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The Quark Model

Fundamental hypothesis:

Mesons = Bound states qq

Baryons, Antibaryons = Bound states qqq,qqq

What are states ¢, ¢ ? 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 94,494,499 } 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 S 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 | Spin |Q | B | S | VY I I3
u Up 2 (2Bl o 13| 12| we _ _
d Down i WG|\ 18| 0| 13 | 12 | 12 } isospin doublet
s Strange 7 NS -1 | -2/3 0 o 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 o Q2

Expect bound states with fractional mass numbers o« B
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Mesons and Baryons

Hadrons: Expected to fill product representations

From our group theory rudiments:

Mesons 33 =198
Baryons 33R3=16868%10

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 | I | I3
Up 2 2/3 | 1/3 0 173 | 1/2| +1/2
Down 2 -1/3 | 1/3 0 73 | 12| -1/2
Strange £ /3| 13| -1 | -2/3 0 0 Y
%3 . Rappresentazione 3
. 1'3. ] Rappresentazione 3*
Flavor Spin| Q B S Yy I I; & li® 3
Anti-Up 2| 23 13| o0 | -13| 12| -1 ~"m
Anti-Down £ +1/3 | -1/3 o | -1/3| 12 +1/2
1
2

Anti-Strange +1/3 | -1/3 +1 | +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

Required in order to deal with gqq, 99,999
E.g. all present in the same process

Y B
Q:I3‘|‘E:I3‘|‘E
B(i
Q(ﬁ):_%zl3<ﬁ)+ <2u):I3(L_‘)_l_> 3(5):——-%%:—%
Q(d):—'—5:13(d)+¥213(d)—g—>[3(d):+_+_:+_
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A Couple of Subtle Points - II

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

Same C-G & Same I-spin rotation matrices

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

U :e—i720/2 u —
d' d

sin(6/2)i +cos(6/2)d |
cos(0/2)it —sin(6/2)d |
cos(6/2)d —sin(6/2)(—u ]
—sin(6/2)d —cos(0/2)(—i)
d' = cos(H/Z)J—sin(H/Z)( b_t> _ i d

H o

cos(6/2)u—sin(6/2)d
sin (6/2)u +cos(6/2)d
cos(0/2)d +sin(0/2)i

—sin(0/2)d +cos(0/2)u

Rotation of generic state

—

SIS HIRESTIE

—u

-~ |sin(6/2)d +cos(8/2)(—
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The Light Mesons

Combine 3 quarks with 3 antiquarks: Get 9 combinations

Quark content ud,us,uit,du,ds,dd,si,sd,ss
Identified mesons

State’| Q I; I S Remarks Je=0" Je=1 Je=2"
ud +1 +1 1 0 Tt o' a,
us e +1 K K" K™
oo 0 0 0.1 0 I-spin undefined| r°n.n'| p’,w,0o| a,fo,f)
du -1 -1 1 0 T o a,
ds o| -1/8 12 +1 K° K" K"
dd 0 0 0,1 0 I-spin undefined| 1° n.n'| p° w,o| a,fi,f)
Sii 1| -1/ 12 =z K K~ K
«d o| /4 12 -1 K’ K" K"
ss | 0 o] 0| 0 | plwel . fh

L#0
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The Light Mesons: Quantum Numbers

Physical particles must have I defined: I-spin is a good symmetry
Build isospin eigenstates from S=0, I;=0 states:

| — 1 — | =
—\uu —dd ),—=\uu +dd —2ss |,—={uu +dd + ss

(- dd). | ) |

6 unambiguous states are octet members

Left with 3 ambiguous states: I,=0 —2 octets, 1 singlet ambiguous

SU(3) singlet: Invariant wrt SU(3) rotations
L(Ltb—t—l—dg—FSE)i n,

J3
SU(3) Octets: 1 SU(2) triplet, 1 SU(2) singlet
%(uﬁ—cﬂ): m; %(ML_t—FdJ—ZSE)I Mg

n,,n, cannot be identified with physical particles
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The Light Mesons: Spin & Parity

J=L+S
P— (_l)l—l—l
C — (_ l)l—i—s

Ground state L=0—J=S
Singlets = J=0—-P=—-1,C=+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>:%(Mﬁ—d67>—>7(’0 Must be true because I-spin is a good symmetry
_—
8,0,0) = ﬁ(““ +dd —2s5)| Not identified
L Get some insight
‘1;0,0>:%(m—,+dg+sg) from decay modes
Y Y
+1
Ko o O K+
T— ¥lin gy
6> ” —51632 o z°,n,,n, Central states, I,=Y=0=0
L}
K- jl{}l'{ﬂ
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The Good News

Use SU(2) shift operators:

First, z*:

['7" =~+22° From definition (and multiplet diagram)
From z* wave function:

dd —ui

J2

Iz :I_(ug) =dd —uit => 1’ =
Repeat for 7"

Iﬂozﬁﬂzl(dd_uuj:_du_du =1 =—du The - sign!

N N
Isosinglet (with u and d only), is n:

Iﬂzl(dd +uuj_—du +du _

NZ i

Can conclude the 72 is an octet, don’t know about 7;, 74
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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..

Free field Fermion Lagrangian: m Free field Boson Lagrangian: m?

