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Isospin Symmetry

* The nuclear force of the neutron is nearly the
same as the nuclear force of the proton

+ 1932 - Heisenberg - think of the proton and the
neutron as two charge states of the nucleon

* In analogy to spin, the nucleon has isospin 1/2
I.=1/2 proton
I.,=-1/2 neutron

Q=(I3;+1/2)e

+ Isospin turns out to be a conserved quantity of

the strong interaction
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Isospin Symmetry

»+ The notion that the neutron and the proton might
be two different states of the same particle (the
nucleon) came from the near equality of the n-p,
n-n, and p-p nuclear forces (once Coulomb
effects were subtracted)

* Within the quark model, we can think of this
symmetry as being a symmetry between the u and
d quarks:

p=duu I, (u)= 3
n=ddu I,(d)= -3
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Isospin Symmetry

* Example from the meson sector:
- the pion (an isospin triplet, I=1)

7 = ud (I; = +1)
= du (I;=-1)
70 = (dd - ua)/v2 (I, = 0)

The masses of the pions are similar,
M (m*) = 140 MeV M (°) = 135 MeV,

reflecting the similar masses of the uand d
quark
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Isospin in Two-nucleon System

» Consider the possible two nucleon systems
-pp I3=1 =1I=1

-pn I3=0 =TI=00rl

-nn  Iz=-1 =1I=1

» This is completely analogous to the combination of
two spin 1/2 states

- pisIz;=1/2

- nisI;=-1/2
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Isospin in Two-nucleon System

» Combining these doublets yields a triplet plus a
singlet

2®2=3>1

Total wavefunction for the two-nucleon state:
Y(total) = ¢(space) a(spin) x(isospin)
Deuteron = pn
spin=1 = o issymmetric
L=0 = ¢ is symmetric [(-1)-]
Therefore, Fermi statistics required x be antisymmetric
I = 0, singlet state without related pp or nn states
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Isospin in Two-nucleon System

Consider an application of isospin conservation
- (i)p+p — d+mx* (isospin of the final state is 1)
- (ii)p+n — d+a0 (isospin of the final state is 1)

- initial state:
- () I=1
* (i) I=0o0r1 (CG coeff say 50%, 50%)

- Therefore o(ii)/ o(i) =1/2
- which is experimentally confirmed
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Isospin in Pion-nucleon System

Consider pion-nucleon scattering:

- three reactions are of interest for the contributions of
the I=1/2 and I=3/2 amplitudes

(a) &t p—n+p (elastic scattering)
(b) = p—n"p (elastic scattering)
(c) = p—n"n (charge exchange)

= o [ (WelHlwi ) P = Mi?

M; = (e (172) [Hyly; (172))
M3 = (e (372) [H3ly; (372))
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Clebsch-Gordon Coefficients

J J

Notation: M M ...

nyom,

my o my | Coellicients

1x1/2 —

+1 +1/2]  1R1/2 4172
+1-1/2| 1/3 2/3| 3/2 1/2
O0+1/2| 2/3 -1/3}-1/2-1/2

0-1/2| 2/3 1/3
-1+1/2| 1/3-2/3
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Isospin in Pion-nucleon System

- (a) wt p—=n*p (elastic scattering)
(b) == p—=np (elastic scattering)
(¢) m p—n"n (charge exchange)

- (a) is purely I=3/2
o 0,= K|M;|?
- (b) is a mixture of I =1/2 and 3/2
) = e =V 1/3 [x(3/2,-1/2)) =V 2/3 |x(1/2,-1/2))

oy = Kl(welHyrHslp; )P
= K [(1/3)M5+ (2/3)M|?
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Isospin in Pion-nucleon System

- (a) wt p—=n*p (elastic scattering)
(b) == p—=np (elastic scattering)
(¢) m p—n"n (charge exchange)

- (c¢)is amixture of I =1/2 and 3/2
i) =V 1/3[x(3/2,-1/2)) =V 2/3 [x(1/2,-1/2))
ey =V 2/3 [x(3/2,-1/2)) + V 1/3 |x(1/2,-1/2))

o, = K|(we|Hi+H;3 w; )P
= K | V(2/9)M; - V(2/9)M, 2

Therefore:

Ogt 0yt 0. = [M3]2:(1/79) M3+ 2My[2 :(2/9) M3 - M2
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Isospin in Pion-nucleon System

O, Ot 0,.= [M5]|2:(1/9)|M5+ 2M, |2 :(2/9)| M5 - M, |2

Limiting situations:
M; >> M,
0, 0, 0,29:1:2
M; >> M3

o 0,:0.=0:2:1
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Isospin in Pion-nucleon System
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Isospin, Strangeness and Hypercharge

