1. The Standard Model of particle physics

1.1 Introduction

aka Glashow—Weinberg—Salam model
unified model for strong force, weak force and electromagnetism
GR is usually part of SM, but easy to add, though not relevant to colliders
most fundamental level phyiscs of almost all known matter in universe
often very accurate, eg, in QED, in presence of small couplings

poster child for reductionist science

Standard Model of Elementary Particles

three generations of matter

interactions | force carriers

(fermions) (bosons)
| Il ]
mass  =2.16 MeV/c? =1.273 GeV/c? =172.57 GeV/c? 0 =125.2 GeV/c*
charge % % % 0 0
spin % u Y C Y2 t 1 & 0 H
up charm top gluon I higgs
=4.7 MeV/c* =93.5 MeV/c? =4.183 GeV/c* 0
% - % 0
« v & « O ..
down strange bottom photon I

=0.511 MeV/c* =105.66 MeV/c? =1.77693 GeV/c* =91.188 GeV/c?
- -1 -1 0
« » (W v &

electron muon tau Z boson I
<0.8 eV/c? <017 MeV/c? <18.2 MeV/c? =80.3692 GeV/c?
0 0 0 +1
% Ve % Vp, % V’[: 1 /

electron muon tau

neutrino neutrino neutrino W boson
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SM Lagrangian

£SM = £quark + £lept0n + ﬁgauge + ﬁyukawa + £higgs

Lauark = iQ}aiC}M (Dudr) o + m;aﬁu (Duaf)a + idjaﬁu (DMJI)Q

Liepton = 1’5" (D,)] £1; + ieta" D,e;, 1.3)
Lange = GG, — (WG, — BB, 1.4)
Lyuawa = —€7 01,45 — 0" qraiy ;05 — €90l rjyri8s + hec. (1.5)
2
Luiges = — (D) Dyp — %A <¢T90 - %UQ) (1.6)
e renormalizable most important in IR

e spontaneous symmetry breaking / higgs mechanism
e chiral gauge theory / parity vaiolation (actually CP violation)
LH is different from RH. parity is maximally violated in weak interactions
e gauge anomaly cancellation
gauge anomalies must cancel to keep gauge symmetry/redundancy
vectorlike gauge theory is anomaly free; nontrivial for chiral gauge theory
e flavor structure purely from Yukawa couplings
fermion masses (HUGE differences), mixing angles, CP violation
e gauge interactions are flavor universal
e accidental symmetries: U(1)p x U(1),

e Wilsonian UV completeness & asymptotic freedom

SM is not final answer in physics: dark energy, dark matter, neutrino mass, baryogenesis, ...
potential problem: higgs potential not bounded from below

fine-tuning problem / hierarchy problem =—— SUSY
thus Beyond SM is needed

1.1.1 Spacetime symmetries

Minkowski space 7,,, = (—1,1,1,1)
Lorentz invariance

o = A nu AN LN =1, (1.7)
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Lorentz group: 4 disconnected subspaces; connected by discrete P and T
Lorentz symmetry above = orthochronous (A% > 0) proper (det(A)= +1) part
Action should be Lorentz scalar indices contracted

Building blocks: ¢, ©¥*/x, A", O, N €uwpo, V" /5, 7.

1.1.2 Field contents and internal symmetries

e gauge bosons according to SU(3) x SU(2) x U(1)
(

)
e LH Weyl fermions in 3 copies of (1,2, —3) @ (1,1,+1)®(3,2,+3) (3,1, —2)® (3,1, +3)
e complex scalar in rep (1,2, —1)

If use Dirac fields, we have

1—7° PR:1+75

Y=, +vYr, Yrr=PFPLrY, PrL= 5 5

(1.8)

(O,%)éé conjugate of (%,O)

(-0

1.2 Spontaneous symmetry breaking

For example, electron Dirac field

Mechanics
1 1 1
L= 5:&'2 —V(z), V(x)= §w2x2 + ﬁ)\x‘l (1.10)
If w? > 0, minimum z = 0
If w? <0, minima o = v = 4(—6w?/\)/? draw figure