Assume the octet member is to be identified with a physical particle
Vectors

Predict

m? 21(41712* —mz)z0.859 GeV? < m2=0.613 GeV>,m> =1.038 GeV?
8 3 K P @ 4

Pseudoscalars
Predict

m; =1(4m2 —m;)=0321 GeV’ < m =0.299 GeV’, m’. =0.918 GeV’
8 3 K b4 n n

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|H,|1)=M,, (8H,|8)=M,

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

M2 _ ‘]‘412 A
A M;
By standard diagonalization find the physical masses:

M2+ M2 \/(Mf—Mgz)z

M:, = — +A’
’ 2 4
Can infer M,, A:
M +M

MP+M{ =————t

2

2 2
AZZ(Ma_Mb) _(MI_MS)

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) =sin6|1)—cos0|8) ‘Rotation’ of states: Must be unitary, phase preserving
|b) = cos6|1) +sin H|8) —Just 1 angle

Find the mixing angle:

Hla)=M |a) %Mj:Mf—AzcotH:MgZ—Aztané’ s tan? M}-M} M;-M:
an =

H‘b)zMAb) M;=M}+A cotf=M;+A’tané

0, =—11° Pseudoscalars

6, =+38" Vectors

0, =+32" Tensors
Best observed in vector mesons:

m, ~ull +dd — w=1/N2(uit +dd ) pw only u.d quarks: OK mass degenerate
m, =SS — =55 © only s quarks: OK decays modes
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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=S=0
0 0 1S, 0+
I=1 I=0 1=0 I=12
3 - _ _ .
0 1 S, 1 4~ 0 v @ K ot+| 2 f, r, |5
1 0 ip == 1450 1420 | 1680 | 1410 1320 | 1270 | 1525 | 1480 |
1 B : I{ n=2 a.l [I .'|1 E H.‘A
1 1 3p 0 ++ ndl P 1 i} | 1% 1260 | 1285 | 1510 |
0 1300 | 1295 | 4 | 1460 R
| 1"“ b‘l 1 1 18
1 1 3P, 1+* {1400} 1235 | 1170 | 1380 -
Ti1460) a, | |t K
1 1 3p, 2 ++ 4 o [ o | ® | K 0** 1" . : : LY
770 | 782 | 1020 | 892
2 0 D, 2 -+ : : - - n=1 !
-+ T n | n K a (980) f(1370) 1 (980)
2 1 °D, 1= 0 139 | 548 I 958 | 494 | 81450 f (1500 f (1710}
2 1 3D 2
2 L=0 @TBA L=1
2 1 3D, 3
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The Light Baryons - 1

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

343-24+1=10: wuuu,ddd,sss,uud,uus,ddu,dds, ssu, ssd,uds
Remember:
Same composition does not imply same quantum state

Somewhat similar to difference between raw and structural formulae
Examples:

H H H
== | |
H—C—C—0H H—C—0—C—H Same atomic content, 2 different chemicals
— |
H H

H H
%(\p@ﬂnp» Symmetrie‘/No bound states

. Same nuclear content, 2 different states

$(|pn>—|np>> antisymmetgic

One bound state
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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 o
Fully antisymmetric reat tun wi U(3) and S;!
Special Unitary in 3 D

8 - Two Octets Symmetric Group of 3 objects

}Tightly bound...
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) =|space)|spin)| flavor) ~ NB: This expression is incomplete! See later

Space: Expect S-Wave —» Symmetric
Difficult to guess an effective potential originating a ground state with L#0

Spin: Quarks are Fermions
Combine 3 spin Ya:
0—-0p1/2=1/2 2 sub-states
= {1—>1@1/2/= 1/2,/3/2 2+4 sub-states
— Expect 1 quartet, 2 doublets
3/2,+3/2)=(111), |3/2,-312)=(]]])
3/2,+1/2>=1/f (ML+TT+111),  [3/2,-12)=~BUIT+ 1T+ 1)
), = (u ) 1/2,-1/2), :1/ﬁ(TL—lT) L} Doublet - Antisymmetric 1-2
)

S /J_T =11, \1/2,—1/2>S:1/\/§L(TL—H)} Doublet - Antisymmetric 2-3

Quartet - Symmetric

1/2,+1/2

1/2,+1/2
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The Light Baryons - IV

Can use another bit of group theory to write succintly:

20202=402, 02,
333=108;®8, ®10 flavor

Summary of flavor, spin symmetry of different representations:

SU(3)

Flavor Symmetry Spin Symmetry
105 S 4s S
8u.s n.a., symmetric 1-2 M. s n.a., symmetric 1-2
8u. 4 n.a, antisymmetric 1-2 2M 4 n.a, antisymmetric 1-2
1, A
Now combine flavor and spin:
105 8u. s 8m.4 14
4s (104) s EHYM E.HYM (1.4 A
2u, s aozm E29M E.29M r.2m
2, A (10,2) M B.2)M E2)m r.2m

spin

SU(2)

S,A,M referring to flavor*spin

Spring 2009
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The Light Baryons: Singlet, Decuplet

Observed multiplets

, avor ysica
(SU(3), SU(2)) Fl Physical
flavor spin Wave-Function Particles
(1, ?) %(uds—usd-l—dsu—dus-l—sud—sdu) 4
+1+
Singlet: ddd ! d d+dsu+d d+ sd
Tricky.. uu, ,sss,ﬁ(u s +usd + dsu + dus + sud + sdu ) ol
(10 4) %(ddu—l—dud—i—udd),%(uud-I—udu-!—duu),
4 1 14
Decuplet: %(dds-l—dsd+sdd),%(uus+usu+suu), !
AStonIShmg“ ! (ssd+sds+dss) ! (ssu+sus+uss) 1' b '1 I
- s - ==
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:
Very difficult to account for a multiplet-dependent symmetry!
Guess the symmetric spin-flavor part:

Flavor: Two sets, 8 states each

%(ud—du)d,%(ud—du)u, %d(ud du)% u(ud — du),
%(ds—sd) ,%(ds—sd)s, %d(ds—sd) % s(ds—sd),
%(us—su)u,%(us—su)s, %u(us—su) %s(us—su),

% (s — su)d +(ds — sd )], %[d(us—su)nLu(ds—sd)],
%[Z(Md—du)s-l—(us—su)d—(dS—Sd)M} %[%(ud—du)+d(us—su)—”(ds—~‘d)}
i =18 i =18

Antisymmetric 12 Antisymmetric 23
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The Light Baryons: Octet - II

Spin: Two sets, 2 states each

12, 41/2), =201 =101 ., 12, 4112) =121 =1D] .,
: Xl =12 S X F=1,2
1/2,-1/2), =1/N2(11 - 1) 1/2,—1/2) =12 | (1] - |1)

Can also write down a 3rd set of 8 (flavor) or 2 (spin) wave
functions, antisymmetric wrt 1<3:

¢Xi3’i =138, X1<4j1>3’ j=12

Not independent from the previous two
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The Light Baryons: Octet - III