+ Q=[I;+(B+S)/2]e=(I;+Y/2)e
- B = baryon number
- S = strangeness

- Y = B+S = hypercharge

+ Example, u and d quark
u) I,= 1/2,B=1/3,5:=0, Q=[1/2+1/6le= 2/3e
d) I,=-1/2,B=1/3,5=0, Q=[-1/2+1/6le=-1/3¢

Beyond strangeness
Y=B+S+C+B+T

= baryon # + strangeness + charm + bottom + top
J. Brau Physics 661, The Quark Model 14




A+

Decays

Baryon number conservation requires the A to decay to to p or n. (Higher mass baryons not accessible)

Strong interaction favoured 10,000-fold over an EM decay.
As the strong interaction dominates, use isospin to understand relative rates using:

AYDY=II=3L=3) Ip)=133 )=I3-3)
7y =11,1) 7% =11,0) |77)=11,-1)

Decompose [ = % state into possible combinations I = % and/ =1

A”

And deducing branching ratios:

J. Brau

BA* - %)  Kap|ADE V23R

3.0 =% 15-biLD + 31 DHiLo

Loy k1 o+ 2 p) k)

BA* - ) (e | AR 1731

From M. John, http://www-pnp.physics.ox.ac.uk/~mjohn/Lecture3.pdf
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Quark Model

* Patterns of observed particles led to proposal in
early 1960’ s that hadrons were composed of quarks
- u, d, and s (at that time)

Were quarks real?
- exhaustive searches for free quarks were unsuccessful

With the discovery of “confined” quarks in the
1970’ s it was realized that quarks truly exist, but
cannot be freed
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Eightfold Way - 1961

Murray Gell-Mann and Yuval Ne'eman

weronr crsi- 20
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Internal Structure - 1964

SU(3)
Murray Gell-Mann and George Zweig

X
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f -2/3
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Baryon Decuplet

- Lightest spin 3/2 baryons

S S
ddd ddu duu uuu ) 4" 40 4 4+
e - LS e s I=3—= ®° @7 10 ® ® (1232)
S 0 4 %)
\ / v
\ / Q)
\ / c
\\dds dus ,/uus 2 Q| I
L g—L—® @ lh = 1—=— -8 2 ® I, (1384)
N -] S ST T
\ / < isospin (3rd comp.)
\ / 4+
\ / v
\ / i =0
dss o\ -2 ;) uss | =1— R b 2T (1533)
\ /
A /
\ /
\ |/
\l/
$8S o‘::) -3 /=0 —= Q®-3 (1672)

Before the Q- was discovered, it (and its properties) were
predicted by this pattern
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Discovery of the Q-

K~ 4p— Q@ + K4+ K°
2%+ 77 (AS = 1 weak decay)
7%+ A (AS = 1 weak decay)
7~ + p (AS = 1 weak decay)
vy + y (electromagnetic decay)
\ \

ete” eTe”

@  Three, sequential decays
of the strange quark

@) Q™ =8ssS
=0 = ssu
A =sud

J. Brau Physics 661, The Quark Model 20



Baryon Decuplet

- Notice the masses s
M(A) = 1232 S 3 M.
M(Z) = 1384

= M(a) + 152
M(E) = 1533

= M(Z) + 149
M(Q) = 1672

= M(E) + 139

We see an orderly increase of mass with
number of strange quarks

J. Brau Physics 661, The Quark Model
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Baryon Octet

n 0 p N(939) udd vud
Q———|—-—-@ ® ®
/ \
/ \
/ \
/ \
> Xt 2(1193) dds uds uus
el ®® ¥ ®- ® S
-~y . fs 41 A(1118) ®
\\ /
\ /
\ s
\ /
®———42--8 ® ®
- =0 Z2(1318) dss uss
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Mass Splittings

The mass splittings between members of isospin multiplets, as expected, are order of:

Am - a107
m

Am (MeV/c?) m,, (MeV/c?) 10° Am/m

n—p 1.3 939 1.4
) 2 EEH s 3.1 1190 2.6
- —-X° 4.9 1195 4.1
B- —-E° 6.5 1318 49
K° - K% 4.0 495 8.1
% — 79 4.6 140 33

Note that particle and antiparticle must have identical mass (CTP Theorem). However
Z* and Z- have different masses, since they are both baryons, rather then baryon and
antibaryon.