Lagrangian: x — —x, Z5 symmetry
Vacuum: say, 7 = (—6w?/\)Y/2, Z, is spontaneously broken

quantum mechanically, no spontaneous symmetry breaking: quantum tunnelling

0+| H |0+ 0+| H |0— E -A Ey—F —-A
O+ HI0+) 0+ H-) [ By o _0 = E—ByTA
(O—| H |0+) (0| H |0-) A B A E-E

|0+) +|0—) is true vacuum and |0+) — |[0—) has slightly higher energy

Scalar field

1 1 1
L=—=0"p0,p — —m?p> — —\p* 1.11
50" POup — gmie” — A (1.11)
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If m? > 0, minimum: o(x) =0
If m? < 0, minima: ¢(x) = 4v and ¢(z) = —v
m? <0 = ¢ is tachyon; for our case, vacuum is not correctly identified
Lagrangian: ¢(z) — —p(z)
Vacuum:, say, p(x) = 4v, Z; is spontaneously broken
quantum vacua are similar; obtained by computing quantum effective potential
field theory has infinite set of oscillators, coupled by (V)2
quantum tunneling suppressed by infinite volume — (0 + [0—) =0
spontaneous symmetry breaking happens even in the quantum theory
True perturbative field p(x) = p(z) — v
1

1 1
L= —58“p8up — —\?p? — 5

. 1
3\t 1.12
G Avp” = 2 Ap (1.12)

Scalar U(1) gauge theory
4 1 w 1 2
L=—(D"o)' Dyp = V(p) - T Fu, Vie) =m?elo+ 2 (plp)”, m® <0 (113)

Gauge covariant derivative D, = 0, —igA,
minima || = v/v/2, v = (4 |m?| /\)" draw figure
Lagrangian: ¢ — e, U(1) symmetry
Vacuum/VEV: say, ¢ = v/v/2

made global U(1l) transformation to set phase of VEV to O
True perturbative field p(z) = \%(v + p(x))e~X@)/v

p(z) and x(z) are real scalars

1 1 1
Vip) = ZAUQpQ + Z)\vp?’ + 1—6)\p4 (1.14)

X not in potential, massless —> Goldstone boson for broken U(1); see figure

Unitary gauge equivalent to setting v =20
: ; 1
gauge transformation: o — eV — = E(U +p) (1.15)

— (D"9) Dyp = == (0"p +ig(v + p)A") (Dup — ig(v + p)A,)

(1.16)

N — DN —

1
0" pOup — 592(1) +p)PAMA, = ma=gv
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gauge field is now massive

this is called Higgs mechanism; ¢ is called Higgs field

important bit is not Goldstone boson being eaten, but spontaneously breaking
quantum level, unitarity gauge is problematic; use R¢ gauge: ng::—g’lGQ

sometimes it suffice to look at Goldstone boson sector in decoupling limit

Scalar nonabelian gauge theory

complex scalar field ¢ in rep R of gauge group

L> — (Do) D,y (1.17)

Covariant derivative (D), = Oup; — igAL (T}),” ¢;

Vacuum ¢; ::15/\/5 v; 1s up to global gauge transformation

Vector mass term

]. a a a ]- * a
Lonass = —5 (M?) PAmAl (M2 = 590 TR TR} v (1.18)

A@“Az is symmetric = replaced Tﬁ]ﬁ/with %{Im,Tﬁ}.
generator T is said to be spontaneously broken if (Tﬁ)mqg #0

each broken generator — a nonzero mass for gauge fields

unbroken generators (if any) form gauge group with massless gauge fields

Goldstone’s theorem
Each broken generator results in a massless Goldstone boson.

Consider real scalars ¢; with potential V() infinitesimal parameter 0

V(=0T 6) = V(6) = 9 Thor =0 (1.19)

invariance of potential under global gauge transformation

Differentiate wrt ¢; —

o*V " ov a Pr=vg 2
0900, kO 8_¢JT” =0 Mg

0V
(T U)j 07 mzy 8@2518@5] .