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

Answer:
Must consider all symmetric spin-flavor products with the proper quark

content and s,
The appropriate functions are n.2 (flavor) and n.1 (spin)

Vgoﬁiéz%(ud—du)u [, = (=111

o=l = % u{ud — du) x=1x0k TT(H 1)

\wgag:%@ud_duu) s T(m 11)
790221>2X§x11)2 Z%(ud —du)u%(ﬂ — 111
Products: ol =—ulud —du)—=1 (11~ 11)
it = 5 {wud —dn) = (11— 111)
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The Light Baryons: Octet - IV

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

Al3

2, +1/2)= > o)

k=A12

1 1
ﬁwd—du)uﬁ(u = lT)T

| p,+1/2) = % +%u(ud —du)% Tri=11)
_+%(uud_duu)%<m_m)

Unconvinced? Still it's true, because any sum of 2 products is
equivalent to the 3rd...
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The Light Baryons: Octet - V

Finally: The proton, spin up wave function!

2uld |uT+2ululd | +2d |[luful
—uldtul—dlulul—ululdT—uldlu|l—ululdl—dlulu]
1 I
+3.22 J6+12 18

|p,+1/2)=N

N = Normalization constant NZ\/6 -

Baryon Octet

+1 (935) P
= 0 +
0L = 20(1197) >
/(6(1115)
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The Light Baryons: SU(6) - 1

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)® 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)®SU(2) operation only mixes states sitting in the same
(flavor, spin) multiplet

Spring 2009 E.Menichetti - Universita' di Torino
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The Light Hadrons: SU(6) - 11

Observe: Situation similar to SU(3) vs SU(2)® U(1)

Different SU(2) multiplets grouped into a single SU(3) supermultiplet

Besides exchanging states within each SU(2) multiplet, SU(6) can exchange
states among different SU(2) multiplets, within the same SU(3)
representation

Mesons

606 *=1®35

SUB)®SU(2) content: 35={1,3} ®{8,1} ® {8,3}
[ — L — —_—
3 states 8 states 24 states

Baryons

666=20056D270D70
SUB)®SU(2) content: 56= {8,2} ®{10,4} Symmetric!

[S——) —r—
16 states 40 states
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Summary: Decuplet

State QR | I I | s | J%=32
uuu 2 | +3/2 | 3/2 o AT
1/\/5 (uud + udu + duu) +1 | +1/2 | 3/2 | O A"
1//3 (udd + dud + duu) o | 12| 32| 0 A
ddd 7| 2|32 0| A
1/\/§ (uus + usu + suu ) +1 £ ! -1 >
1/\/8 (uds + sud + dsu + sdu + dus +usd ) 0 0 1 -1 »o
1//3 (dds + +dsd + sdd) | 2 | 1| 1] v
1/\/5 (uss + sus + ssu) o 12 | 172 | -2 =*0
1/N/3 (dss + sds + ssd) A | 12| 12 2| BT
5SS -1 o o -3 O

Wave functions

Spring 2009
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Summary: Octet

Quarks | @ | L | I | s | J=12
uud +] | +12| 12 0 4
udd o | -12| 12 0 n
dds -1 -1 7 -1 >
uds 0 0 10 -1 | A
uus +] +] 1 -1 DS
dss -1 | -2 12| 2 =
Uuss o | #1/2| 12| -2 =0

Quark content only
(no wave function)

Spring 2009 E.Menichetti - Universita' di Torino
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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 Fllp:]
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The e-p Effective Interaction - I

Expand matrix element to low speed approximation

Get a non-relativistic matrix element, where g, 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
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The e-p Effective Interaction - II

Transition matrix element:

€\ p+p’|, P, TP,
I ==l ==l ==
q 8m, 8m,
= p,p,+ic(p,xp,)| P, P, +ic-(p, xp,
'T 1_|_ p p 2( p P) XX'T 1_|_ 2( ) X_|_
dm, 4m;
time section,Y p 4-current = time section: e 4-current
P, *+p,—isx(p,—p,)| .|p.+p.—isx(p.—p,)
— X XX X[
2m, 2m,
space section. p 4-current = space sectioﬁ, e 4-current
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The e-p Effective Interaction - III

Reminder from potential scattering:
Transition amplitude = Fourier transform of the effective potential
—Get effective e-p potential by anti-transforming the amplitude

2
Vc=—67(>~<'T %) (x" x)

2
e

VSO — 4m€2r3 (X'T X)(X'T GLX)
2
_ ¢ (3) == ' ! i '
V, = S 4767 (r)(x Tx)(x Tx) Darwin term
8me’ e’
dip—dip — 3mm 8 pSe 'Sp6(3) (l‘)—i— mmr 8
= e ""p . e p

Spin-orbit

Coulomb term

L Fine structure terms

3(s,r)(s,-r)—s,-s,| Dipole-dipole interaction

Hyperﬁnev structure

Tensor interaction

Valid for S states

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

Effect of hyperfine interaction on ground state energy:

2
< LG <r>>

3m,m,

ground state

8e” 7., . 2
= AE,, =g, [j(j+1)=s, (s, +1) =3, (s, +1)] £ (0)
e p
» (ma) e’ 1 (ma)| . 3 3]
off =L, AE, = e
W( )‘ T - hyp 3memp gp 2 ](]+ ) 4 4
e’ — 3 3
—AE, =—g, o J(J+1)—§ (m,)
fg e'm, (2=3/2)(m a3)=fg ﬂl(m o*)  hyperfine shift -triplet
AR 37" m, = 37 "m, 2" °
== 4 2em, (0_3/2)(m oﬁ)—_g l&(m o/‘) hyperfine shift - singlet
35w G By Y
& m,
- A(AEhyP )triplet-singlet = g Ep m_(m 044)
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Hydrogen: Fine & Hyperfine Structure