From L. Spogli, http://webusers.fis.uniroma3.it/~spogli/lsospin.pdf
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Quark Spin and Color

- Consider the A*
- spin 3/2  (uuu)

- therefore ufufu?
* now, this appears to violate the Pauli principle

- two or more identical fermions cannot exist in the same
quantum state

* resolution, another quantum number (color) and each
of the u quarks have a different value:

ut(red)ut(green)u?(blue)
and we have to aniti-symmetrize the color
ututu? (rgb-rbg+brg-bgr+gbr-grb)

J. Brau Physics 661, The Quark Model 24




¥ Lifetime and Color

*+ We also know from the rate of decay of the xi®
that there are three colors

BT aYe e W
/

v

L(70—yy) = 7.73 eV (N./3)?
I'(observed) =7.76 + 0.6 eV
N.=2.99 +0.12

+ Also the rate of e*e— hadrons tells us N, = 3
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0 Lifetime and color

* Theory: I'(n®— yy)=7.73 eV (N./3)?

t=h/T'= 197 MeV-fm/(3 x 1023 fm/s T)
= 6.6 x10% s /T'(eV)

= 8.5 x 1017 5 (3/N,)?
d=ypct= 2.6 x102um (p/m) (3/N.)?

Suppose p = 5 GeV, then d =1 um (3/N_)?
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' Lifetime Experiment

-
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d~1lum forp=56eVand N_=3
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¥ Lifetime Experiment

Technique - use thin foils for target,
convert photons into e*e” pairs,
and count as function of target thickness (1)

Proton beam

>
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' Lifetime Experiment

Production rate of n® is K dx

. Then, n%s decay with decay length A

. Pairs are produced immediately as Dalitz
pairs in fraction B of decays, or appear in
conversion with prob dy/X,

4. Prob. that either photon converts in the

foil is then (t-y-x)/X

Pair Production Rate

R(t) = KH{ B
+ 1/X [t/ 2-0+02/1(1-eT/M)] }

J. Brau Physics 661, The Quark Model 29
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¥ Lifetime Experiment

R(T) = Kt{ B + 1/X,[t/2-M+A2/t(1-et*)] }
Thin foil = t< A

and A/x~1um/l1cm<B~ 107

R(t) & Kt (B + 12/60X;) ==

J. Brau Physics 661, The Quark Model 30



¥ Lifetime Experiment

ol
F &
R(T) » Kt (B + t2/6AXp) |
x.10"‘ }/////
/
t=3,4, 18,58 um Py
. /
(platinum) a0l ,{/,//
S
p=56eV/c : k'/ijy/,,
S /
;,g_ 29L ///}.-_ D line (from 18- and 58-u foi's)
onbeamt ///
// G. Von Dardel et al.,
28(_ Phy. Lett. 4, 51 (1963)
e e s b of S af
0 1 i 8" A 5 6 7

Also Atherton efogll.l:icknass. 7
Phy. Lett. 158B, 81 (1985)

Part. Data Group t©=8.52+0.18x10""sec = N.=3
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Baryon Octet

n 0 p N(939) udd vud
Q———=|-—--R@ X ®
/ \
/ \
/ \

/ \

) i zt Z(1193) s uds uus
ol ®® é ®- ®® &
~1\\ 4 /5 , +1 A(1118)

g /
\ /
\ !
\ /
®———42--8 ® ®
o =0 Z(1318) dss uss
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Baryon Octet

* Multiplet including the neutron and proton
- lightest spin 1/2 baryons

- wavefunction symmetric under simultaneous
interchange of flavor and spin

- total wave-function must be anti-symmetric
* (flavor)(spin)(color)(space)

- color is anti-symmetric for all hadrons because they
are color-neutral, singlet states

- space is symmetric because L=0
. (flavor)(spin) is symmetric
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Baryon Octet

+ Consider the proton (uud)

- two quarks in the spin singlet state
- (11-11)/v2  (anti-symmetric)

- these quarks must also be in an anti-symmetric
flavor state for an overall symmetric flavor-
spin wavefunction

* (ud-du)/ v 2  (anti-symmetric)

- Third Quark is spin up
(utd| - uld? - dtu| +djut)u?
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Baryon Octet

- Now symmetrize by making cyclic
permutation
(2ututd| + 2d|utu? + 2utd{u?
-uldtut -utuld? - ujutd?
-dtujut -utdtu} -dtutul) /v 18

J. Brau Physics 661, The Quark Model
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Magnetic Moments of Baryons

* Magnetic moments of the nucleons
- proton  2.793 nuclear magnetons

- nheutron - 1.913 nuclear magnetons

- [ nuclear magneton = éh/(2Mc)]

