Elementary Particles 1

4 — Quarks

Quark Model, Light and Heavy Quarks



‘ The Quark Model

Fundamental hypothesis:
Mesons = Bound states qq

Baryons, Antibaryons = Bound states {444,444

What are statesq.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 //2, point-like fermions
Guess:

They are never observed as free particles L
The only bound states observed are 4449494949499 } 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 S|Y I I;
u Up 75 o | 13| 12 | +12 ) )
1sospin doublet
d Down 1 o 13 | 12 | 12 } p
s Strange 1% -1 -2/3 0 0 lsospln Slnglet

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< Q?

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 303 =148
Baryons 3R3x3=14808H10

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 I;
Up iz 2/3 1/3 0 1/3 12 +1/2
Down %z -1/3 1/3 0 1/3 12 -1/2 Y
@23 @ Rappresentazione 3
Strange ¥z -1/3 1/3 -1 -2/3 0 0
@ Rappresentazione 3"
O 13 @
t
12 12 s
Flavor Spin | Q B S Y I I; O +-13 @
Anti-Up ] -2/3 -1/3 0 -1/3 172 -172 .
?-m
Anti-Down ] +1/3 -1/3 0 -1/3 12 +1/2
Anti-Strange 2 +1/3 -1/3 +1 +2/3 0 0
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‘ A Couple of Subtle Points

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

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

Required in order to deal with gqq, qq,q9qq

E.g. all present in the same process
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‘ A Couple of Subtle Points - 11

Q: Why there is a -1 extra phase for u antiquark? [—ﬁ

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*”'z@/z u —
d' d

cos(6/2)u—sin(6/2)d

Rotation of generic state

sin (6/2)u +cos(6/2)d
. d' _ sin (6/2)i +cos(6/2)d _ cos(@/2)c7—|—sin(9/2)1/7]
') |cos(0/2)w—sin(0/2)d | |—sin(6/2)d +cos(6/2)u
. d' _ cos(&/2)3_—sin(9/2)( i) ]
u') |—sin(6/2)d —cos(0/2)(—u)
. d' ]: [cos(@/Z)?—sin(@/Z)( ﬁ)]:eing/z[ d ]
—i'| |sin(6/2)d +cos(0/2)(—u) i
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The Light Mesons - 1

Combine 3 quarks with 3 antiquarks: Get 9 combinations

Quark content ud Jus,uu,du,ds, dd , SU, sd ,SS o
Identified mesons

‘State’ 0 L I S Remarks Je=0" Je=1 Je=ot
ud +1| 4] 1 0 at o' a,
s |+l +12] n |+ K K" K"
Uil 0 0 0,1 0 I-spin undefined 7T0a77a77' po,w,go ag, f2 : f2
di )i 1 1 0 T P a,
ds 0| -12| 12| +I K° K" K"
dd 0 0 0,1 0 I-spin undefined 7T0a77a77' po,w,go ag, f2 : f2
su | | | el K K" K"
o 0] +12] 1~ y K° K" K"
s | 0f 0 0] 0 | phwe] dfok
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The Light Mesons - 11

Physical particles must have 7 defined: I-spin is a good symmetry
Build isospin eigenstates from S=0, ;=0 states:

(T — dd ), = uit + dd — 255 ),—= (uit +dd + 55

2 J6 V3

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(uLTnLdgnLSE): 7,

J3
SU(3) Octets: 1 SU(2) triplet, 1 SU(2) singlet

L(uﬁ—dc?): 7 L(uﬁ—i—dc?—ZsE): M

V2 J6

7,,7, cannot be 1dentified with physical particles
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The Light Mesons - 111

J=L+S
P:(_l)l—l—l
C:(_l)l—l-s

Ground state L=0—J =S
Singlets = J =0—P=—-1,C=4+1—J""=0"
Triplets - J =1—P=—-1,C=—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 - IV

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

1 B —
18;1,0) = ﬁ(uu —dd ) — Must be true because I-spin is a good symmetry
18,0,0) = % (it +dd —2s5)|  Not identified
: Get some insight
1;0,0) = ﬁ@ﬁ +dd + sE) from decay modes
Y Y
+1
Ko O O K+
(&) - pal 0 —y=0=
\./11 = = - - 7 ,n,,n, Central states, I, =Y =0 =0
1
K-© E o Ko
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‘ The Light Mesons - V

Use SU(2) shift operators: First, z*
s

7L'+> =2 ‘ 7Z0> From definition (and multiplet diagram)
From 7z wave function:

1|7 =1 |ud) =|dd —uit) = 7° = ~—=| dd —uir)

Then re-define 7° as —ud > 7’ =—1"7"
Repeat for 7°:
1 — 1
I 7°=\27n" =1 —=|ut —dd ) =—=|diu +du) = 7~ =du
i)~

Isosinglet (with u and d only), is A:

Iﬂzl[dd +uuj:—du +du _0

V2 V2

Conclude the 77 is an octet, don’t know about 77,, 77,
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‘The Light Baryons - I

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

3+3-24+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:
I? l? H H
| |
H—C—C—0H H—C—-0—C—H Same atomic content, 2 different chemicals
. | |
H H H H

12 (‘ pn> H np>) symmetric , — No bound states

1 Same nuclear content, 2 different states
> (‘ P”> - ‘ ’lp>) antisymmetric

S-S

One bound state
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‘The Light Baryons - II

SU(3) Multiplets: 1, 8, 8, 10
What about different quark masses?