F=2

3052 ,
gi:s_..}z g}gg_,-z e J24 MHz
1/2 1/2 -
| | 3Ds F=1 9910 MHz =t
3P, 3Dgap 25712 e— etk et LT L -
3512 3P 178 "'”’ = 052 M -
_F=0 2 -
s ] 59 Mtz
2P 3/2 243 nm .
252 2Py,
il 2466 THe
243 nn .
151 ] @TBA F = Je + S[?
152 F=t Total angular momentum
I-L’IJ..-'z ________________ =
unperturbed + fine structure 1420 MHz Electron + Proton
2 2 . 5
E =F i e 3 _ _Ho9p€ S(Sp’ﬂ(se'i}]_sp‘se Hodp €™ \ 2
A L1/2Zjmy — 5 | S i AE = g + {\Sp'se,} |1|J'[O]| )
! n-\j+1/2 4 8mmy, me T 3my me

Fine structure:
Spin-Orbit+Relativistic+Darwin
Splits j sublevels

Hyperfine structure:
Dipole-Dipole
Splits F sublevels

Spring 2009
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Hyperfine Splitting of Hydrogen

F =1

AE =6x107% eV
A=21cm
v =1420 MHz

Ground state

’u Larnb _
shift "'| |"' F=0
|| 'll Ground state, L=0
|
f
| Il. i
!I L"‘—wv/"v-) ‘*/"Iu II
vl pa - Hydrogen Energy <
Levels e,
Tunable Beam
dye |aser it
Theoratical H]I'F?'Eﬁll'le SF}|I“|I'I | 2p3 \E\pllﬂer
spectrum 5 I 5 Chapper
I l 45x%x 10" eV *a‘.
0 5 10GHz Av L S | Ty fhmani
_ _ 2p1 *,, chopper
Hydrogen fine structure and hyperfine @TBA F _""__*_.__‘__;. frequency
structure for the n=3 = 2 transition. Larmb shilt - e I
(After Qhanian, Modern Physics, Ch 7., 4,372 x 1[].'5 aV/ Absorption cell,

spectrum from 1. W, Hansch, Stanford Univ.)

or 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

ut-e- ‘atom’
EPS.-'E =2 ..
7] | 74MEE_ Similar to Hydrogen
10332 WHz
"]-_':EEHI_ - Different:
= o Reduced mass
i, g Muon magnetic moment
5 THz

@TBA

Spring 2009
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Muonic Hydrogen

. 8.4
Py ——— ZL Egm E%'f
hfsx 5.0 T Y = .
Simplest u-mesic atom
Made by stopping & in
hydrogenated matter
A -
3351”12: - Huge Lamb shift:
€ 202 meV = —
Py 45000 x Hydrogen!
~ (m/me)z
Lamb Shift:
Effect of interactioh with vacuum
EM field fluctuactigns )
- T
28 _f"": ——————— - 1058 MHz = ' F=l
Lr2 o5 o o et It N
LS ey - ”‘%ﬁf’f?ﬁ\ks.rr
P B F= @TBA

Standard H Muonic H
Replace e- by i
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The et - e- Effective Interaction

There are now 2 diagrams:

Annichilazione

(alp )rute )olenele ) Ele)rale )ale )uele)

(p.—p.) (p.+p)

Net effect: Add another term to the effective interaction
8271'
m2

V,=—=(340,-6,)8" (r) Same structure as hyperfine term

Spring 2009 E.Menichetti - Universita' di Torino
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Positronium

POSITRONIUM LEVELS

Form of hyperfine term:

71 Jonization imit 6.8eV e,
8e” (3)
= 5l AEh)’P = < 3m32 Se7 .Se+6 (r>
s 35 | 3p Ground state
c% n=2 _ ] . < 1Pi >
S Sp S0 S ? More complicated for n>1, [>0
!(5 5
2 10-20 GHz, +/-
2 L Observe:
5 = Levels labeled by °L,
B = S: Total spin
2T Previous pictures:
. s, Levels Iabeled_ by 5L,
0ol 150% S: Electron spin
v @TBA Proton spin only in hyperfine term
- -
L=20 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

A

AE = (S,-S,)
nnt,
Then expect for the hadron mass:
(Sl'Sz>

M=m+m,+A
m,m,

J=S,+S, = J*=8>+5+2S,S,
=88, =1/2(J* =87 = §; | =1/2(J (J +1)=25(S +1))
{+1/4 triplets

S .S, =
' % |-3/4 singlets

Spring 2009 E.Menichetti - Universita' di Torino

44



Two Important Remarks

1) About the guessed, large hyperfine splitting:
Can be shown to be true, to some extent..

When perturbative expansion can be granted, color quark-(anti)quark

interaction yields in the static limit a chromomagnetic term with the
proper hyperfine structure

2) About the quark masses:
m,,m, constituent quark mass
Somewhat difficult idea, basically similar to effective mass for electrons

bound in a crystal: Different from the current, i.e. the free quark mass
Will be (somewhat) clarified when discussing QCD.
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Masses, including hyperfine splitting

Free parameter counting:

Meson AE Fitted mass
3 quark masses (m,,m,m )+1 constant A = (MeV)
Hope to fit 7 meson masses: = =
7z’ R —
Pseudoscalars + Vectors m’
_ _ K __3a 485
— Go for a 3 constraints fit m,m,
n _a 559
m.m.
Results: —
0,0 = 780
mu
m, =m, =310 MeV P = 296
m ~483 MeV M
= P a 1032
A>~160 m’, MeV’ m;
E.Menichetti - Universita' di Torino 46
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Light Baryons: Masses - I

Extend the idea to baryons: Sum over 3 quark pairs

= 158,
m(%’%’%)zzmi +A _Z
i=1

275 mm,

As an exercise, first neglect differences between quark masses:
J=S+S,+S, = J =(S,+S,+8S,)

=S +8; +8;+2(S,:S,+S,:S, +8,S,)
S’=S(S+1)=3/4>S>+S; +5;=9/4
—8,-8,+8,-8,+8,-8, =1/2[J° —9/4|=1/2J (] +1)-9/4
Suss =T e

i,j=1
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Light Baryons: Masses - II

Now take into account different quark masses:
S-S,

,]lmm

m(q,,4,, %)_

Must conS|der quark pairs in order to evaluate the hyperfine contribute

JE=(S,+S,) =S +S}+2S,S,

—8,-8, =1/2|7, (J, +1)=S, (S, +1)= S, (S, +1)]
Quarks i,k in a spin triplet state:

