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Anti-quarks and Mesons (u and d)

The u, d quarks and U, d anti-quarks are represented as isospin doublets

=0 () |-

d U ) 7] —d _ 1
01 i 01 > I3 B : B » I3 | d=— (O)
~32 T2 ~3 +3

*Subtle point: The ordering and the minus sign in the anti-quark doublet ensures
that anti-quarks and quarks transform in the same way (see Appendix ). This is

necessary if we want physical predictions to be invariant under # < d; i < d

 Consider the effect of ladder operators on the anti-quark isospin states

_ 0 01\ /0 | —
eg  T=T:(1)=(00) (1) = (0) =~

* The effect of the ladder operators on anti-particle isospin states are:
T.i=—-d T.d=0 Tu=0 T.d=-u
T u=d 7T_-d=0

Compare with T+u — () T+d — U




Light ud Mesons

- Can now construct meson states from combinations of up/down quarks

d U u —d
® | . » I3 ® | . » I3
I 1 1 ]

—2 T2 ~32 T2

* Consider the gg combinations in terms of isospin i The bar indicates

1 . 1\1 1.7 = ithisis the isospin
17_|_1> — §>+§> §a‘|‘§> = —ud representation of
| - v ti-quark
1) = (bW Ty — g cnentauek
To obtain the /3 = () states use ladder operatfrs and orthogonality
T_|1,+1) = T_|—ud|
V2|1,0) = —T [u]ld—uT [d
= —dd+uu
—> 1,O>:\/L§(uﬁ—aﬂ)
- Orthogonality gives: 0,0) = \/LE (uﬁ—kdﬁ) 7




To summarise:

d U 1 P
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i Triplet of / =1 states and a singlet I = ( state

® ® o—» |3 @ ® » I3
0 0
*You will see this written as 2R 2=3 D1
' Quark doublet | - Anti-quark doublet

*To show the state obtained from orthogonality with \ 1,0) Is a singlet use
ladder operators

T.|0,0) = T+\%(uﬁ+d3) —
similary  7_|0,0) =0

* A singlet state is a “dead-end” from the point of view of ladder operators
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* Interaction of gauge bosons with fermions described by SM vertices

* Properties of the gauge bosons and nature of the interaction between
the bosons and fermions determine the properties of the interaction

STRONG EM WEAK CC : WEAK NC
q 8s q L e Lt d EW u , ¢ 87 q
|
Only quarks All charged All fermions | All fermions
Never changes fermions Always changes |, Never changes
flavour Never changes flavour ' flavour
flavour
Os ~ 1 o~ 1/137 oy /7 ~ 1/40
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Hierarchy
EWSB Unification, Quantum
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Dark Matter Neutrino Gravity
See-Saw

If SM valid up to GUT scale,
the theory has
extreme fine-tuning !
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Muon detectors

Hadron calorimeter

Crystal Electromagnetic

4 Tesla
Solenoid

All Silicon Strip
Tracker

Silicon
Pixels
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Qprod = M
Tprod — 1/M
Tdecay — 1/F
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See-Saw Mechanics




BRERNHMT

W FNBELAERIZE] —> BRieETNBEFE
B ATMEKR: BFHMUT vr

L /R
EEATFHWMT

New particle Vr vy old anti-neutrino
(Dirac) (Majorana)
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SM neutral not gauged under SU(2)xU
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Solid Scintillator (Nal, Csl)

CJPL

PandaX

Techniques:
Cryogenic (Ge, Si etc.)

Noble Liquids (LXe, LAr)
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Low-energy photons Positrons "'
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Cosmic Gamma-Ray

nm — WW,ZZ,--- inthe Galactic halo
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» Minimal
Supersymmetric
extension of the
Standard Model
(MSSM)

spin 0

» Little Higgs Model
with T-parity (LHT)

» Universal Extra

Dimension Model
(UED)
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M. Strassler 2011

The Exactly-Supersymmetric Standard Model
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quarks/squarks

Weak Nuclear Force
W W Z0 up-
H® H- type down-
“ type

neutrinos/
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Electromagnetic Force Strong|
Photon, Gluons (¢

Higgs/Higgsino




The Minimal Realistic Version of the
Supersymmetric Standard Model
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Count degree of freedom:
Massless gauge bosons have 2 transverse d.o.f.

Massive gauge bosons also have longitudinal d.o.f.

Before SSB After SSB
Massless W,~*°,B, Massive W*,Z
Complex @,,9, Massless 7
Total Complex h H,A,H*
Total
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Neutralino: Lightest SUSY Particle (LSP
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0 Chiral doublet

—LQ — YéjQL(i)UR + YlngL(I)DR -+ h.c.

o SU(2) doublet

Lo =Y, Gy Ptop+ Yr Qy, Plop+ Y Qy, ®bor + M QorQor + Hec.
—Lor =Y Qo Plor + Yr Qp Ptop + M Qo Qor + Hee.

T T X X
0ne = (54). 2on = (5) @t = (50 b= ()
OL BOL OR BOR OL TOL OR TOR

o SU(2) triplet Exotic Q=5/3 fermion

Ly =Y, Go Ptop+ Yo @, 70 @ Sor + M ZorYor + H.c.
—Lsy =Y Qo Ptop +Yr g 7 O X0 + M X, X0k + Hec.

Xor Xor / Tor / Tor
Yor = | Tor | > 20r= | Ipp or. = | Bor | » 2Yor = | Bor
By, Byg Xor Xor

Heavy Quarks, 20-21 Dec 2011 Koji Tsumura (ntu) Exotic Q=-4/3 fermion 78
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SUB)c®SU(2), @ SU(2): @U(1)x

Model

U(1)x

Left-right (LR)

1
& for quarks,

—% for leptons.

Lepto-phobic (LP)

1
& for quarks,

Y for leptons.

Hadro-phobic (HP)

Ysu for quarks,

—% for leptons.

Fermio-phobic (FP)

Y5\ for all fermions.

Un-unified (UU)

Yy for all fermions.

Non-universal (NU)

Y for all fermions.
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Axigluon KK Gluon Color Octet Scalar
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