Reminder: Well, that’s all out of SU(3) breaking..

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
Fully antisymmetric

8 — Two Octets
Undefined symmetry

10 — Decuplet
Fully symmetric
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"The Light Baryons - I1I

Now look at the remaining part of the wave function:

‘a> = ‘Spaceﬂ 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 Y2:

0—0&41/2=1/2 2 sub-states
1/2@1/2=
1—181/2=1/2,3/2 2+4 sub-states

— Expect 1 quartet, 2 doublets
3/2,43/2)=(111), [3/2,-3/2)=(l1])

312,41/ 2) =BT+ 11T+ 111), [3/2—1/2) =BT+ 111+ 111)
=N (12,-1/2), 1/ﬁ(u—u)¢} Doublet - Antisymmetric 1-2
,—J/2%zzﬂ¢§l(?b—lﬁ}[mehtnAmbnmdﬁCZS

Quartet - Symmetric

1/2,41/2

)
1/2,41/2) =1/N2 7 (11 = 11),

S
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"The Light Baryons - IV

Can use another bit of group theory to write:
20202=492,H2, spin
3303=198,®8, ®10 flavor

Summary of flavor, spin symmetry of different representations:

Flavor Symmetry Spin Symmetry

105 S 4 S
SU(3) Sus n.a.; symmetric 1-2 2us n.a.; symmetric 1-2 SU2)
Svia n.a.; antisymmetric 1-2 2ua n.a.; antisymmetric 1-2
1, A
Now combine flavor and spin: S,A,M referring to flavor*spin
105 8ups 8w 14

4S (10,4) S S8,4) M S8,4) M (1,4) A

ZIM,S (102) M 82)M 82)M (L,2) M

2un (102) M 82) M 82)M (1,2) M
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‘ Singlet, Decuplet - 1

(SU(3), SU(2))
flavor spin

Singlet: (1, ?)
Tricky..

Decuplet: (10, 4)
Astonishing..

Observed multiplets

Flavor
Wave-Function

L(uals —usd + dsu — dus + sud — sdu)

J6

uuu, ddd, sss,i(uds 4+ usd + dsu + dus + sud + sdu)

J6

(ddu + dud —I—udd), (uud + udu —l—duu),

-

(dds +dsd + sdd) , (uus + usu + suu) ,

-

(ssd + sds + dss) SSu + sus + uss)

- &= -

1
’ﬁ(

Spring 2011
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‘ Singlet, Decuplet - 11

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?

Y

Baryon resonances, except 2

Spring 2011 E.Menichetti - Universita' di Torino
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‘ Octet - 1

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

d(ud—du), u(ud—du),

-

(ud—du)d, (ud—du)u,

-

d(ds—sd), s(ds—sd),

-

(ds—sd)d, (ds—sd)s,

1
2
s —su)s,

(us — su)u, \/E

us—su)d—i—(ds—sd)u},

u(us—su), s(us—su),

- - -
Sl - -

-

d(us—su)+u(ds—sd)],

Do | =
p—

—

o | =

[2s<ud—du)er(us—su)—u(ds—sd)}

S‘»—t
[\®)

[Z(ud—du)s—k(us—su)d—(ds—sd)u}

5

ol i=1,8 0 =18

Antisymmetric 152 Antisymmetric 2¢>3

2
N
w

“
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‘ Octet - 11

Spin: Two sets, 2 states each

\1/2,+1/2>Azl/ﬁ(”_mT Vo
1/2,-172), =1/\N2(1L =11
V2, 412) =121 (1L =11)| )
Xz J =1,2
[1/2,-172); =1/N2 L (11— 11)

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

90533’1. =138, ngl)w Jj=1L2

Not independent from the former

Spring 2011 E.Menichetti - Universita' di Torino



Octet - 111

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./ (spin)

Qoi’iéz%(ud—d@u X = Tm 11
=105 = % u(ud — du) X =1X TT(N I1)
\wgﬁg _ %(m ~ duu) B zﬁ(m —111)
e = (ud —du)u—= (11— 1)1
N5 N
Products:  {th =—u(ud —du) =1(1L - 11)
i = (wud —due) (111~ 117
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‘ Octet - IV

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

Al3

p+Y2) =" o

k=A12

= |
ﬁ(ud—du)uﬁ(” - lT)T

p,+1/2>:L +

J3

u(ud — du)—=T (11~ 1)

Hsl‘._
-

(11L—=111)

+—<uud — duu)

V2

-

Unconvinced? Still it’s true, because any sum of 2 products is equivalent to the 3rd...
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‘ Octet - V

Finally: The proton, spin up wave function!