(T"v) # 0 = a zero eigenvalue in mass-squared matrix

a zero eigenvalue for every linearly independent broken generator
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Example: SU(N) group
assume complex scalar field ¢ in fundamental representation
global SU(N) transformation = ¢ = (0,...0,v)” with real v
(T%);7 with O entries in last column are unbroken
they form unbroken SU(N-1)
Broken generators:
1) N — 1 of them: (7), N =1 for i # N = SU(N-1) fundamental rep M = 1guv;
2) N —1 of them: (T%),~ = —1% for i # N = SU(N-1) fundamental rep M = gv;

3) TN*"'=[2N (N —1)]~= diag(1, ..., 1, —(N—1)) = SU(N-1) singlet M = [(N —1)/2N]z gu

1.3 Standard Model Lagrangian: EW bosons

Electroweak part of gauge group: SU(2),xU(1)y — U(1)gm
Higgs ¢ = 75 (i i0s): (2:—3)
Higgs get a VEV — spontaneously breaks SU(2);xU(1)y to U(D)gm
(Dug), = Oy — i [pWiT" + 0uBY) Py, T =20 Y=—21  (120)
Y is hypercharge; not EM charge ()

1 @W2— By g2 (W) —iW?)

QQWST(I + ngMY = = L ) ) 5 (121)
Potential
Lo 4 1,)°
Vip)= A ¢'o—cv (1.22)
4 2
VEV /Vacuum v global gauge transformation — VEV only in 1st component
1 (v
o) = ;) (123)
L > — (D) D, = (replace ¢ by its VEV) o = oo
2
1 W3 — g B Wl —iw? 1
ﬁmass = _§02(17 O) 9 ! I 9 ( ! #) (O> (124)
g2 Wy +iW5) —Wi =918,
Define weak mixing angle aka Weinberg angle

O = tan"' (g1/g2) (1.25)
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Define (sy = sin by, ¢y, = cosby)

1

Wi = 7 Wy FiW?), Z,=coW, —suBu, Au=syW)+ B, (1.26)
Then

2
1 Lz, V2wi 1
/Cmass = __gS’UQ(l?O) ew g ( )
2 +u _ 1 2 u . 9 i _ 1 2 (127)
= — (g2v/2) WHW, — 5(9211/2%) 22y = =MW W — oM} 217,
M, _
M, = 2% ~ 80.4GeV, M, = ~ 91.2GeV, sin?6, = 0.231
2 cos O,

0w depends on renormormalization scheme; in MS, sin?6,, = 0.231 at w=M,
in on-shell scheme: define it as cosfw = Mw/Mz = 0.223
N.B.: A" is massless (unbroken U(1)gp), which is the EM field
Higgs in unitary gauge

3 of 4 Higgs fields eaten by W¥and Z°

o) = %(wéﬂx)) (1.28)

H is the narrow sense Higgs
Kinetic term £ > —30*HO,H

Higgs potential

1 1 1
V(p) = ZWH? + Z)\UHS + 1—6AH4 (1.29)

Higgs mass mpyg = (%)\02)1/2 ~ 125GeV

H-gauge boson interactions: L .ss — EmaSS’v—>U+H

Gauge kinetic terms

1 1
L= W™Wi, — BB, (1.30)

Wy = 0,W,, — 0,W,, — ig [W,,, W] = Wa,T¢
Wi, = 0,W5 — 0,W;! 4 goe™™WiWy (L31)
B, =0,B, -0,B,
Define D,, = 0, — igaW} = 0, — iga (swAyu + cwZy,) on Wi =
e (W, = W) = DS = D,
V2 (1.32)

Lot i - _ D
E(W#V—FZWHV):DMWV_DVWH’
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WJ has EM charge Q) = +1 = e = gy sinfw electron charge = —e
Define EM F),, = 0,A, — 0,A, and Z,, = 0,7, — 0,2,

Wy, =0W) —a,W) —igy (WIW, =W, W)
= SwFu + cwZy —iga (WIW, =W, W), (1.33)
B/W = CWF;W - SWZ;W

Collecting everything together, Lagrangian in unitary gauge

]. v ]~ v —v -V
L= JF"Fy = 12" 2 — DYW "D, W, + D"W="D,W}

+ie (F" + cot 0, Z" ) W W,

(e2/sin? 0, ) (WHW W W, — WHWIW—W,) (1.34)