* Recall the proton wave function:
(2ututd| + 2d|utu?t + 2utd|u?
-u{dtut -utu}d? -ujutd?t
-dtujut -utdtu} -dtutul)/ v 18
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Magnhetic Moments of Baryons

proton: (2ufutd| + 2d}utut + 2utd|u?
-uydtut -utu{d? -ujutd?
-dtujut -utdtu} -dtutul)/ v 18

U, = 12/18 (2u,~uq) + 6/18 (uy)
=4/3 u,-1/3 4
u, = 4/3 uy-1/3 u,

Mu:—zud

w, = 4/3 u,-1/3(-1/2 n,) = 3/2 y,
w, = 4/3(-1/2 u,)-1/3 w,= - w,=-2/3 u,

J. Brau Physics 661, The Quark Model
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Magnhetic Moments of Baryons

proton: (2ufutd| + 2d}utut + 2utd|u?
-uydtut -utu{d? -ujutd?
-dtujut -utdtu} -dtutul)/ v 18

w, =4/3 u,-1/3 uy = 3/2 y,
w,=4/3 ug-1/3 w,=-u,=-2/3 y,

Consider other octet baryons -
Easiest are those with two identical quarks:
>-(dds), =*(uus), =(dss), =° (uss)

J. Brau Physics 661, The Quark Model
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Magnetic Moments of Baryons

consider =+ (uus) - replace d in proton with s
proton: (2ufutd| + 2d}utut + 2utdju?
-ujdtut -utu|d? - ulutd?
-dtujut - utdtu} -dtutul)/ v 18
>+: (2utuls| + 2s|utu? + 2utsju?

-u{stul -utulst -ulutst
-stujut - utstuy} -stutul)/ v 18

w, = 4/3 u,-1/3 uy = 3/2 y,
w=*) =4/3 u,-1/3 u,
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Magnhetic Moments of Baryons

With similar arguments, we find for the other
baryons with two identical quarks:

w=)=4/3 uy-1/3 uq

WE = 4/3 ug-1/3 u,

WE") = 4/3 ug-1/3 uy
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Magnetic Moments of Baryons

consider X0 (uds)
get 20 from I-(Z+) [I(u)=d/v2 ,I(d)=0 ]
I7(z+)=I-(2ufuts| + 2s|utu?l + 2uls|u?
-u|stul -ufulst -ulufs?
-stulutl -ufstu| -stutu}) /v 18
= (2dtu?ts| + 2ufd?s| + 2s|dful + 2s|utd?
+2d7s|ut +2ufs|d?} - d|stul - u|std}
-dtuls? -utd|st -djutst -uldis?
-std{ut -stu}d?} - dtstu| - utstdj
-stdtul -stutd})/ Vv 36
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Magnhetic Moments of Baryons

0= (2dtufts| + 2uldts| + 2s|dtut + 2s\utd?
+2d?s\u?l +2ufs|d?} -d|stut - ulstd?}
-dtuls? -utd|st -dj\utst -uld?s?
-std{ut -stu}d?} -dtstu| -utstdj
- stdtul - stutd|) /v 36

W= = [6 x4 (u,+ ug-ug) + 12 x uJ/36
=[2 u,+ 2 ug- ugl/3
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Magnhetic Moments of Baryons

Magnetic moment Predicted, Observed,

Baryon in quark model n.m. n.m.
p % Uy — —% L +2.79 +2.793
R %,u.d — %u.,, —1.86 —1.913
A s —0.61 —0.614 4+ 0.005
b T — % hs +2.68  +2.46 £ 0.01
i THd — 3L ~1.04  —1.16+0.03
=0 THhs — 3 My —1.44  —1.25+0.014
Ol Ths — THd —-0.51  —0.65+0.01
(2= 3iks —1.84 —2.02 +=0.05

m, (= m,=my) = 336 MeV m, = 509 MeV

J. Brau
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Experi- Simple

ment model
° 3 e .
Magnetic : ot b,
Moments - ’
2 L
Of i
Baryons o
! —
Dirac: 2 -
* u=gS/m 30—
for spin 3 e - =
: = [ - input A
= q/2m e P .
up: q,=2/3e m,*1/3my | ———_ =
sou, M2y & pugdopy [ T I A
_ Particle Data Group 2010 —2 — —— input n

Wy = +1.832 upn, pg = —0.972 uy, and pug = —0.613 pup



Light Pseudoscalar Mesons

+ Combine a quark and an antiquark

-3®3 :=8d1

0 — —

J. Brau

S
1 K (us)
-
/ \
/ 0\
/ \
/ \
/ \
/ \
\ / \
\ // \
. \ P
,\\ / 1 \ " (ud)
— S ¥@- 29 -
/ A 2 / 1 lf&
/ \ /
/ \ /
/ \ /
/ /
\ /
\ /
\ /
\ /
\/
=} K (sd)