2uld |luT+2ululd | +2d [uTul
—uldlul—dlulul—ululdT—uldlu]l—ululd]—dlulu]

1 1 1

N = Normalization constant N = 612 +3.2% /e +12 18

|p,+1/2>:N[

Baryon Octet
Y
+1 n@ss P
- 0 +
ol X Z.(1197) b
Ab(1115)
B =0(1323)
} } } J'
-1 0 +1 7
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‘ Summary: Decuplet

State 0 I; 1 JC=3/2*
uuu +2 +3/2 3/2 A
1/\/5 (uud +udu + duu) +1 | +12 | 3R A
1/\/5 (udd + dud + duu) 0 12 | 32 X
ddd T | 1z | 3% e
1/\/5 (uus + usu + suu) +1 +1 1 ==
1/\/g(uds+sud—|—dsu+sdu_|_dus+usd) 0 0 7 0
1/\/5 (dds + +dsd + sdd ) -1 -1 1 e
1/ V3 (wss + sus + ssu) 0 | +12 | 122 =0
1/ V3 (dSS + sds + ssd ) -1 212 | 12 =
SSS§ . 5 5 =

Wave functions

Spring 2011
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‘ Summary: Octet

Quarks 0 I I S JC=12%
wud +1 | +12 | 122 0 p
udd 0 12 112 0 n
dds -1 -1 1 -1 -
uds 0 0 1,0 -1 30 A°
uus +1 +1 1 -1 -
dss -1 12 112 ) =
uss 0 +1/2 12 -2 =0

Quark content only
(no wave function)

Spring 2011
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“The e-p BEtfective Interaction - 1

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(pe) p(py)

e'(pe p(pp}

Spring 2011 E.Menichetti - Universita' di Torino
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The e-p BEtfective Interaction - 11

Expand matrix element to low speed approximation

Get a non-relativistic matrix element, where ¥, 3’ 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 2011 E.Menichetti - Universita' di Torino
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The e-p BEttective Interaction - 111

Transition matrix element:

el pi+p|, P, P,
q 8m; 8m,,
.. p,p,+ic(p,xp,)| P, P, +ic:(p, xp,
<X|’F1_|_ p 4 2(1” p)XX'Tl—’_ 2( )X+
dm, 4m;
time section: p 4-current time sectior;, e 4-current

_.|p,+p,—iox(p,—p,)| .|p.+p.—icx(p,—p,)
—X XX Xt
2m 2m
p e
space section. p 4-current space section, e 4-current

Spring 2011 E.Menichetti - Universita' di Torino



The e-p BEtfective Interaction - IV

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

2

V.= —67()2'T X)(X'T X) Coulomb term
2
Ve, = 4:121"3 ()Z'T X)(x'T c Lx) Spin-orbit
L . Fine structure terms
_ ¢ (3) vt <\ [ \ : ,
V, = S 47é (r)(x Tx)(x Tx) Darwin term
2 2
tip—dtp = 3?’;;1,, g,8,8,0" (r)+ me;pr3 g,13(s, -r)(s , -r)—se S p] Dipole-dipole interaction
l Hyperfing structure \ Tensor ir;teraction

Valid for S states

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

Effect of hyperfine interaction on ground state energy:

87‘(‘82 (3) >
g,8,86”(r)
< 3me mp ’ ’ ground state
8me’ L., . 2
—AE,, =g, -5[]<]—|—1)—Se (s, +1)=s, (s, +1)]-[1:(0)
ep
2 (meoz)3 _ 8ne’ 1 (ma) |, 3 3}
‘¢<O>‘ _ T — AEhYP 3memp )4 2 T ]<]+1> 4 4
+ e’ 3
AE,  =— l)——
- hyp 3 8p mm, ]<]+ ) ](mpz)
4  e’m, 5 4 m, 4 , . .
=8, - (2—3/2)<m o' >=—gp - —(meoz ) hyperfine shift -triplet
AE — ] p p
" 4 2e°m, (0—3/2)<m a3> - (m o ) hyperfine shift - singlet
gp mp e - 3 gp 2 ’ e yp g
8 m,
— A (AEhyp )triplet—singlet - 5 gp m (meOé4>
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151/,

unperturbed

3Ds5
3Py 3Dy
38, 3Py

1S5y2

+ fine structure

o? n 3
AEI,]/Z;j,m, =E, ( ) . AE =

nZ\j+1/2 4

9910 MHz

1058 MHz

Total angular momentu

o Electron + Proton

F=0

l»logpez <3(Sp‘f)(se‘?)_sp‘se>+ Pngez
s 3m,me

2
- 8ﬂn1pm (Sp'se> N’(ON .




Theoretical
spectrum

0 5 10 GHz Av

Hydrogen fine structure and hyperfine
structure for the n=3 » 2 transition.
(After Ohanian, Modern Physics, Ch 7.,
spectrum from T. W. Hansch, Stanford Univ.)

Hydrogen Energy
Levels
H
45x%10° eV

Larmnt it
4372 x10% av
or 1057 MHz

*
*s

gpassesasd

et
Absorption cell,
hydrogen gas

Detector at
chopper
frequency




‘ 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 c¢m HI Distribution The Universe seen at 21 cm

Lots of physics and cosmology..
Example:

‘ﬁ\., How is the transition excited?

A measurement of the galactic/
intergalactic temperature

i
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Laser:
A B AE = 206 meV
40 pev =498 THz

Lamb Shift:
Effect of interaction with vacuum
EM field fluctuacti

F=L
25]!! TTTTTTT -----_“\

fin. size:

22meV=55T
F=0




‘ Positrontum - 1

There are now 2 diagrams:

e*(p'./

4 Scattering e’(p.) /e'(p;/ \Q
Annichilazione

7o Jrulp ) olp)3o(e)) | (Elp ) ule ))(E (e )vo(r.))

