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Lets consider a simple QED process.
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Chirality & Helicity

4 component spinor can be expressed by chirality and helicity.

Chirality eigenvalues of y; 75 = (_01 ?) VsYr = +Yr, VYL = —Yr

P 1 v . : :
Helicity n=p.8=-p (U O,L) P : unit momentum vector, S : spin

2 0 o
S A S
p+—D P—Q
h=+1/2 right-handed (RH) h=-1/2 left-handed (LH)

- For massive particles, helicity is frame dependent!

< b bOOS1‘> b >

h=1/2 Di — —Pi h=-1/2

- In the high-energy limit (E>>m) or massless limit (m=0),
helicity (x2) = chirality particles
helicity (x2) = -chirality antiparticles



e.g., ete” — 7" = uTu~ Ref Sec.5.2 in Peskin-Schroeders book

vector coupling preserves
chirality. oy = by br + bty

In the high-energy limit (massless limit),
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Recall that photon polarizations in the z direction (helicity eigenstates).
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Cancellation of ¢

Amplitude

/ 1 v _g’ vV S
M = é? [a;_(kl)wv;+(k2)} e (gm/ —(1+¢) qg;’ ) [ve+ (P2)7" ue- (pl)}

s (p2)dus— (p1) = U5 (p2) (Pr+ Po)ui— (p1) = 054 (p2) (m — m)us— (p1) = O

Therefore, the £ dependent term drops.



R-ratio

R-ratio (Drell ratio)
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R-ratio
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Z boson decays

L=—gzZ, " [QéffPL + sz%ffPR} [ 9z =92/cw

L 3 2 R 2
977 = Tf — Qs 9757 = —Qrsw

Partial Z decay width m; < myz f
3 Nemyg L R
(2= ff) = =25 |lah s, 2 +1a5s | 2
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L |2 R_|2
IV 955 T 1957 ~ 0.034 Iy=[,=T,=T,
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One of the most important predictions of the SM is lepton flavor
universality (governed by gauge interaction).

B(Z — ete™) = (3.3632 4 0.0042) %,
B(Z — u"p~) = (3.3662 & 0.0066)%,
B(Z — 7777) = (3.3696 + 0.0083)%

Experimental values
PDG2021

Excercise Estimate Fhad/rz, where [',q = Zq;«ét Fq.



Number of neutrinos

Ref. Phys.Rept. 427 (2006) 257

@LEP (Large Electron Positron Collider)
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Number of neutrinos

PDG2021

. ALEPH v
. DELPHI
- L3

30 - OPAL

z |
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b': R + average measurements,

error bars increased
by factor 10
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The number of neutrinos with masses less than mz/2 is 3.



Z-pole observables

Quantity Value Standard Model Pull
My [GeV] 91.1876 + 0.0021 91.1882 + 0.0020 ~0.3
Iy [GeV] 2.4955 + 0.0023 2.4942 + 0.0009 0.6
Ohad [nb] 41.481 4 0.033 41.482 4 0.008 0.0
R. 20.804 = 0.050 20.736 + 0.010 1.4
R, 20.784 4 0.034 20.735 + 0.010 1.4
R, 20.764 + 0.045 20.781 + 0.010 —0.4
R, 0.21629 + 0.00066 0.21581 =+ 0.00002 0.7
R, 0.1721 + 0.0030 0.17221 4 0.00003 0.0
AL 0.0145 + 0.0025 0.01619 = 0.00007 —0.7
A 0.0169 + 0.0013 0.5
AL 0.0188 4 0.0017 1.5
A0 0.0996 & 0.0016 0.1030 & 0.0002 —2.1
A0 0.0707 % 0.0035 0.0736 & 0.0002 ~0.8
A 0.0976 £ 0.0114 0.1031 = 0.0002 ~0.5
& 0.2324 + 0.0012 0.23153 + 0.00004 0.7
0.23148 + 0.00033 ~0.2

0.23129 + 0.00033 —0.7

A, 0.15138 = 0.00216 0.1469 =+ 0.0003 2.1
0.1544 =+ 0.0060 1.2

0.1498 + 0.0049 0.6

A, 0.142 + 0.015 ~0.3
A, 0.136 & 0.015 —0.7
0.1439 + 0.0043 —0.7

Ay 0.923 + 0.020 0.9347 ~0.6
A, 0.670 & 0.027 0.6677 % 0.0001 0.1
Ay 0.895 4 0.091 0.9356 —0.4

Pull: standard deviation

PDG2021

deviation from SM

OEXP . OSM

Y

\/(AOEXP)2 + (A(’)SM)Q

No significan deviation

from SM!