Physics 661, The Quark Model

45




Light Pseudoscalar Mesons

+ Combine a quark and an antiquark

-3®3 =8@1
S
)
SO L O The strangeless mesons
7\ /\
£ N | 7\ -
; VA ! P / I3 Wavefunction Qe
\ / \
/ / - i
/ \\\ / \\\ I I ud = +1
/ _ - =
x(d0) / | N[/ L \rted) 1 —1 —ud =1 —1
4\ -1 / \UI 3 / 1 /3 | 2 = 0
\ / / - = - —
1 FARN ] 1 0 7 (dd —uu) =nm 0
\ / \ /
\\ a \\ // 1 3 =
/ 0 0O —=(dd+uu)=r 0
\\ y \\ // \/5 ( + ) ]
\ / \ /
\ / \ /
S =" This table ignores the strange quarks
K~ (sa) = K (sd)
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Light Pseudoscalar Mesons

» C operation on quarks
- (Condon-Shortly convention)

Nucleons Quarks

I3 particle antiparticle particle antiparticle

p +n U +d
T (1><:

n —p

+
DO = DI

—U

J. Brau Physics 661, The Quark Model
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Light Pseudoscalar Mesons

Quark Mass,
I J£) S Meson combination Decay MeV
(1 1 0 nat d
! Tt - pv 140
1 =1 0 T du
0 B O 0
1 0 0 g - (dd — uu) Tt — 2y 135
—é— —% +1 Kt us Kt — uv 494
octet 4
P -3 41 K° ds KO — 7tn= 498
% —% —1 K~ us K~ — v 494
% % —1 K° ds K — atn— 498
LT - o= .
[ 0 0 0 ng v (dd + uu — 2s5) n— 2y 549
singlet 0 0 0 1m0 _]ﬁ (dd + uit + 55) n — nrmw 958
— 2y
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Light Pseudoscalar Mesons

Gell-Mann Okubo Mass Formula
4M)? = M2+ 3 M2

0.988 GeV?2 = 0.924 GeV?

J. Brau Physics 661, The Quark Model
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The light vector mesons

} S
| '
K. o _ =K
R
4 | \
// | \ Mass, MeV  Dominant decay mode
/ | \
/ : \\ 776 p—> 2
/ .
7 | X 892 K*—> Kn
|
vl Ale? p~\;& 783 w— 3
=i @ 10 1019 ¢ — KK
\ i /
\ I /
\ | #
\ I /
\ | /
\ | /
\ | /
\ k* | K* g
R e o T ®
—1
|
I
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The light vector mesons

¢(1020) DECAY MODES

Mode Fraction (I; /T)
N KK (40.4 <07 )%
,  K9KY (336 +06 )%
3 prw 7% (155 106 )%
[ 4 P
[g Trw
e 1M ( 1.208-+0.029) %
r; w0 (124 £0.10 )x 103
s ete (206 +0.05 )x 104
o ptp (20 +04 )x104
‘ +08 .
i ot (7.3 +13 )x10°°
J. Brau

w(782) DECAY MODES

Fraction (I; /')

Mode
4 a0
[ w0 -
r3 I
4 neutrals (excluding n%)
s 17
g mlete
[7 :TO[l T
g eTe

Physics 661, The Quark Model

(88.6 +0.7 )%
( 8.66+0.35) %
( 2.23+0.30) %
(48 11>
65 £1.0 ) x
5.0 £1.0 ) x
0.6 £2.3 )
6.07 £0.13) x

0
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The light vector mesons

 “ideal mixing”
b, = (Ul +dd - 2s3) / V6
¢, = (ud+dd+ss)/V3

o = (py—-V2dg)/ V3 =55
w = (pg+V2¢,) 7/ V3= (dd + uu)/ v2

J. Brau Physics 661, The Quark Model
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The light vector mesons

(a) ‘ (b)

Suppressed like J/Ap, because
of unconnected quark lines
(OZI rule)
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Pion-nucleon cross-sections

o(mb)

100

[ | Illlll|

LI LIL

1 10 100 1000 10000

vs (GeV)

o(ntp) = 2/3 o(pp)
Additive quark model
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Lepton Pair Production on Isoscalar Targets

» Drell-Yan production

o(@C—=pu+...)~18 Q2 =18(4/9)
o(C = uu + ...)~ 18 Q4% = 18(1/9)
since " =ud
nt=du
C = 18u + 18d
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Vector Meson Decay to Leptons