1
MEWHW + §MfZ“Z#> (1+v'H)?

1 1 1
- -0"HO,H — §m2HH2 — §m%{U’1H3 — gm%v’QH‘l,

remember D, = 0, —ie (A, + cot by 2Z,)

Ol = O] —

1.4 SM model Lagrangian: leptons

grouped into three families or generations: e and V., pu and v, 7 and v,

Name Symbol  Mass (MeV) @
electron e 0.511 —1
electron neutrino Ve 0 0
muon 1 105.7 -1 (1.35)
muon neutrino Yy 0 0
tau T 1777 -1
tau neutrino vy 0 0

consider one generation first
Left-handed Weyl fields group into Dirac fields later
(= ("): (2,—3), doublet

2

e: (1,+1), singlet bar over e is part of name of field
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e is left-handed electron, € is left-handed position

antiparticle of LH electron (positron) = RH positron (electron)

makes gauge and chiral structure manifest; simplifies anomaly calculations
often: /f, ::(VL,eL)T, eR ::(g) for 4-component Dirac fields with projectors

Kinetic terms ot =(1,—0%)
Lyin = ilV'6" (D,0), +ie'6" D e (1.36)

. o frran i . 1
(Dﬂg)z = @ﬂz — ZQQWM (T )ijgj — 191 (-5) B#&
(1.37)

D,ée=0,e—ig(+1)B.e
chiral gauge theory — parity violating
if only Dirac fields without chiral projection =— vectorlike gauge theory
QED and QCD are vectorlike, but EW sector is chiral
No mass term for ¢ and/or €
no singlet from (2,—1)® (2,-1), (2,-3) ®(1,+1), (L, +1)® (1,+1)
Yukawa interaction

Ly = —ysijgoiéjé + h.c. (1.38)

group theoretically: (2,—3)® (2,—3) ®(1,41)=(1,0) (3,0)
In unitary gauge ¢ = (i;) — ((”J“}é)/ﬂ) remember (= (V)

Lo = —%y(v +H) (6o + he) = —%y(v 1+ H) (ee + éleh) (1.39)

Define Dirac field for electron (and positron)

£ = (;) (1.40)

Yyv
V2

neutrino remains massless

Lo = —%y(v +H)EE —> m, — (1.41)

Define Dirac field for neutrino (with L projection)

14

NLEPLN:(O

>, B = % (1 =) (1.42)

For example

iv'a*d,v = iNL N (1.43)



1.4 SM model Lagrangian: leptons

12

alternatively define Majorana field for neutrino N = ()

Majorana field is like real scalar, Dirac field is like complex scalar

Then

QQWITI + QQW2T2 = —
K K \/5 Wu_ 0

gW3T? + ¢/B,Y = Si (5w, + cuZ,) T3 + Ci O

w W

=e(A,+cot0,2,)T° +e (A, —tanby,Z,)Y

=e (T3 + Y) A, +e (Cot 0,7 — tan GWY) Z,

A, is EM field = electric charge @

Q=T"+Y
Since
3 1 3 35
TV:—|—§V, T°e=——e, T°e=0
1
Yu:—§y, Ye=—-e, Yeée=+e

we have, as expected,

Replace Y with )

92W3T3 + @ BY =eQA, +e [(cot Oy + tanfy,) T° — tan QWQ} Z,

e
=eQA, + . (T3 — sva) Z,

wW~w

In terms of Dirac fields

1
(WIT? + 1 BY) € = {—GAM + = (—— L+ siv> Zu} g

SwCw 2

e 1
(2W2T? + 1 B,Y ) N = (+—> Z,M.,

SwCw 2

Collect things together

1 1
Lo = —=pWHT ™ 4 —=gs W J ™ 4 =

V2 V2 SwCw

Z, I+ eA, Jb

(1.44)

(1.45)

(1.46)

(1.47)

(1.48)

(1.49)

(1.50)

(1.51)

(1.52)

(1.53)

(1.54)
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with currents
JHH = E PN, JH = NiyrEr,

1 1— _
Jy = §NL’Y“NL - §5L’Y“5L> Ty =—E'E (1.55)