2
7=

(p—p ) (p.+p)

Net effect: Add another term to the effective interaction

2
em

Vi=— (3 +0, -62)5(3) (r) Same structure as hyperfine term

2m
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‘ Positronium - 11

PosITRONIUM LEVELS

T Tonization limit 6.8 eV

Energy above Ground State (eV)

243 nm

Form of hyperfine term:

87'('82 (3)
AEh}’P - 3m2 Se_ .Se+6 (r>

e

Ground state

More complicated for n>1, [>0

Observe:
Levels labeled by °L,
S: Total spin

Previous pictures:

Levels labeled by °L,

S: Electron spin

Proton spin only in hyperfine term
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‘ Masses - 1

Observe large mass splitting between singlet and triplet mesons:

Guess effective strong interaction has some term similar to hyperfine
electromagnetic

AE=-2(s.8))
mm,
Then expect for the hadron mass:
(Sl 'SZ)
mlmZ
J=S,+S, > J>=8>+S5;+2S,-S,
—8,-8, =1/2(J* =87 = 87| =1/2(J (] +1)—-25 (S +1))
+1/4 triplets
S,.5, | V4 wip
-3/4 singlets

M=m+m,+A

Spring 2011 E.Menichetti - Universita' di Torino
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‘ Masses - 11

1) About the expected, large hyperfine splitting:

Can be shown to be true, to some extent..

When perturbative expansion can be granted, color quark-(anti)quark interaction in the
static limit yields 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.

Spring 2011 E.Menichetti - Universita' di Torino
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Masses - 111

Free parameter counting:

3 quark masses (m,,m ,m.)+1 constant A
Hope to fit 7 meson masses:
Pseudoscalars + Vectors

— Go for a 3 constraints fit

Results:

m, =m, ~310 MeV
m, >~ 483 MeV
A~160 m;, MeV’

Meson AEyr Fitted mass
(MeV)
o
K 3a 485
mu mV
n _a 2 359
my _m;
yo X0, a. 780
m;
K* = 896
mu mS
a
@ — 1032
mS

Spring 2011
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‘ Masses - 1V

Extend the idea to baryons: Sum over 3 quark pairs

. A &SS,
m(QI’QZ’Q3):Zmz’ +A _Z

i=1 275 mm;

As an exercise, first neglect differences between quark masses:

J=S,+S,+S, = J*=(S,+S,+8,)

=S +8;+8;+2(S,-S,+S,S; +S, S,
S’=S(S+1)=3/4—>S8+S;+85; =9/4
—8,-8,+8,-8,+8,-8, =1/2[J* —9/4|=1/2J (] +1)-9/4

3 +3/4 j=3/2 decuplet
251 —3/4  j=1/2 octet
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‘ Masses - V

Now take into account different quark masses:

( ) 23: 4alt isi.sj
m ’ ’ — mi -~
o2 i=1 24 m,m;

Must consider quark pairs in order to evaluate the hyperfine contribute
J2=(S,+8,) =S +52+728,-8S,

—8,-8, =1/2[J, (1, +1)=S,(S, +1)= 5, (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)

—8S.-S, =1/4

Quarks i,k in a spin singlet state:

S-S, =1/20(0+1)—1/2(1/2+1)-1/2(1/2+1)|

—8S,-S, =-—3/4

Spring 2011 E.Menichetti - Universita' di Torino
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‘ Masses - VI

@)nly u,d quarks — Same mass
3A"

2 b
u

— my =3m, — m, =m,

@ u,d spin & isospin singlet
S-S, S-S S-S
u d | u s s d J

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

m, =2m,+m_+A'

2
m m m

u

S .S, +su-ss+ss-sd]

S,-S,+8,-S, Zs -§,-8,-S, =—3/4—(-3/4)=0

tjl

—my =2m_ +m, —

Spring 2011 E.Menichetti - Universita' di Torino
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‘ Masses - V11

mm, mm,2 mm,

S,'S, , S.°S, +ss-sd]

my, =2m,+m +A'|—
m m m,

S,'S, , S.°S, +ss-sd]

3
S,-S,+S,-S, :%ZSi-SJ.—Su-Sd =—3/4—(+1/4)=—1—m; =2m, +m +A'

i,j=1

1, s2 spin triplet

Why? Flavor = ss Symmetric — Spin must be symmetric too

me =2m +m, +A' 5,5, 5,5, +S“'zssz]
mums mums ms
S-S, S-S +S -S
me = 2m,+m, + A2 22 DO T, s2]
mS mums

13 ,
S,-S,+S.-S, ZEZS,SJ. —S.,-S,=-3/4-1/4=—1—m_=2m +m, +A

i,j=1
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Masses - VII1I

Fit all octet + decuplet:
8 masses — 4 constraints

Interesting questions:

IsA=A"7?