S-S, =1/2[1(1+1)-1/2(1/2+1)—1/2(1/2 +1)]
—S.-S, =1/4

Quarks i,k in a spin singlet state:

S-S, =1/2[0(0+1)=1/2(1/2+1)—1/2(1/2+1)]
—S..S§, =—3/4

Spring 2009 E.Menichetti - Universita' di Torino
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Light Baryons: Masses

- 111

@Only u,d quarks — Same mass

3A'
2 mu _md
u

— my, =3m, —

@u,d spin & isospin singlet
S-S S-S S-S
u d_|_ u s+ s d]

m, =2m, +m_+A'
mumd mums msmd

my, =2m,+m_+A'

S-S S-S +S-S
u2d+u s—|_s d]

m m m,

u

1 3
S-S, +8, S, ZEZSZ. .S.—S,-S, =-3/4—(-3/4)=0
i j=1
3A°
—my =2m, +m ———
4m;
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Light Baryons: Masses - IV

( I“ )1.4,d spin & isospin triplet

g =2m, +m, + A 250y 5uS, +SS'SdJ
m u md mu ms ms md
g =2m, +m, + AY| 2D | S5, +SS'S”’J
mu mums

1< ,

i, j=1

N\
@mz spin triplet
Why? Flavor = ss Symmetric — Spin must be symmetric too

mE:2mS+mu+Av Su’Ssl_FSu'SsZ _|_Ssl.2852}
mums mums ms

mz =2m +m, + A’ S”'ZSSZ+S“'S“+S” S”]
m mm

1< ,
Su.Ssl +Su.ss2 :EZSISJ _Ssl.SsZ :_3/4_1/4:_1_>m5 :st +mu +A

i,j=1
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Light Baryons: Masses - V

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 m2, MeV’

Baryons vs. Mesons:

Masses
Constant

~+50 MeV ~10% higher
~1/3 Hyperfine splitting reduced

Baryon AEHF Fitted mass (MeV)
N(938) _ 3a’ 939
mj,d
A(1116) | 3a’ 1114
2
T mu’d T
e e 1179
muz,d mums
=(1318) | 4__ 44 1327
mzf,d mums
A(1232) | 34 1239
2
mu,d
I*(1384) | a' = 4a' 1381
mid m,m
£%(1533) | a  4a 1529
mj,d mumA
o1672) | 29 1682
m2

Spring 2009
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Magnetic Moments - I

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

NB: Can this be really granted??

3
n=> m —pu, =(p.+1/2|u

i=1

P+ 112y ={p,+172| (1t + ptr + 115

p,+1/2)

Each operator acting on the corresponding factor of the wave function

2ululd|+2d lulul+2uld lul—
\P,+1/2>:L —uldtul—ululdl—ululd]—
o —dTulul—uldlul—dTulul
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Magnetic Moments - II

Some really dull algebra:

ATt d I+ g g T Tl L) = 4{(ut| o)+ (| ) = (] s | )]
= 4[4, + 4, — 1, ]= 81, — 4,

A0d LuTut|(p+p,+ps)ld Lulul)

=4Culd Lul|(p+m+ps)uld | ul)=8u —4pu,

(wld Tut(pm+m+p)luldtut)y=(ululd|(m+m+m)|utuld?)
(dTulul|(p+m+m)diulul)=.=p,

1 1
_»QL+4/2KM,+MQ+4@)nx+4/2>:i§yxsuu—4ud)+6uA::I§p4uu—6uA

1
‘HMPEEMMF#%>

Then take neutron: Just swap u < d
2dtdtul+2uldtdt+2dTuld?]—

M;H/@:iﬁg—diquT—deiuT—didTuT— -ﬁunzimﬂm—m)
—uld|dt—dluld]|—utdld]
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Magnetic Moments - 111

Take quarks as Dirac particles:Can this be really granted??

—=
H 2m

2 e 1 e 1 e

_§2mu He =73 2m, e = T o

Predict moment ratio:

—>ILLM

s

4[_ ée ]_ 2e
_ 3.2 3.2 —4e —
/’Ln — 4Iud ILLM = md m“ ~ 46 26 — —% ~ —0667

Hy A=t o, 2e [ e | Bete
3-2m, 3-2m,
Experimental ratio:

Hn v 0685 Amazingly close!

Ky

Absolute moments difficult to estimate, as involving unknown quark mass.
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:

Baryon Moment Predicted Observed

4 1

p guu _E'ud 2.79 2.793
4 1

n S —= -1.86 -1.913
,% /‘l’d ,% /‘Lu

A? i -0.58 -0.614
4 1

= e 2.68 233

2 1

30 FUh ) =20 0.82 Unstable
4 I

2 — i, —— -1.05 -1.41
3 Nd 3 N‘v
4 1

= S, -1.40 -1.253

- 4,2 g §

= S =3 0.47 0.69

Not too bad for such a simple attempt...
We are taking baryons as composed only by valence quarks, which is wildly
incomplete
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Hyperon Magnetic Moments - 1

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

G < 1y | Bl

Collect A9 decays at different distances
Measure A% energy

A’ produced polarized at high energy: s, L A’ production plane
—s, known at production

A’ — p+7° weak decay: Parity violation

— p momentum preferentially £ s,

—s, at decay known from p, direction

p s, cpl"-py occoso,,

Spring 2009 E.Menichetti - Universita' di Torino
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Hyperon Magnetic Moments - 11

Experimental setup

Results
M1 BCl m2 M3 T P— =
a)l Icl TS 0.2M B0 -, k]
S \.E- ] N -L—--i M— —_— Yy e -
—;,:—5\#[ g vncwm-—{J-J——ﬂg}:—_b—:—g"i | o 2
T/ \ PIPE | ] ! | r  50r
\ VETO Cl C2C3 ¢4 (5 €6 Loof 3
S ans, 7 OBSERVE _=al-
pT- e |
b) _100- .|
150 | | I . Ly
15 % 0 0| 15
IBI:IE [T-m]
07 - - -— - -
B [* b) |
_‘E___;'_]_a-.:-”-é- - — — - R f-'
-5 : I I [ i I I Jiriivie 2
100 150 200 250
A" MOMENTUM [Gevic)

@TBA
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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’ 4+~ Parity conserving, electromagnetic decay

77P<ZO>=—|—=77P(AO>—>77P<7) must be +

1" maanetic Just meaning:
Tp (7)2 ( > : g , j =1 — magnetic This photon has
(—1)] electric total angular 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)s| 11|

A’: I-spin singlet — u,d Spin singlet

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

Reminder: The neutron e.m. transition 4-current
yuiz
J =€b7n(p')[Fn (¢°)7" +6, (qz)i%n;—mqy]un(l?)