Jh = T4 — sty by
For all 3 generations, simply add generation index [

L = ill'" (D)) 0}, + i€ia"D,ér (1.56)

£Yuk = —€ijg0i€j[yjjéj + h.c. (157)

yrs is complex 3 x 3 Yukawa matrix

Use 2 unitary matrices L and
€I —>L]J€J, er —>E]Jéj - Yy — LTyE:diag(yl,yg,yg) (158)

kinetic terms unchanged
simply add I to each field + sum over in Lagrangian

eg, leptons &r: TneI::y[U/\/é

1.5 Standard Model Lagrangian: quarks

Quarks are spin—% and triplets of color/SU(3) group
again 3 generations: u, d, ¢, s, t, b

Start with 1 generation

q= (Z): (3,2,+%), u: (3,1, —%), d: (3, 1, —%)

Covariant derivative

(l)uq)ai:: uqai_‘i93(;Z(7§wcyﬁqﬂi_'i92vvﬁ/cfg)ijQBj

2) (1.59)

« is color index
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Kinetic terms
Lin = iq"™'5" (Dyq),,; + iul,o" (Dy)* + idfo" (D,d)” (1.60)

(3.2, +3) @ (3,1,—2) ® (3,1,+4) for LH Weyl fields is complex
so it is chiral gauge theory, thus parity violating
no group singlet from tensor product — no mass term for g, a,ci
Yukawa Lagrangian
Ly = —Y'e70iq0;d* — ¥ ¢ quit® + h.c. (1.61)
1st term due to (1,2, —%) ® (3,2,—1—%) ® (g, 1,—1—%) =(1,1,0)®...
2nd term due to (1,2,+3)® (3,2,+5)® (3,1,-2) = (1,1,0) & ...
no other renormalizable terms

Unitary gauge ¢ — \%(U + H), ¢ =0

1 - 1
Eyuk = —EQIOJ + H)qazda — Ey"(v + H)qalﬂa + h.C. (162)
1 - - 1
= =5V v H) (dad? + dod®) = (0 H) (ual® + Tu'®) - (163)
Define Dirac fields
dOé u()[
D, = (dJ&), U, = (uz) (1.64)
1 —a 1 —a
Ly = —Ey/(v + H)D D, — EZ/”@ + H)U U, (1.65)
Quark masses
yl,U y//,U
=5 7 (1.66)
Previously found
0 Wt
GWiT + gaWIT? = g2 g
V2 \ wr o (1.67)
e
@WIT? + g1 B,Y = eQA, + - (T — s2Q) Z,
withQ=T3+Y
Since
3 1 3 1 3 37
Tu:+§u, Td:—éd7 T°u=0, T°d=0 (1.68)

1 1 2 - 1-
Yu=+- Yd=+- Yui=—-u, Yd=+-= 1.
u +6u, d —|—6d, u 3% d +3d (1.69)
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we have, as expected

2 1

9 _ _
Qu=+3u, Qd=—zd, Qu= —ga, Qd = +2d (1.70)
P, 2 1 2 5
(W2 + 1 BY ) U = |+2€eA, + +-P,— =55 | Z,| U
" 3 Sy Cy 2 3
) ) ) (1.71)
373 _ 2
(gQW#T + ngMY) D = {_5614 + e (—§PL + gsw) Zu} D
Collecting everything together
Lint = ngW+J_“+LgQW_J+“+ Z, !+ eA, Jh (1.72)
Jt =Dy Uy, T = Uy Dy,
1— 1= 2 1—
Jy = §UL7“UL - §DL'Y”DL, Jim = +§U’Y“U - gD’Y“D (1.73)
Jh=J8 — s2 Tk
Consider all 3 generations
Lin = iqg"c" (D,),, P aqig; + it 0" (D) st} +idy,0" (D) pdy (1.74)
Ly = =7 0iGrajyr,d5 — P qray] 4 + hec. (1.75)
In unitary gauge
]‘ /I Ja 1 Il —«
Unitary matrices U, D, U, D
d]%D]JdJ, J[%D[JCZJ, U[—>U[JUJ, 17,[—>U[J71J (177)

kinetic terms are changed; except for coupings to W=

Y — D'y'D = diag(y;. 4o, 43), ¥ — U'y'U=diag(y,v5,95)  (1.78)
— down/D; quark masses: mg, = y;v/v/2, up/U; masses m,, = yiv/v/?2