Are the quark masses the same in mesons as in
baryons?

m,=m, =363 MeV
m, >~ 538 MeV
A'~50 m:, MeV’

Baryons vs. Mesons:

Masses ~+50 MeV ~ 10% higher
Constant ~I/3 Hyperfine splitting reduced

Baryon AEHF Fitted mass (MeV)
N(938) 3q' 939
m;,
A(1116) 34" 1114
_ mja
X(1193) a' a' 1179
2
mu,d mums
Z(1318) a'  4a’ 1327
mlf,d mums
A(1232) 3a' 1239
+—
mu d
I1384) | o' 44 1381
m., m,m
F*(15633) | 4 4q' 1529
mlfd mum\
0(1672) 3a' 1682
T3
mu
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‘ Magnetic Moments - 1

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

NB: Can this be really granted??
3

n=>w —pu, =(p,+12|pu|p,+1/2)={p,+1/2|(pt, + p, + 11, )| p,+1/2)
=1

Each operator acting on the corresponding factor of the wave function
| 2ululd|4+2d |luTul+2uld|ul—

p+1/2)=—=|—uldlut—ululdl—ulutdl -
18 —dlulul—uldlul—dlulu]
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‘ Magnetic Moments - 11

Some really dull algebra:

T 1+ ) )= 4] )+ s )~ ()
= 4[4, + p, — 1| = 8p, — 4y,

Ad Lultul|(pm+py+pm)|dlutul)

=4(utd Lut|(m+p+ps)|utd LuT)=8u,—4pu,

(L d Tt + s+ o) L TuT)= (T L T (g + a4 s T Ll 7)
(dTulut|(p+pm+w)dliulul)=..=p,

1 1
— (p,+172|( + p, +,LL3)‘p,+1/2>:E[3(8,uM —4,LLd)-|-6,LLd]:E[24ILLM — 611,

1

= #, =5 (4, =1y

Then take neutron: Just swap u ¢«»d

2dTdTul4+2uldld+2dTuld]— .

‘n,—|—1/2>:% —dluldl—-dld|ul—-d|dTul— —>Mn=§(4ﬂd_ﬂu)
—uldld]—dTuld]—-uldld]
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‘ Magnetic Moments - 111

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

e
p=s-

2m
o2 1 e _1e
i 32mu’“" 32md’“5 32m,
Predict moment ratio:
4[ e ] 2e
_ 3.2 3.2 Ao —
ILLn — 4ILLd ILLM — md mu ~ 4e 2e :_%%_0667
p, A, — py 4 2¢ | e 8e+e 3
3-2m, 3-2m,

Experimental ratio:
Fo s 0.685 Amazingly close!
Ky

Absolute moments difficult to estimate, as involving unknown quark mass.
Nevertheless..
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'Vector Mesons Radiative Decays

Take radiative decays of vector mesons to pseudoscalars:
V—-P+~y
I~ =0 4~ For any magnetic dipole transition:

3.
o1 — magnetic dipole Rate x w”, w:Photon energy

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)

Prediction @TBA

Process (keV) (keV) 12
w7y W, —ma) 1390|7 |? 890 + 50
pmy (e + gV 148/7)* 67 +7
w—ny (, +pq)72 1|2 Ith
Py W, —p72 92|71 50+ 13
n'—wy 3, +p,i/2 17|12 7.6+3
n'—py 3, —py)72 17|73 83 +30
é—ny 2 10|72 62+9
'y 0 0 57+2
K**—=K*y (&, +u4,)7? 153|172 60 4 15
K*—K% Wy —p) 224|712 75435

Quite consistent with simple SU(3) symmetry: Same space wave function
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‘ Decays of Vector Mesons to e e

P et te .
w—e +e _ . MW<
o—e +e i

r, = Y (0 E a.Q,| Van Royen-Weisskopf formula
e'e q2 (: M‘%)‘ ( >‘ -
I > (2 () 1
1 a2 (0
‘“ﬁ””*dd)ﬁ‘z,. “e ‘7{5*(‘5]] s
S
p: 55— g a,Q. :‘{—g :6
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‘ Van-Royen - Weisskopft - 1

Attempting to calculate the vector meson decay rate:

I, = |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 =S ITln) oY)
P A(p) y(p)

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

1 ipr 1 ipr
— 4, =[d’pA(p)y (p)= P [&’pA(p) [y (r)eP d’r = P [&’ry(r)[A(p)e® d'r
Take A(p) = A=const > A, = (2;)3/2 jd3rw(r)jeip'rd3p = (27[)3/2 Ay (0)
\ﬁf_—/
(22)'8°(r)
2
ST, =|4,[ = (27)' AP |y (0)
Why is A(p) = const?
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Van-Royen - Weisskopf - 11

Consider the process involving free quarks (plane wave):
qq —e'e

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

2 3
O dete (P) = ‘A(p>‘2 \1/ ,V ¢, g relative velocity — o e (p) _ ‘A(p>‘2 ( :)
(2m)
flux
Take 1-photon annihilation QED diagram:
o (p)= ma’Q” p, 1+ 2+4m2 Just the same as et te —ut+u
“ee s P, 3 s But: Do not neglect rest mass

For small initial velocity:

2 1%
sz(ng) ,pqmmqa
2 4m2 2?2 2 2 2 2 9
O e (P)= a0 P 14— — J“? Le 1+"_+1]%mg Pe4mm3Q P
qq S p, 3 ) 4mq m v 3 4mq m,v m v
q
2
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‘Van-Royen - Weisskopf - TII