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

117

FEO (qz)vﬂ +G2° (qz)mzo

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

2 2\ : o
FZOAO (q >7N +GEOA0 (q )ZK"ZOAO EQV MZO (p>
K., =7 Can be determined by the observed rate

jgoAO — eﬁAO (p '>

In the static (¢?=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

T For any magnetic dipole transition:

. —— Rate xw’, w:Photon energy
— v :1" — magnetic dipole

From quark model perspective: Triplet — Singlet, S-wave
As before: Spin flip of one quark

(I = Fraction of space overlap between initial/final meson wave functions)

» Rate in units Prediction Experiment @TBA
Process of |1 |*/37 (keV) {keV) |12

RN
w7y (e — gl 13507 |* 890 <+ 50 . .
p—my (. + paf 148|7 67+ 7
w—y (1, +pq)'/2 1 itis
p—ny (. — )12 92(1? 50 4 13
—" M, + pgPr2 17172 7643 0.45 4 0.18
7' —p¥ 3, — pa2 M| 83 + 30 0.48 + 0.18
e e 10|72 62+ 9 0.56 + 0.08
Py 0 0 5742
K**—K*y (e, +,7 153)7)* 60 + 15
K*—K (g —p, P 224|1)? 75+ 35

Quite consistent with simpl-er SU(3) symmetry: Same space wave function
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Decays of Vector Mesons to et e

p —e +e g
w—e +e q " )va<
©—e +e ®
r, = 21(6_7“1)\4/13)@ Van Royen-Weisskopf formula
1 _ (2 () 1
pozﬁ(”“‘ddPZ“fQ’ ‘—2[5‘[‘5] =2
1 = (2 (N 1
w:$<uﬁ—|—dd>—> Zain = $[§+[_§]] =
SRR N
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Van-Royen - Weisskopf - I

Attempting to calculate the vector meson decay rate:

r, =|AV|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= LU |e)plV)

—_—
A(p) y(p)

A(p) plane wave amplitude, y(p)momentum space wave function
1 1

== [ARARIY )= s [apA) [y ) e = s [ e () [ A(p) e

Take A(p)=A=const > A, = ﬁj‘d%y/(r)je"p'rd% = (27[)3/2 Ay (0)
/4
(27)’ 5 (r)
‘2

T, = (4] =(22) A (0)
Why is A(p) = const?
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Van-Royen - Weisskopf - II

Consider the process involving free quarks (plane wave):

qq —e'e
Cross section, averaged over initial, summed over final spin projections:
1 _ : : o)
— (p)z‘A(p)‘z V4, q relative Ve|OCIty—>aq(Fe+e_ (p):‘A(p)‘z( v)
(2n)

flux

Take 1-photon annihilation QED diagram:

- m’Q* p, |, Vv Am, Just the same as € +e —p+u”
( >— = But: Do not neglect rest mass
q

I+—+
For small initial velocity:

gg—ee

3 s

sz(qu)z,pq %mq%

2.2 2 4m2 212 2 2.2 2.2
o 1% TOo 1% o o
R R I | P
4 s D, 3 s 4m, m 3 4m, m,v m, v
q
2
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Van-Royen - Weisskopf - III

Obtain the decay rate:

2 (27T)3 Ta’Q’ p
= A = —
— O-qc7~>€+€_ (P) ‘ (p)‘ v m; v

a(p)| = meQ" p. v __7aQ P
m, v (2z)  my (2z)
212
p.~m,—|A(p ‘ ~ (;méfQ - Neglect quark momentum, electron mass
) m
212
m N&—m ~ AT O p-independent OK

17 9 Y (2n) M.

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:

4 Ara’Q? _ 16 T’ Q?

— ———— Formula still incomplete...
3(2n) M7 3 (2n) M
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Drell-Yan from Isoscalar Targets

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

u.d

-
-«

ga //
! 2
: \AA/\/\/\\\ Rate x QO ..
p.n

Cross section: Electromagnetic, counting antiquark content in «
For isoscalar targets: N,=N, — N =N,

YvyYy
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More Quarks

Flavor Mass QR | I | Is S c B T
Up 5.6 MeV | 2/3 | 3 |+1/2] O 0 o) 0
Down 99 MeV |-1/3| 5 |-1/2] O 0 o) 0
strange | 199 MeV | -1/3| O 0 -1 0 o) 0
charm | 1350 MeV | 2/3 | O 0 o) 1 o) 0
bottom | 4400 MeV | -1/3 | O 0 o) 0 -1 0
Top 174 GeV | 2/3 | O 0 o) 0 o) 1

Spring 2009
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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 ~ 1013 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

Special beam (Line A)
No collimators

@TBA
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The J/y Particle at Brookhaven - II

Calorimeter
3

1st Cerenkov 2nd C%ﬂj& r’l&\%«

Magnetic analysis (3 dipoles) (inside magnet)

2-Arm Spectrometer

Excellent electron identification (2 Cerenkov) T
12 ol : .
Very high intensity (2 1012 ppp) M, /#.. tFor T'gh mdStati dctacayutn_g
Small spot size (3x6 mm?) —— ﬁ.ff’ 0 e*e” produced at rest in
—— e — - ——— - —— 129 1 —p-Be tMfrarme— -
Pyoroton = 28.3 GeV
— 6= 29.1% for any m
Electron identification —
_Phototube 0 fOm 2.0m Q/{
%gg}\ ~_Parabolic Mirror \ﬁ-
. M1
- SO !

