Formula Sheets

0. Metric

1. Fields and equations of motion

(spin-0) ¢(x) =Y lagep(x) +ajes(x)], (9% +m*)p =0

P
L= % (8#4278“(;5 — m2¢2) (neutral)
L= 0,0'0"¢—m?¢T¢ (charged; with a; — b; above)

(spin-1/2) U(x) =Y lags (@) + b, g5s(x)], (i) —m)p =0
D,s
L =) —m)y
(spin-1) A(z) =Y laphly (2) + aly bl (@), 0, F* +m? AP =0
DA
L= —1F,F" + mTQAMA“ (neutral)
L= —1Ft

—5 ) F* + mzALA“ (charged; with a;)\ — b;“ above)
FHr = gvA* — gH A

(eﬁm: ﬁTv Frs(@) = upsep(m),  gps(x) = vpseila), hggx):egkeﬁ(x))

2. Pauli matrices
/(0 1 (0 —i (1 0
G1=\1 0) 27\ o) 7\ o -1

o0 =ioy (i,],k cyclic), o? =1

04, 0] = 2ieijpon, {oi,05} = 204

(@-3)(b-G)=ad-b+id-(@xb)
7% = cosa+ia-Gsina, (a=|d, a

3. Gamma matrices

{47 =2g", 5 =" =iy, (M =0



W=1 W=-1(=123), p=1

Y =T V5= —75s ’Y;TL =", PY; =7
uv

e L

[Dirac representation]

o (1 0 0 o 0 1
(o ) e (G B) e ()
[Weyl representation)]
0 0 -1 ; 0 o 1 0
(4 a) (G 8) el B
4. Dirac spinors
=" p), |5=1, s"=(0,5) (in rest frame)
p-s =0 (in any frame)
(b —mugs =0, (p+m)vzs=0
Up,s(p —m) =0, Vgs(p+m)=0

ﬂﬁ,sl uﬁ732 = 2’m55152 5;5781 Uﬁ,SQ = _2m68152
Up,s, Vp,s, =0 (51,2 = +1)
u; Ups, = 2E0,, viﬁm V_ps, = 2E85,s,
uT_,S1 V_gp,5, =0 (s1,2 ==%1)
u 1+ 95¢ T 1454
UpsTips = (b +m) =, UpaTps = (p —m)— -

Zupsups—ﬁ—i—m) vasvn (p —m)

[Explicit expressions in the Dirac representation]

1 £
Upt = \/E+m( T >Xi, Vgt = \/E+m<E{m>ij

E+m
(§' E)Xi = +x4, XL Xsz = 55152 (812 = i)
1 (1 + s,

V20 rs)\ st > X- = \/17—&’( _1> (s+ = sz £ isy)

) ()

X+ =



5. Spin-1 polarization vectors

e, = (0,65y) €x=1.2,3 =€y, €y, 6 (in rest frame), ez -p = 0 (in any frame)

- . P P°
55’1 = (0,€p), fgg = (0,ép), Egg = (E’ oy ) (in any frame)
1
€y = :|:—2 (e Tiey), € =eps  (helicity basis)

W ()\ = 1,273 or :’:70)

i g% A A
> e = 8ij — Pib;
A

. L kMEY 4 kPR A=1,2 or £. Coulomb gauge: %, =0
(m =0) M= 9" T ( b ) )
S k- k k= (kO k), k= (KO, —F)
> e =—¢" (QED)

A

6. Trace theorems and related formuli

dpbh =200 gd =

Trviy -« Yigns =0 (s =0,1,2,3: odd number of 4’s. 45 count as 0.)

Trviy - Yig,, = Tr%,,, -V, (reverse order)

Trl1 =4
Trgp =4a-b Try, vy = 49,0
Trgpéd =4(a-be-d—a-cb-d+a-db-c)
Trdado...don = oo (—1)ar -a;Trds ... di—1dis1 ... don
= a1 -aTrdsdy...don — a1 -asTrdody ... doy
+...4ay-az,Trdads ... don_1
Trys =0
Trysdp =0 Trysyuym =0
Trysdpid = 4ie"*Pa,b,cods

Tr’V/L’YV’Ya’VB = 4(g,u1/gaﬁ — Guadvp + guﬁgua)

Trysvun Va8 = 4i€uvap
(€0123 = +1)
Y =4
Y = =24 VY =27

7#¢b7“ =4a-b 7#7&’75’7” = 4gaﬁ

Yudb" = =2¢pd VY8V = —276V8%a
G g™ =4 P eu0 =2(959] — 9595)
Euuaﬁeuyag - _6956 Euyaﬁeﬂuaﬁ — _94



7. Cross sections and decay rates

2 454 D —
i = @r) o ip Zf Ps) M (M: Lorentz-invariant matrix element)
VILCV) T (205V)

d3
d®,, = 54(Zi Di — Zf pr) H (2)% (n-body Lorentz-invariant phase space)
™)”4p
f f
(a) Cross sections (general: py +ps =3, qy)
(2m)*
4/(p1 - p2)? — m3im3

e .22 [mulpe| (1 at rest)
\/(191 p2)* = mimy {M|]51 (c.m. M: total c.m. energy)

IM? d,,

do =

2-body final state (p; + p2 = p3 + p4: all masses could be different)

do _ _IMP_p| (c.m. system)

dQ (87 M)2? |p;]

d 2
d7j = 16)\(|.A/122) (no azimuth dependece. any frame)
wA(s, m3, ms

_ 2
where {8 = (1 +p2)2 Mz,y,2) = 22 + oy + 2% — 22y — 2yz — 222
t=(ps —p1)
d = 2
7 = 75 1M] (Lab frame; 1 at rest)

Qs 6472my |Pa| [m1 + Ea(1 — % cos 63)]

(b) Decay rates (c.m. system)

2 4

dl’ = (22 |IM|2 d®,, (M: parent mass)

dr |91

@ = szeeapp MP (Fhody)
_ ol 5 :
= S |IM|?  (2-body, parent not polarized)

71'
2 2
dl = (27:;/3l|8MdE1dE2 = (271_')/?\);|2M3 dsazdss;  (3-body, parent not polarized)

8. Feynman rules (tree level)

External legs and propagators: (f: fermion, f: anti-fermion)



initial state final state propagator
i

spin-0 1 1 -
(spin-0) y p2)—m2—|—i€
) _ - ip+m 1
spin-1/2)  wuz<(f) U5 U s 5 s — = -
(p /) P, (f) b, (f) th (f)vp, (f) p2:Zn2+7/6 ﬁ—m‘i‘ZE
. w Lk i(_gl“j + Pmp2 ) _igl—“/
(5p1n—1) 65)\ 617)\ m (m 7é O) p2 T e (photon)
Vertexes:
(e = 0.303 (e? = 47a), g = 0.652)
scalar-photon ,
//
/
/
—ie(p1 — p2) ’\/\/X/\/\A/
(p1,2: 4-momenta flowing into the vertex)) AN

fermion-photon

M Y
(g: charge of the fermion. ¢ = e if electron)

fermion-W
2%7#(1 —5) Vij W

(Vi;: CKM matrix element; = 1 for leptons.)