Must-read-paper

Available online at www.sciencedirect.com

SCIENCE dDIREGT®
C PHYSICS REPORTS

i

ELSEVIER Physics Reports 427 (2006) 257 —454

www.elsevier.com/locate/physrep

Precision electroweak measurements on the Z resonance™

The ALEPH Collaboration
The DELPHI Collaboration
The LL3 Collaboration
The OPAL Collaboration
The SLD Collaboration
The LEP Electroweak Working Group
The SLD Electroweak and Heavy Flavour Groups
Accepted 13 December 2005

Available online 3 March 2006
editor: J.A. Bagger

To know details of EW physics, you must read this paper.



Giga/Tera-Z (future)

Production of 109-10!2 Z bosons to study its properties in great
detail (discovery from precision measurements).

Some new physics models predict lepton-flavor-changing Z decays:

) o current upper bounds

Z = e pt, et U T B(Z — eTpF) < 7.5 x 1077,
B(Z = et1T) < 9.8 x107°,
B(Z = p=rT) <1.2x107°

- ILC-GigaZ 1905.00220

- FCCee-TeraZ 1809.01830

- CEPC CEPC-SPPC Preliminary Conceptual Design Report. 1. Physics and Detector



https://inspirehep.net/literature/1395734
https://arxiv.org/abs/1905.00220
https://arxiv.org/abs/1809.01830

Weak interacting
processes




Various weak interacting processes

- Hadron on[y K+ — 7T+7T+7T_, K+ — 7T+7TO, etc

- Lep'l'On Only I G_Dey,ua Ve€ —r Vg€ , etcC

- Hadron and lepton 1 —pe v, 7 — pty,, etc

4 fermion interaction SM (UV theory)
p n p

GF// — V;d
T > > e -




Effective Lagrangian

Effective Lagrangian is more convenient for low energy physics.

4 fermion interactions
Jij fre
k —Guv - Juv
k2 — m%v k2<<_m%v m‘z/v

. W= _ >
Jri fe . "
intfegrating out W bosons

Integration of W bosons . Buchalla, A. Buras, M. Lautenbacher, hep-ph/9512380 (RMP)

We literally integrate out W boson fields.
Zw = N/dM/Jr |[[dW— ]exp{ /d4$ ﬁw}

Ly = W (Og" — 00" YW, +m WHW —# — JHWE 4 TR )

zf(
JH = wy* (Verm )i (1 — 75)d; + vy (1 — s ) e,
JH = JiW“(VcTKM)z‘j(l — 5)uy + ey (1 — 5


https://arxiv.org/abs/hep-ph/9512380

Ty = N/[dW+][dW_] exp [i/d4xd4y W;K’LWWV_ _ 22;9/25 d4r (J‘FNW: + ,]_MWH_)]

K" (x,y) = 0W(x —1y) {g‘“’(D + miy) — 3555} inverse of propagator

&k - Kok,
A (z,y) 2/(%)4 e @A (), A (k)= T —— (gw—ﬂ%v) propagator

— /d4z KMz, 2)Axy (2, y) = 64,6 (x — y)
Shifting the W fields to complete the square and integrating them outf,

Zyw = N/[dW’+][dW’_] exp [z’/d4xd4y W () KM (x, )W, ()]

. 2
X eXP [— % /d4§cd4y J+u(;1;)AW(g;,y)Jv(y)]

- 2
= Cexp [— % / d*zd*y JW(:C)AW(:E,y)J‘”(y)] ~ (Cexp [z / d*x E%ﬁ] :

k2<m?,
2
where L = 22 J+“(a:)J_(:1:)Z—EJW(&U)J_(&U) Gp=— i tant
8m2, 3 2/;1 NG p \ L) F /202 Fermi constan
—~ gQ’U

4 fermion interactions determined by | decay (see later)



Equivalent method

When W bosons are sufficiently heavy, we may drop kinetic term in
the Lagrangian.

2 T — 92 _( j+uyw+ o 7y —
Lo — mZ W W 2ﬁ(J W W)
We erase W fields by their equation of motion (EOM).
OLw 9 oy 92 . + 92 Ju
EOM 6W_,UJ — mwwu 2\/51]“ — O —_— V[/v’u — 2\/577’],‘2/[/

Plugging W+ field back to the above Lagrangian, one gets

reff _ 02 92/J_ W—Hr _ g2 Tt g2 Nl N _
w = w (Mm%v K 2v/2 2v/2m?2, " K




Higgs VEV from [ decay

Let us estimate Higgs VEV from the muon decay.

i —1 — — = 1 2,5
Gp/ T, =T~ —vue )= 993 Grm), |GeV]
o > — ¢
\\ PDG 2022
o, m, = (105.6583755 = 0.0000023) MeV

rEXP = (21969811 % 0.0000022) x 1076 s

h=6.5821 x 1072% GeV s

Gr = 192> ~ 1.164 x 107° GeV 2
"\ mS (7EXP /6.5821 x 10-25) ~
1

21/4\/GF
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Tt — ,zfruu e Al

Effective Lagrangian

Ly = _G—\/g ud [(ﬂd)V_A(ﬂV“)V—A} (ff)v—a= A1 —s)f

k) (k) T () = (v (kY ()T [ [ e it <:z:>] i (p))