| — ——;
(i ///

Sphencql Mirror

@TBA BEAM |

2
TARGET

0 Im! ZIITI by Side view

Spring 2009 E.Menichetti - Universita' di Torino 69



The J/w Particle at Brookhaven - III

Detectors in the experimental

setup

Cherenkov photomultiplier spectrum
Excellent single electron resolution

at BNL

Counts

an®s

-
L L

- ..t. " ..0
L

1 2

Puise height | 4
Good for signal efficiency, background rejection

3 Photoelectrons

Spring 2009
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The J/y Particle at Brookhaven - IV

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

Uranium Shielding v
Around Aperture Gg Time of flight for

Pb  Shielding rejection of pp=Tr°+X
Y Lysete v

c
I—‘:Sp%crrometet

Pb Shielding i,

1channe| = Q.2 ns

Number ¢

Thin Window, {0.25mm
Stainiess Steel)

@TBA

Prototubes

7’ > ytet+e
Segmented target Beam Cerenkov Time resolution ~ 1ns

Improved mass resolution Detects electrons from Dalitz decays
Logic:Coincidence Cz*(C,+C_)*Cal

Spring 2009 E.Menichetti - Universita' di Torino 71



The J/y Particle at Brookhaven - V

Large peak observed at m = 3.1 GeV ¢

Still present at the same mass after i
reducing magnet currents by 10% @TBA

Very large mass : T
Wrong by 6/3100 ~2 1073

C-&;ﬂ;l:!i‘ ""|
B an ! Q/r l
Excellent control of systematics! o L -onmmnn et

Fig. &b, The measurement of the width of the ).
The width is shown ta be less than § MeV.

Very small width

: : : : 3 c,=5 MeV
Consistent with experimental resolution Pl M

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/w Particle at SLAC -

SPEAR

P T
EXPERIMENTAL PIT, e m 2
{ an )
\ B8 e8 .
ELECTRIC QUAD-.__ - 18 GF s SF @ v
-~ i “._STANDARD GIRDER -~
", _

7
MO, 3 RF CAVITY

HO. 4 RF CAVITY

NO. | RF
CAVITY
!
2 CONTROL [
b BUILDING a7m . FAST FEED BACK
2 |- ) M
E'.‘v. i SRS EEE—C T U ,__rq_ e R e e
g POWER SUPPLYI -
b KICKER SHELTER :
N | ~KICKER
' 3Lem
! !
\ T SUBSTATION !
\\ SERPTUM X WARD 1
i
3 ¥ “ SEPTUM | INFLECTOR)
W i)
kY KICKER
i © EXPERIMENTAL PIT A
\ GFz T~ INJECTION BEAM
\, ' OCTUPOLE
. &R : w3 . T KICKER
/N A a2 A
" < gl i
INJECTION BEAM AL 1 e
R [ RO
Y - INSERTION CELL—" /
\ /
e~ fe* Ioanad
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The J/y Particle at SLAC - II

MUON SPARK CHAMBERS —_

e 1| T 1
i AR MUON SPARK FLUX RETURN =
i =3 . SHOWER COUNTERS
[———— MUDN AGSORBER PV - _I
=", o SHOWER
I L | COUNTERS
) =l T e ey
,—Mﬁf@ T A f"-f""(*‘;.l'ifﬂ,;cﬂff%@ TRIGGER
R S o Y e B COUNTERS
[ o= —C T —=En
1 r— | — - “C_DHFENEIU.TING
NI S — SOLENOID
__WIRE SPARK CHAMBERS ARt
i — .,_.m!..- 3 3 MONITOR
END-CAF CHAMBERS ©— /;EEAM PIPE
PROPOATIONAL CHAMBERS
i " Ly
e .I_. l"l_,._-..,._‘. - __--:j.____; - . e = —. 4 o —
= 3 | PIPE COUNTER !
— o e . = COMPENSATING SOLENOID
— .
; — SE———— VACUUM CHAMBER
¢ : = e | MR @TBA LUMINGSITY MONITOR .
' : =) | ] 1
TASLAS LIS ST LSTY. i
e
=Sy The Mark I Detector
R R
I = i
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The J/w Particle at SLAC - III

Mark I: First example of multi-purpose, collider detector

@TBA
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The J/w Particle at SLAC - IV

J/wand v as seen
in different channels

No interference—

Interference —

No interferencé—

@TBA

TT

L]

-

ete” ——hadrons

A=y

Ll

Lo

1200 E : =
5 - \ E
- i \N Radiative tail -
[+ | o

10C & — 3
- 3

s I-F..l | ] i ] | |
CeteT =ty 1eosBl< 0.6 3
100 = ﬁ : 3
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What is the J/y ?

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/y cannot
decay into a pair of them—Most decays channels are closed
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The J/w Particle at Frascati

EVENT 5/0.3 ab” LUMMOSITY

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

Eu—l-

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

So what?
Push magnet currents up...

l

|

3

%
wso 3008
@TBA
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J/wv Quantum Numbers

Take the ratio to minimize

An interesting example of quantum point-to-point luminosity systematics
interference
Take the 2 annihilation diagrams: b £ (o) ¢(3095) .
T Y e :
5 | ]
+ ¢ c : i
a0 —1 e l |
@TBA 3000 3090 3095 300 3405
| B T o T T
0.15 | (b) y(3684) 1
1st order QED 2nd order GED '

Al R
Resonant for s = m,

Interference between the 2 shows
up in the total cross-section as a
result of the resonant state being

PC—1— i 0 Lo ! - [ |
S 1= like the phOton 3670 3675 3680 3685 3690 3.69

ENERGY Eoprm.  (G&V)
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SU(4) Multiplets

Fundamental rep. 4, 4%, 6 Mesons Baryons

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

@TBA

(b) o

OK for spin 3/2

L} Spin 1/2
424 =115 l

4®4®420M@20 e>(<

Vectors
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Open Charm

SLAC-LBL Collaboration - Mark I

00— | =T 7T |
B Fraliminary
Ht t
80 - Egm® 403 Gev ]
G0 - I -
*
|

)

(o TBA

ENTS /0,02 Gevic?