Obtain the decay rate:
) (27) _ 7ma’Q p

3
1% mq 1%

2 7r042Q2 p. v 7r042Q2 D,
_ 3

mov e m (2n)

; Neglect quark momentum, electron mass

‘2 - 47TCY2Q2
(27) 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 0

—Get a further factor 4/3:

m ~—r— ‘A p p-independent OK

34 Ara’Q?
3(2n) M

‘2 E Ta’Q’

T, ~ (2 ) |A] \w(o)\z ~ (2r) Y
\%

\w

‘@D (O)‘2 Formula still incomplete...
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‘ Drell-Yan trom Isoscalar Targets

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

ud

-
-«

ﬂt B
=]
du 2
3 \WM/</\ Rate xQ_, ..
du / .
e
p.n

Cross section: Electromagnetic, counting antiquark content in 7
For isoscalar targets: N,=N, = N,=N,

YvyYy

a(w*)ocQC%:

a(wf)ocQ;:
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More Quarks

Flavor Mass (0 1 I; S C B T

Up 5.6 MeV 2/3 | Va2 | +1/2 0 0 0 0
Down 9.9 MeV 13 | Y2 | -1/2 0 0 0 0
strange 199 MeV -1/3 | 0 0 -1 0 0 0
charm 1350 MeV | 2/3 0 0 0 1 0 0
bottom 4400 MeV | -1/3 | O 0 0 0 -1 0

Top 174 GeV 2/3 0 0 0 0 0 1
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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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AGS — East Experimental Area

Special beam (Line
No collimators

%45“ (¥4
€xp.
.| 52w ST4




P

>

oM
Vv

1st Cerenkov
(inside magnet)

For high m state decaying
to e*e” produced at rest in

-29. 1o——pBe EMframer—— - ———

P roron = 28.3 GeV

— 0= 29.1° for any m

b) Side view




“The J/ WParticle at Brookhaven - 111

Detectors in the experimental
setup at BNL

Cherenkov photomultiplier spectrum
Excellent single electron resolution

Counts

1 2 3 Photoelectrons
Puise height

Good for signal efficiency, background rejection
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Uranium Shielding
Around Aperture

Pb Sh-eldl'"i

Po  Shielding /////// :' "
\\\\\/\

Thia Window, (0.25mm
Stainless Steel)

Number ¢

Ca Time of flight for

rejection of pp+7r°+X
l.rd-."- ¥
LCq

1channel = 0.2 ns




SPECTROMETER

m
| e
8

Fig. 1. The measurement of the width of the ).

The width is shown to be less than § MeV.




W Particle at SLAC -1

SPEAR

EXPERIMENTAL PIT, ’-"
{ an )
. \ B BB
ELECTRIC QUAD-._ \ WE ® 3D e
X S “._STANDARD GIRDER
A - - -

/

.NO. 3 RF CAVITY

“NQ. 2 RF CAVITY L-—|2_?m-l

HO. 4 RF CAVITY

NO. | RF
CAVITY,
3 CONTROL [
o BUIL DING Fa7m~ _ FAST FEED BACK
o [ B L
@ = < St M S
g . rre
@TBA e POWER SUPPLYI [
< SHELTER |
o ) “KICKER
\ | 31.6m
\ ¥ SUBSTATIONy . |
\ Mox YARD )
\ * X SEPTUM | INFLECTOR)
)
\ KICKER
N EXPERIMENTAL PIT
LY GF2 A ~ INJECTION BEAM
A OCTUPOLE
@3 ol " KICKER
= 2
VN gy [@2 )
QF
INJECTION BEAM
A\
8~ fe* leasaz
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The |/ W Particle at SLAC - 11

: MUON SPARK CHAMBERS ——~._
- FLUX RETURN ™~

MUON SPARK
CHAMBERS

MUON ABSORBER -

e -2
% -2
e —— L
e —— e e

— —— MUON ABSORBER '—-—T e——— B
P =] SHOWER
L | COUNTERS

¥4 TRIGGER

A COUNTERS
== ]/

< COMPENSATING

SOLENOID

LUMINOSITY
MONITOR

END - CAP CHAMBERS (BEAM PIPE
PROPORTIONAL CHAMBERS

WIRE SPARK CHAMBERS

é o | e é

220240

= =) ' TBA

ﬁ“ _____ : — The Mark I Detector
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The |/ W Particle at SLAC - 111

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

@TBA
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The |/ W Particle at SLAC - IV

J/wand ¥ as seen
in different decay channels

(nb)

c

No interference—

(nb)

=2

Interference —

—

L

. c
No interference—-
o}

@TBA

1 j 3
E e*e” ——hadrons Ay i
1000 E x _3:
N . -
L Radiative tail -
10C & ) E
: I e

-

10 T.J_ | 4 ] 3 ] 1 |

- ete” =utuT lcos@1<0.86 T
100 = =
0 f E
Et 4 \F\Q“
L 3
Y :
1 I T SR T SN S SN SR G | ‘
200 I ete” —ete”  Icos8I<0.6 o]
100 Ei
" A ]
20 i | | | | ] | | lj

3.050 3.090 3.10G

310 3120 3.3C

Ec.m. (GeV)

1000

:—T_ T T T T g
- e*e” — hadrons By’ ]
100 / - \Radiative
o
0 H
LoeteT -ty lcosBl<O.6 -
6
4
2
0 J ] | 4 .
60 ete  —e*e”  lcosBi<0.6 ~
40 Mttt ]
20 I
O | 1 J L N i ]
3670 3.680 3,690
Ecom.  (Gev) e

tail
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‘What is the J/w?