,+

Meson Quark wavefunction |Za; Qi|> T,i.-,keV  Tor,-/|2a; 0;l?

p -5 (uit — dd) 5 6.8 +0.3 13.6 0.6
® 7 (uit + dd) s 0.60+0.02  10.840.4
¢ 5§ 5 1.37 +0.05 123+0.5
v cc . 53 +£04 11.940.9
Y bb 5 1.32 4 0.05 11.940.5
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Baryon Octet

n 0 P N(939) udd uud
Q———|-—-Q R ®
/ \
/ \
/ \
/ \
4 ¥ \ 1 dd
- Xt 2(1193) s uds uus
ol ®® é ®- ®® &
~1\\ 4 /3 )+ A{11186)
\ /
\ /
\ 14
\ /
®———42--® ® ®
E- 50 Z(1318) dss uss
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Baryon Octet

- Notice the masses

M(N) = 939

M(Z) = 1193 A
= M(N) + 254 /

M(A) = 1116 %i

\ T+

ZO
. A -

- M(N) + 177 ~ \ A
M(Z) = 1318 \

= M(Z) + 125 T %

= M(A) + 202

/s + 1

N(939)

>(1193)

A(11186)

2(1318)

Pattern is more complicated than for decuplet

hyperfine splitting

J. Brau Physics 661, The Quark Model

58




Mass Relations and Hyperfine Splitting

* AE(QQ) = 8nay, hp(0) o;. 0,/ 9Imm, = 2K o;, 0; / mym;
* AE(QQ) = 4ma, Y(0)* o;. G; / 9mi;r}j_= Ko;.o;/ mm
Baryon and  Quark composition Predicted

mass (MeV)  (n denotes u or d) AE/K mass, MeV
N (939) 3n —3/)}1,31 939
A(1116) 2n, ls —3/m> 1114
> (1193) 2n, s l/m;': —4/(mymy) 1179
=(1318) In, 25 I/m,zz —4/(mymy) 1327
A(1232) 3n 3/m?> 1239
>.(1384) 2n, 1s l/m,zl + 2/(m,my) 1381
=(1533) 1n, 2s I/mf + 2/(mumy) 1529
Q(1672) 3s 3/m? 1682

§

due to color field — analogous to, but stronger than, EM hyperfine splitting
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Electromagnetic Mass Differences and Isospin Symmetry

M(hadron) = M. + AMgy,
M,,.. = constituents plus S.I. (incl. hfs)

Expect the AMg,, for multiplet to be same for like
charge particles:

AM(p) = AM(Z)

AME) = AM(E)

AM(Z%) = AM(n)
With bare masses:

M(p) + M(Z) + M(E?) = M(Z+) + M(E") + M(n)

M(p) - M(n) = M(EZ*) - M(Z7) + M(E") - M(E)

-1.3MeV = -8,0MeV +6.4MeV = -1.6 MeV
M, -M, = 2 MeV
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Color

3 different color states Hadrons are combinations
- Xc=r,g,b of quarks with Y¢ =0 and
Color hypercharge I3¢=0
_ e so baryons=rgb
: . & mesons = r anti-r, etc.
Color isospin
- IC
(a) Quarks (b) Antiquarks
I y¢ I$ y¢
r 1/2 1/3 r —1/2 —1/3
g —1/2 1/3 g 1/2 —1/3
b 0 —2/3 b 0 2/3

J. Brau Physics 661, The Quark Model
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Quarkonium

Similar energy levels to positronium

Positronium
—
238
10 k-
~ 3
K = 2'p
‘ . Masill|
S. L Ml 2P|
3
4
23py
()k 2's, El
@<
10% L TAMI
T !15\
]
o
5 L
W M1 (8.4 x 107% eV)
a
(JF
| A

0 17
e
IFC = r
J. Brau

4.0

Mass, GeV —
n

Charmonium

Bottomonium

n 2S+1 LJ

W(4040) "—"7_;_

DD
W(3770) R
T—— DD threshold
W(3685)
1°p; ——H
1°P, TH
17p, H

W(4160) SR

138, "
7
/ T Y09

Hadronic
_i_H decay
A

<o

+

-
e

l().5£

10.0F

4S Smam T (10580)

Y (9460)

BB threshold

1 {4t ind i
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Quarkonium

- But also different!

