELERATOR  _y

)

@ Puositron Bunch - Clockwise

D E SY, H a m b u rg @TBA ® Electron Bunch - Comnter Clockwise

Cornell, Ithaca, NY
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The Y Family

ZS-WWWEH T T T 22000 I
sol n (@ TBA
i T (cuse) CLED
[ % # 18000
20 ;'I 55| l . 3
: IIF I: o '+ E» l4000>
i ! 50| L — -
g .0 i t T}ﬁ.ﬂd‘%ﬂ:ﬁﬁ =
= 15 f | » - 10000
s L : ! asl T4s)  TiES) TIES) 5
§ B l * m L L 1 L 1 [ ‘; < i I L L I Il v
RN T 10.5 m.; :2.9’ mr a0oo f+t—+—t—+—t——————
'y 10 m, (GeV -
O & ° :
t! - |‘I J ‘ Tu ]
: !r l'. |I t ‘Q{.\ " b 3 2000
°r I \*"f +’ ‘t r’r "\QQ T-.. i §
-4 I ¥ O YT WSS Lo WX S,
- Tus) T(2s) T@ES) T(4s) i &
U--illli||j ;|||||||||';:|_1|01||r||1+|r||||I| ol
9.44 9.471000  10.03 1033 i0.37 10.53 1062 L ATl
Muss(GeWcz} 004 006 008 0I0 0I2 014 0.6
. . . Ey Gev
3 radial excitations of the Y observed as narrow peaks : -
e Inclusive py~ray spectrum from Y(3S)
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ARGUS

One of the first examples
of modern collider detector
design

Large size

(ém O, 6m L: High p resol.)
Vertex chamber

(Aiming to short lifetimes..)
Good EM Calorimetry
(Electron/Photon detection)
Machine improvements
(Low B quads for luminosity)

Muon Chambers
Electromagnetic Calorimeter

Drift Chamber
Vertex Detector
Iron Yoke
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CLEO: The Vertex Detector

2.0 cm Radius
EBeryllium Fiber Composite
Beampipe '/,— Supports
20208 strips
(@ TBA
~ 60
e I . 235 cm Radius 4,81 cm Radius
= Double Sided Silicon Detector Cis50
b~ (OS50
E - 3.25 cm Radius 489 cm Radius
ot DSSD DEsh
— _ﬂ) e ——
— / I
L L 'I. -
\ PR k.
_—0— B — L' .-‘74_ '\
=
. o m— Q // -#" |% T
B L TOE L A —— e Beryllium 7 o Beryllium Oxide
i ot Beampipe Fiber Composite Bendlium Oxide Supports
________ e - “Supports T Hybrds -
phit-s
I 1 ln‘ ide 20 em——
z-s1de
- == i
| | L L L
Oy 20 40 60 1‘—' = = '—E
Incidence angle (degrees) | j
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Effects on Tracking

CleoXD CleoXD

Punm: 2Q7g7 Event: 48 Punm: 8®Q7&7 Event:
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Vertex Detection - 1

Secondary vertex

--------

A
Impact parameter <, -~

o
/'){
- a
,/ |9

-

Plane defined by primary vertex,track direction
Consider a particle produced at primary vertex with speed

When it decays to another particle, call speed 3°, decay anglein CM ¢

S Lorentz transformation to LAB
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Vertex Detection - 11

L =p8yr Decay length
Define impact parameter A in terms of decay length, L, and angle 6:

sing’
cost +03/5 o
A:Lsin@:L\/ﬂ:L gl 8/8) 1 sing :
1+ tar129 " sine* \/(’Y(COSG* —|—ﬁ/ﬁ* )) 4 S|I2] 6*
v(cost" +5/5)
— A= L1 sing = 8r sing e sing * :ﬁrtane—
8.8 =1 1+ coy 2

: \/(cose* + 815 )2+izsin20* \/(cosﬁ* +8/5 )2+i2 sihd
% ¥

yzé—> Find statistical distribution of y for isotropic 8" ,exponential =
T

z—><A>:@ Get a measurement of the decay lifetime

~)=5

Only from impact parameter, in the limit of relativistic speeds!
Full decay reconstruction not required
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Vertex Detection: Charm

1200. —

1000.

800.

600.

400.

Candidates / 0.125 ps

200.

(CLEO IL.V

D° Candidate Proper Time (ps)

DO Lifetime

@TBA

Before and After Vertex Cuts

i
G

|
h

Eﬁ@@*ﬂ%ﬁ . VﬁMﬂi& »

L Y

D* selection,
with and without
secondary vertex
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B Tagging: Zooming Down ALEPH

N ALEPH =

Runelsd49 Evied 5%

(a)

i
i

“n

(b

s ,41"“‘\ S~ Q‘ i
/ YA "o,
% - _’U 7 7
N | ey
.
1
1= ;& & £ 1 1 1} 1 & i 1

o mey
L —
-

j%om
i1

i(c)
2 mm

O.lem 0 0.lcm)
aadsssassasatazaasazasls

g

—— Al +

Impact parameter 200-300 pum

1 I é i i e 1 1 1 1

18 mm

@TBA
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DELPHI and L3: B Lifetime

dries - .20 ps

DELPHI
(B)

= 10

Nt racks

10"

s 7 @TBA
'i“"x

10 %

10 ¢

E_ ® Data 94 (electrons)
[ [] b—Xe

§_|:| Background ﬁ
: ¢

1500

o+ E

(mm)
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Top

Heaviest quark, predicted together with b as a member of the 3™
family

Finally found at Fermilab in 1995, after more than 20 years of
theoretical and experimental hunting

Very peculiar quark, whose mass of 171 GeV is so large as to allow
for weak decays into b + real W,Z°

— Very large weak decay rate, short lifetime similar to strong
interaction resonances

— Does not bind into mesons, baryons

Best understood while discussing weak interactions (see later)
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