For neutral currents, simply add generation indices

For charged currents, they changed to

JHH = 5LIV1TJ’Y“ULJ, JH = ULV D (1.79)
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V = U'D is the Cabibbo—Kobayasi-Maskawa (CKM) matrix

no this complication in lepton sector because there was 1 Yukawa term

3 x 3 unitary matrix has 9 real parameters, but we can phase rotate
D; — €mID[, Ur — 6iBIuI, (180)

it leaves kinetic and Yukawa terms invariant

make 1st row and column of Vj; real, eliminating 5/9 parameters

Left with 6, (Cabibbo angle), 6, 65, and 6 (CP violating phase)

c1 +s1c3 +5183
V= —S81Cy C1CoC3 — 82836“5 C1C283 + 82036“5 (1-81)
—5189  C189C3 + C253€"  €15953 — Coc3e™
c; = cosb;, s;=sinb;, s1 ~0.224,s9 ~ 0.041, s3 ~ 0.016, 6 ~ 40°
e only in some elements + T~YT = —i = EW time reversal violation
at high energies, g3 is weak — can use quarks
eg, W+, 720 decay into quarks, ag(M,)= g3 (M,) /4w =0.12, QCD loops are a few %

at low energies, must use hadron; eg, neutron deay

DoF /Fields counting:
2 % (8[g] + 1[7]) + 3 x 3[W= + Z° + 2 x 2[helicity] x 3[e + o + 7] + 2 x 3[v + v, + 1]
+ 3[color] x 2 x 2[spin| x 6[u+d+ ¢+ s+t + b] + 1|higgs] = 118 (1.82)
Theory parameter counting:

6[quark masses m,| + 3[lepton masses m,] + 1[QCD coupling g3 + 1[electric charge e]+

+ 1[Weinberg angle 6] + 1[higgs mass my| + 1[W mass my| + 4[CKM 6, 0,,05,0] = 18

1.6 EFT and BSM

At low energies, below the masses of W*, Z°

leading order in double expansion of gauge couplings and O(1/My,1/M,)

1
'Cmass = _MV%WJF#WJ - §M22Z”ZH (183)

1 1
Lo = —=ga Wi T 4 —= oW JHH 4 —=

7 7 2+ eAu by (1.84)
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ignore kinetic terms and other interactions of W¥*, 70
Solve EoM and substitute into Lagrangian

ie, tree-level Feynman diagrams with single W7 or Z° propagator ‘(]W/]WV%’Z

L= gy C g
Y VP “+23202M2 z e
v whw (1.85)
e _ _
= 5o0p (JTT + T Ty) = 2V2Gr (T, + JE )
Fermi constant Gp = € ~1.166 x 107°GeV 2

4v/2sin? O M2

GFr has negative mass dimensions

Leg is not renormalizable/irrelevant terms, or dim-6 operator

Example: amplitude squared for v.e™ — v.e™ define Cy = 5 + s% and C) = 3

(|’T|2> = 2G% [(0\2, + C’i) (52 +u? — 4m?(s +u) + 6m3) + 2CvCx (32 —u® —2m2(s — u))}

Example: muon decay = — e" v,
electron £, muon M, electron neutrino N., muon neutrino N,,

only charged currents Jf contribute; ignore m terms

J+H = EL’YM eL 1+ ML'V” mL>

J = Ny + Ny My,

(1.86)

use 4-fermion effector operator
Lo = 2V2Gr (E19"Nor) N M) = —4v2Gr (MCPLNL) (EPRNS) (1.87)

used Fierz identity

muon decay rate (m, < m,)
Gim?®
=t (1.88)
19273

no need to know about W and Z and higgs and so on

Standard model EFT
Lsvrrt = Lo + EFTcorrections = Loy + Laim—6 + Ldim—g8 + ... (1.89)

no dim-5 and dim-7 if imposing B and L conservation

EFT corrections encodes BSM physics
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