Quickly understood as the first, indirect evidence for charm

Bound state of  quark-antiquark pair c,c
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/W cannot decay into a pair of
them—Most decays channels are closed
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“The J/ ¥ Particle at Frascati

EVENT 5/03 nt’ LUMINOSITY

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

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

So what?
Push magnet currents up...

50—4

l

- 1 J
-t II
20~ él
A
10— {. l { 1
? é *% M } { }? i
B T T
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J/ ¥ Quantum Numbers

An interesting example of quantum interference
Take the 2 annihilation diagrams:

N

@TBA

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

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

b £ (o) ¢(3095) E
<{ Q.1 ’“.._t_jf 3
5" i ;
00 —1 - . J L.
3000 3090 3095 3100 3105

L T T T T

I
0.15 b (b} ¢ (3684) f\

o

C 1 1 2 U o L J
3670 3675 3680 3685 3630 3695
ENERGY Ecm.  (Gev) e
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SUM) Multiplets

Fundamental rep. 4, 4%, 6

Mesons Baryons
4-4—1=15 generators Pseudoscalars Spin 1/2
3 fundamental, non equivalent irr. reps.
(a) D+

AN
d

N ' (b)

Spin 3/2  Spin 1/2

Vectors Spin 3/2
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‘ Open Charm

SLAC-LBL Collaboration — Mark 1

0 —y— 7771 T 71 aad B
- Preliminary A 50 |-
Nu t 3
; K" w 40
s 80 - Ecm® 4.03 Gev ] 20
&
@ 20
S 60 - H B ¢ 10
= * 3
z - - ~ o -~ -
P R
= (=] K ww (b)
o 40 e + 1 ™~ 50
g P aTBA ¢
SRR -
lad
= ++ A 30
9 20 - + -
z i W 20 [
“ ¢ 10
0 > i 1 4 1 1 |
o 16 1.8 2.0 2.2 g
INVARIANT MASS  (Gew/c?) )
DY DO*
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‘ The Charmed Zoo

' CHARMED
A e (€= +£1)
A:(2593)' s*& o D* 1/2(07)
A¢(2625) ' 1 e DY 1/2(07)
Ac(2765)" d e (_200711 1/2(17)

. o e D*(2010) 1/2(17)
A.(2880) Dy(2400)° 1/2(0)
X (2455) raes D}(2400)* 1/2(0%)
X (2520) xe o D;(2420)° 1,.-'2(1;’)
X .(2800) s*& Dy(2420)* 1/2(7%)
- PP D, (2430)° 1/2(1%)
__5 ees o D%(2460)° 1/2(27)
i,‘ o D%(2460)* 1/2(27)
z (:; e D*(2640)*  1/2(7))
—y 4 xt¥
- C(2645) ces CHARMED, STRANGE
= (C=5§= =%1)
=.(2790) see D 0(0™)
=.(2815) ks o D* 0(?")
o aee o D}, (2317)* 0(0™)

o D,;(2460)* 0(17)
-4 a e D,;(2536)* 0(17%)
~ee @TBA e Dy(2573)%  0(?")
Baryons 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 e*e- machines (DESY, Cornell)

Several b-hadrons observed

Very large b-quark mass ~ 4-5 GeV

Situation somewhat similar to charm
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The ¥ Discovery at FNAL - 1

Design similar to J/y experiment:

Switch from electrons to muons
(Easier to handle at high E)

High intensity

~Good mass resolution

, MOVABLE
ABSORBER
(Cu or Be)
TARGET
l SCINT
CTR
I.5F
1.0} [I PWC
o5fr
. /| 1 1 F
o 5 0 5 20 25 —30
@TBA METERS
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The ¥ Discovery at FNAL - 11

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

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

y=0 Central region

High mass region shown

Exponential trend + peak
@TBA

Mass resolution ~ 180 MeV

!_567

do
dmdy|y=o (cm*/GeV/nucleon)
Oy
[——

dl

—

a)
P+ NUCLEUS —=u p *ANYTHING
o g
O prpt T s

@& ]I {
i} |
45— 5= & s
m(GeV)
< 3 P
4
. {
g 2 TRRES!
5 ! ] T |
.=Q o { .‘J
o CALGULATED APPARATUS
% T emgme
b
”"E 6 8 i2
m(GeV)
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The ¥ Discovery at FNAL - 111

With some more statistics

04} 4
c
3
:é:'oz— ]
c >
§ ;
- 4 o
L=
~
&
o 8§ 9 10 T
5 mass (GeV)

Background subtracted

T8 530 i 12
mass (GeV)
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The ¥ Discovery at FNAL - IV

Yesterday

Today

04}

pb/GeV/nucleon

10000

Events / ( 0.07 GeV/c?)
@
o
(=]
o

O 4000

L

p

—

2000

D

L=

o

(=
I|III||II|IIIIIIIII

J

mass (GeV)

ollllllllllllllllllllIlll]lll]llllllllllll

CMS Preliminary, \'s =7 TeV
Lint =40 pb'1
'l <1
o = 67 MeV/c?