- Positronium has Coulomb-like (r-!) energy levels;

quarkonium doesn't

35 3P 35
28 2P 3p

25
2P

15 15
(a) Coulomb (b) Oscillator
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Quarkonium

- Different potential:
- positronium -> Coulomb
-V=-a/r

- quarkonium -> potential from QCD
- expected potential of the form
~ V=-(4/3)o,/r +kr

J. Brau Physics 661, The Quark Model
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Quarkonium

- V=-a/r +br a=0.3
. b=0.23GeV?

0.0 05 0 15
r (fm)
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Quarkonium

+ V=-(4/3) o,/ r +kr

ag= 0.2

k~1GeV fm!

J. Brau

0

Physics 661, The Quark Model

I
1.0
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Quarkonium

For the heavy quarks, a non-relativistic
approximation is valid:

- p/m ~ 0.13

Fine structure is of order o, and therefore
coarser than for positronium, as observed

J. Brau Physics 661, The Quark Model
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Charmonium

Charmonium

(A 160)

J. Brau

DD

W(3770)

V4040)

e

== .
DD threshold

- -

1S,
3097
/ —I-E{ W (3097)
¥
B, I
.\.0‘ l SH n (ngo)
H
Hadronic
_ﬁ-{ decay
L 1 A ___J
O 1 i]):
24+
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Bottomonium

[ ]
Bottomonium |
B B threshold
sk T TN
38 Y (10355)
2p
H
| 2S ¥ (10023)
10.0
/ / 7—- Ip
/
9.5k
1S Y (9460)
H
L 1 1 -
1 - (4 3 15a 2++
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Mesons Built of Light and Heavy Quarks

+
Pseudoscalar

mesons in SU(4)

= D
- D* (=cd) %

- DO (=cn) 0

. D+s (:Cg) X ﬂ .. ’ _ ud .7[+

K"
=—& 0
D dcsc L=2D

‘DS Particle Data Group
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Mesons Built of Light and Heavy Quarks

% +
Vector mesons

in SU(4)

S
D © &3
. D* (=cd) / *0 % *
- D9 (=cu)
. 0l
- D™, (=cs) o‘.‘ ud
sz Y og P
K*C \ K*O
D* dES_/ uc=*% 1)*0

%+
+
+

D;" - Particle Data Group
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Mesons Built of Light and Heavy Quarks

Charmed pseudoscalar mesons decay via AC = +1 weak
interactions with lifetimes of ~ 1012 sec largely to
final states containing strange particles

eg. DO —Kn+

or C—™S

J. Brau Physics 661, The Quark Model 72




Mesons Built of Light and Heavy Quarks

WA 21 /'(‘
EVENT 294/0995

\f /!
vp > uTDp i.'ztz.s f.i.b ~
1 |/ ’
- D:'-T‘ | / /
e
|~'I(".'r+ 4
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Mesons Built of Light and Heavy Quarks

In heavy quark-light quark system, heavy quark has small
effect on energy levels ~ A/M ~ 0.2 Gev/M

Hyperfine splitting smaller than for light quark mesons -
~1/M

Heavy quark mass  Triplet—singlet difference Product

M. >~ 1.86 GeV Mp« — Mp =0.14GeV  M.(Mp+ — Mp) = 0.26 GeV
My ~ 5.28 GeV Mp= — Mp = 0.046 GeV  Mp(Mp+ — Mp) = 0.24 GeV

~1/M independent of M
(color magnetic int.)

Mass difference for pseudoscalar states only weakly
depends on heavy quark mass

- M(D.)-M(D*) = 1968-1870 = 98 MeV
- M(B,%) - M(B®) = 5366 - 5280 = 86 MeV

J. Brau Physics 661, The Quark Model
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Charmed Baryons

There is very weak evidence for a baryon
with two ¢ quarks, a =*.. at 3519 MeV.
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Top Quark

- First observed in 1995 at Fermilab
- M=173 GeV

- pp—tt+X (1/10 collisions)
— Wb W_B
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proton - (anti)proton cross sections

10° grrre L e e e e R T 10°

10° 10°

Top quark | — w0

. 0 Tevatron LHC 10

pI"OdUCTIOn 10° : 10°

10° 10°

10° 10*

Leading order Feynman diagrams: ~ *° . 10
10 O’M(ETle > \/3/20) 102

-§ 10' O 10'

: 0 Oz .