W

—
. -l
>
——
|
F

20

WEIGHTED COMBINATIONS /20 Mewic?

o 1B 1.8 2.0 2.2 oL | l |

N o) .6 L7 LB |L8 2.0 2.
INVARIANT MASS  (Gevic Micrr  |GowEE)

DO bo*
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The Charmed Zoo

A

A:(2593)
A:(2625)
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. (2455)
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=
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{

= g bog deg log
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2645)
2790)
2815)

Baryons

Ei¥E
Xk
EE S

¥

EXEE
Xk

b S
EE S
EE S
Xk
ik
LS

¥
%k

EE S

CHARMED
{C==+1)
. D* 1/2(07)
o D0 1/2(07)
o D*(2007)° 1/2(17)
s D*(2010)* 1/2(17)
0 (2a00)° 1/2{0™)
Dy (2400)* L/2{07)
o Dy (2420)° 1/2(11)
Dy (2420) 1,27
Dy (243010 1/2(11)
o D%(2460)° 1/2(27)
» D}(2400)> 1/2(27)
D*(2640)* 1/2(7%)
CHARMED, STRANGE
(C=5= %1}
« D7 0(0~)
. 0t 07’
e D} (2317 o{o™)
s D,y (2460)= 01"y
s D, (2535)F 0(17)
o Da(2573)F  0(7))
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 pb states first observed at Fermilab in 1977
Discovery subsequently confirmed at e*e- machines (DESY, Cornell)

Several b-hadrons observed
Very large b-quark mass ~ 4-5 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

~Good mass resolution

TARGET BOX
e T T

- MOVABLE

ABSORBER R
{Cu or Be) AN
TARGET .
&§ STEEL
sl ‘( HEVIMET
05F @ .
1 1 I ‘ : J
0 5 10 IS 20 * ”

@TBA
METERS
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The Y Discovery at FNAL - II

Mass distribution for exclusive process: :
p+Be—ut + 1 + X

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

y=0 Central region

High mass region shown
Exponential trend + peak

[[¢] & a)
P+ MLCL EUS—"#F4QWNNG

- g

dm_;;fly=0 (cm*/GeV/nucleon)

d!

_ @TBA |
Mass resolution ~ 180 MeV S LA
S5 T ) ' b}
5 |
2 3 ;
g ] i
%fg 6 ] 8 ' 2
mi(GeW)
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Baryons

The Last (?) Zoo

@TBA
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(B= 1)
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. 5 1/2{0™)
. 5" 1/2(07)

e G+ /B ADMIXTURE

. E*_.-'E'J.-'E‘f.-'b-b&ryun AD-
MIXTURE
Vo and VW CKM Matrix
Elements

. 5" 1.-'241_]
B*(5732) 7?%)

BOTTOM, STRANGE
(8= %1, 5= F1)

. 50 oo~}
B! (1)
B* ,(5850) 7(1?)
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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-FH-H-H-H rrrr et e PSS B B
sol h @TBA
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S.44 9 47 1000 10.03 1033 10.37 1053 10.62

Mass ( ge'-a‘ft:2 }

22000 S——
18000

14000
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10000

A A
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3 radial excitations of the Y observed as narrow peaks

=

Inclusive yray spectrum from ¥(3S)

Spring 2009 E.Menichetti - Universita' di Torino

88




ARGUS

One of the first examples
of modern collider detector
design

Large size

(ébm &, 6m L: High p resol.)
Vertex chamber

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

Muon Chambers
Electromagnetic Calorimeter

Drift Chamber
Vertex Detector
Iron Yoke

{
I

@TBA
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CLEO: The Vertex Detector

2.0 cm Radius
EBeryllium Fiber Composite
Beampipe '/,— Supports
20208 strips
(@ TBA
- 00
=
=, L
; i i _|_ 235 cm Radius 4 51 cm Radius
= L Double Sided Silicon Detector D350
= (D50
. - 3.25 cm Radius 489 cm Radius
Pl DSSD DEsh
= 40 I g
s H

B _ Il —

—— —_ * I %

- —r =y -

o — Q // -#’ |_§ Ij -
B e Tt o N e Beryllium 7 o Beryllium Oxide
L ot Baampip_e Fiber Composite Bendlium Oxide ;Suppc:rts
L. phi-side “Supports Hybrids 0 em
z-side
: = ==
! e Py
By 20 10 60 = = = 2
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Effects on Tracking

CleoXD CleoXD

Punm: 2Q7g7 Event: 48 Punm: 8®Q7&7 Event:

Spring 2009 E.Menichetti - Universita' di Torino 91



Vertex Detection - 1

Secondary vertex

"r{/_',m
R RN . LT T : P
{Jf'glﬂ B A T %2

-
-

Impact parameter %"H;
s

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 ¢

sinf Lorentz transformation to LAB
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Vertex Detection - 11

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

sin 6"
A:Lsin@:LLez:L v{cos?” + 5/ ——L Sid 2
i+t | sind \/<’Y<C089*+ﬁ/ﬁ*)) +sin0’
7(008«9*+ﬁ/6*)
—>A:Ll sin 6 _ 4r sin 6

g \/(cosé’* +5/B*)2 —i—lzsin2 o \/(cosé’* +6/B*)2 —i—lzsin2 6
~ >

%

A = prsin? = frtan—

8.8 =1 14cosb

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

_><y>:£—><A>:@ Get a measurement of the decay lifetime

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

1200. —

1000.

Co
(]
o

&00.

400.

Candidates / 0.125 ps

200.

[CLEO IL.V

0® Candidate Proper Time (ps)

Before and After Vertex Cuts

W

” ! o ”
o gt ++i|#qﬂﬁ##+’r++ " -

+
e A ]

H{k*==n™) Gt B k*==n=) Gt/

@TBA _
DO Lifetime D* selection,
with and without
secondary vertex
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B Tagging: Zooming Down ALEPH

I ALEPH ™ | il s
(a) ] ey IO

E |0.1lem 0 0. lcm|
1 EEEEENE FE AN 1

Impact parameter-200—300 um

T T |!| T T wr T T T T

|

2 4 =
v<§'> +H AR

0]

18 mm
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DELPHI and L3: B Lifetime
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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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