8 8.5

9.5

10 105 11 115 12
u*y- mass (Gev/c)
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The Last (?) Zoo

Aab xtk
=0 == *
— bo —b

Baryons

@TBA

BOTTOM

(B= +1)
!G(ﬁ(f]
. B* 1/2(07)
o B 1/2(07)

e B* /B ADMIXTURE

o B*/B%/BY/b-baryon AD-
MIXTURE
Ve and Vi CKM Matrix
Elements

. B 1/2(17)
B*(5732) 7(?°)

BOTTOM, STRANGE
(B=+1,5=F1)

. B 0(0™)
B! 0(1-)
B ,(5850) 2?7

BOTTOM, CHARMED
(B=C= %1)

.57 0(0™)

Mesons
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SYNCHROTRON — N\_

ACCELERATOR .+

@ Positron Bunch - Clockwise
@ Electron Bunch - Counter Clockwise




(cuse)

e T '_;
Photons/ | MeV
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g
»
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b

Photons /| MeV

T m
"'o-o.t_,--.__-
T(2s) TES) T4s) 7

Ey Gev
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igure 5 (a) Inclusive Y(38) photon energy spectrum from the CLEO-II collaboration.

el e ol g
S.44 9.47 10.00 10.03 10.33 10.37 10.53 10.62 b) Background subtracted spectrum.
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! I
0.04 006 008 0I0 0J2 0.4 0.6

3 radial excitations of the Y | Inclusive pray spectrum
observed as narrow peaks from Y{3S)




.

L Ll
2 VAW

TI0

RN

AT

Z g
% 7 £ . z P
NN s SN s NN 77 SN 707 N oty NN s N 7 4

AR RIRRRRA]
e N 7 o M

L L T e 2P L e g




‘ CLEO: The Vertex Detector

60

Resolution (ptm)

40

20208 strips

2.0 cm Radius
Benyllium
Beampipe

s

Supports

\ “\,\

/f | . .

\ / Fiber Composite
’/)"&. /,,

@TBA
S (- .‘ - 0 clor — 235 cm Radius 4.81 cm Radius
L Double Sided Silicon Detector
(DSSD)
- 3.25 cm Radius 4.69 cm Radius
DSSD DSSD
L —
\
B 2 -
. - AN
N 7 & = =

e M Beryllium 7 7~ T Beryllium Oxide
i = Beampipe  Fiber Composite Beryilium Oxide  Supports
e phi-side Supports Hybrds e

z-side i
- I

L L s | L L L | L s L —
20 40 60
Incidence angle (degrees)
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Ettects on Tracking

CleoXD CleoXD

Fun: 80767 Event: 48 FPun: 80767 Event: 77
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‘ Vertex Detection - 1

Secondary vertex

e Weioss.-
i S gy“/‘lll/'j >
T i ik

Impact parameter N -~
-
-7 0o
-

-~
-

Plane defined by primary vertex,track direction

Consider a particle produced at primary vertex with speed 3
When it decays to another particle, call speed 3°, decay angle in CM 6

sin@’ .
Lorentz transformation to LAB
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‘ Vertex Detection - 11

L = (yr Decay length

Define impact parameter A in terms of decay length, L, and angle 0 :

sin@’
0 +5/8 .0
A= Lsind—L tan@2 _7 ’V(Cos ﬂ/ﬂ) 2:L sin 6 :
1+ tan"0 sin @’ \/(7<c0s9*+ﬁ/ﬁ*)) +sin* 6
v(cost” +5/8)
—>A:Ll sin 6 _ 5 sin @

7 \/(0050* +ﬂ/ﬂ*>2 +izsin2 9 \/(cose* +ﬂ/ﬂ*>2 +i2sin2 0
Y Y

A= B sin 6

> [Br——— = [frtan—
B8 -1 14cosd 2

y = — — Find statistical distribution of y for isotropic 6 ,exponential 7

-—— Get a measurement of the decay lifetime

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

Spring 2011 E.Menichetti - Universita' di Torino
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‘ Vertex Detection: Charm

1200.

1000.

800.

600.

Candidates / 0.125 ps

200.

400.

—

L

[CLEO IL.V

O DATA
— Fit

D® Candidate Proper Time (ps)

DY Lifetime

Before and After Vertex Cuts

ty

t
#I

+ - F
t# 0 e

iyl

H

i R

1

(ko) G/

@TBA

D* selection,
with and without
secondary vertex

Wik

-
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‘ B Tagging: ALEPH

I ALEPH >

Runel:sdds’ Evt=4055

= =] TBA
@ P o) <
i ]
NEE A
J oﬁ:
‘1 - lll::m -------- E‘ T rx ------ - u'ml
(o) e
i 2mm ) Kt
CE ' Bg — g
_: o " - :- K
Eg B : —— e — lp ------- Ds n+
[EE Vo ~
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'DELPHI and 1.3: B Lifetime
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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.Z0

— 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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