>mm< 10 o, (E* > 100 GeV) 10
10" 10"

_ — 10° ' 10?
q+qd — Q+Q 3 3
10 0, 10

g+g — Q+Q

10° a (E, > Vs/4) 10*
10° E Friges(M,; = 150 GeV) 10°
10° M. = 500 GeV 10°
\ oHiaus( H= eV)
107 ST 107

0.1 1 10

AISO q + g _{ a‘al_ll_ Q + Q Physics 661, The Quarb%\/[o CIBV) 77

33 2 -1
10 cm™s

events/sec for L



Top Quark Decay

J. Brau

%
o
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Top Quark Decay

» Top quark is very short lived, not long
enough for bound states to form

* Particle Data Group:
I'= 141 (+0.19 -0.15) GeV
t=H/T= 197 MeV-fm/3 x 1023 fm/sec/1410MeV

~ 5 x 10-2° sec
t /b
>
%2/W
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Top FCNC Decays

» Top quark flavor changing neutral current
(FCNC) interactions are highly suppressed
in the Standard Model.

»+ B(t—Xq) ~10-17 - 1017,

where X = Hy,Z or q.
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Top FCNC Decays

» Top quark flavor changing neutral current
(FCNC) interactions are highly suppressed
in the Standard Model.

» Any large signal of FCNCs will indicate the
existence of new interactions.
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Top FCNC Decays

* BSM theory predictions

BRFCNC |t—qgy t—qZ
SM 1014 1014
QS 10-° 10—¢
2HDM 10-° 10~/
MSSM 10-° 10-°
RPV SUSY | 10°® 10>
TC2 106 10-4
RS 10~° 10>

J. Brau
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Top FCNC Decays

» Top quark flavor changing neutral current
(FCNC) interactions are highly suppressed
in the Standard Model.

» Any large signal of FCNCs will indicate the
existence of new interactions.

+ LHC experiments are searching for FCNC
interactions in Yop quark production and
decay

© ppotHy, ppo L
+ t—qgZ, t—qgh
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Top FCNC Decays

KT 1E'|'W'HV| T lllll"l T llllnl‘l T lllll'l'l'l T lllnll'l T 17117
z 95% C.L.
T EXCLUDED
BRFCNC |[t—qy t—qgZ T 10" LEP REGIONS
SM 10-14 1014 @ COF N
QS 10 10-% ol j
_ _ f—
2HDM 107 1077 E ATLAS (21b) ;
MSSM 10-° 10-© N CMS (4.6 fb™) . T
] > .
RPV SUSY | 1076 1075 "07E Atias simutaton a3
TCZ 10—6 1 0_4 - extrapolated to 14 TeV: Bl
-9 -5 104 E _ - |
RS 10 10 o T i—s 30010 = f‘f&’f{’, =
it ;F - (sequential) 3
105 ) : : ' (segua:ntial) il
E 5  3ab’ 3
' s [discriminant)
: |:||u|,.u| 1 |||||||] 1 11 |,|_u| 1 1111
10° 10 10° 107 10" 1
BR(t— qy)
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EXTRAS

J. Brau
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Group Theory

* Quarks are fundamental representations of the
group SU(3)

33 =6®3 33 =8@1
33®3=18®8®10
1 is anti-symmetric under interchange of two quarks

10 is symmetric under interchange of two quarks
8’ s are mixed under interchange of two quarks
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Group Theory - Combining Multiplets

* Multiplet Labels
- SU(n) -> (n-1) non negative integers

((x’7 ﬁ’ Y’ "')
so for SU(3) (ao,p) (lengths of top,

and bottom)

® Y A

(1,0) (1,1) (3,0) (0,1)

J. Brau Physics 661, The Quark Model
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Group Theory - Combining Multiplets

* Number of Particles in the Multiplet
- For SU(3)
N = (a+1) (B+1) (0+p+2)/2

(1,1) (3.0)

-1

A S v

(1,0) (0,1)
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Group Theory - Combining Multiplets

* Young's diagrams
- Top row is a boxes past end of 2" row
- 2" row is B boxes past end of 3" row

N/ (o)

% (1,1)
v

A0
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Group Theory - Combining Multiplets

» Coupling multiplets

- Sequence of letters okay if everywhere at least
as many of an early letter (eg. a) has occurred
as a later letter (eqg. b)

- In one diagram, replace boxes by a's (15" row),
b's (2" row), etc.

- So

becomes i,

becomes +/s

becomes alala

becomes =
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Group Theory - Combining Multiplets

3®3= ®. = [H-8[1=(20)®(01)=6#3
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Group Theory - Combining Multiplets

]

@®

]
Ve
—
—
)
@
e
o
@
)
I

(0 0)
@
—

..............
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Group Theory - Combining Multiplets

33x3=(6®3)x3 =( ) ® a

®

I
®
®

= (3,0)® (1))@ (1,1) ®(0,0) = 10585851

vaXV:@a,% NAvAN
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