— —iG—\/gVud/d% (Wrvpl(ad)y—a(ivy)v—alc™)
G _ 7
N _ZTQVud/d4x <:“+VM‘ILWM(1 — ¥5)vu|0) (O]uy™ (1 — vs5)d|T )

!

vacuum saturation approximation

(W, (k1) p™ (k)| iy, (1 — v5)v,|0) = ay, (k1) (1 - ,YS)UZ(kZ)ei(kl—kkg)a:

(Ol (1 = r)d* (p)) = —(Ofay" i (p)) = —ifrpe™ "

!

pion decay constant



Amplitude

G =T S
M = _71; ud My {uuu (kl)/ﬂb(l - ’75)7}/1(]@2)}
Decay rate 5
G%’ 2 p2 2 i
T(rt — pty,) = S—W\Vudl frmam; | 1 —
Electron mode is also calculated in the same way.
Tt +u, 2002 _ 1n2)2
(”+ - ) _ melim Zme) 985 1074
F(ﬂ- — W VM) m,u(mw o m,u)

Experimental data PDG2021

BR(rt — utw,) = (99.98770 & 0.00004)% | consistent
vV Why??
BR(r+ — eTv,) = (1.230 £ 0.004) x 104

You may think the latter should be dominant because of the larger

2

phase space (1 _ mg*) Me <K My,

me .




Exercises

(1) Tt mostly decays to U+ rather than e+. Why?

(2) Gp = 1.16 x 107° GeV ™2, |Vyua| = 0.973, m,+ = 139.6 MeV, 7,1+ = 2.6 x 107 % s,
m,, = 105.7 MeV. Using those values, determine f;.

(3) Since 1t is spin O and W+ is spin 1, it seems to violate the angular

momentum conservation at the rest frame of 1tt. How can we explain
this?
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CP transformation

- Dirac fermions -

See, e.qg., Bjorken-Drells book

Ctrf w(z) = ¢%(x) =CP)CT! = C(y(2))", =9, CT"C=-(y")"
- 2 0
C is unitary operator that acts on creation/annihilation operators. C =17y
P trf. w(tv w) — wp(ﬂf) — Pw(ta m)P_l — 70¢(t7 —iB)
e..g.- QED [M“(@M —ieA,) — m}w(:p) =0, EOM of electron

{fw”(@u +1eA,,) — m} »“(x) =0, EOM of positron

In theories with P conservation, particle-anti-particle symmetry
is described by C transformation.

N.B.
()= (&) =)= (5)

Xo € (1/2,0), 7% € (0,1/2)  SL(2,C) spinors



CP transformation

- Chiral fermions -

p frF. wL,R(ta CC) — wlri,R — PwL,R(ta w)P—l — /yOwR,L(a —CU)

CP trf. W r(t,z) = CPYL r(t, )P 'C" = CY %R L(t,—x)C " =7°C (Y r(t, —x))

T

Yukawa interaction

Ly = yijtbri(t, ®)xri(t, ) o(t, ) + yj;X R, (t, ®)bLi(t, )™ (t, x)

r(t, —2)Yr(t, —x),  o(t, @) SR (t,—x) for scalars
Sy = /d4a: Ly — SGF = /d% CPLy(CP)™*
= /d4ﬂ3 i Xjr(t, —2)ri(t, —x) o™ (t, —x) + y;j&l}i(tv —x)xR;(t, —x)(t, —)]

- / d4$ [yjﬂv;Lz (ta CB)XRJ' (ta w)¢(t7 CE) + yij)sz (tv w)sz (ta CIZ)¢* (ta CIZ)] :

Therefore, Sy = Sgp if y;; € R. However, y;; € C does not always break CP.



CP violation

E.g., 1 generation
Ly =yprxr¢ + Yy XrYLd"

For y = |yle'?, we can remove the phase by the field definition x» = ¢ xg.

Condition for CPV

"To have CP violation, at least 3 generations (6 quarks) are needed.”
(* At that time, only 3 quarks were known.)

Progress of Theoretical Physics, Vol. 49, No. 2, February 1973

CP-Violation in the Renormalizable Theory
of Weak Interaction

Makoto KOBAYASHI and Toshihide MASKAWA

Department of Physics, Kyoto University, Kyoto

(Received September 1, 1972)

In a framework of the renormalizable theory of weak interaction, problems of CP-violation
M. KObClYClShi T. Maskawa are studied. It is concluded that no realistic models of CP-violation exist in the quartet
scheme without introducing any other new fields. Some possible models of CP-violation are

also discussed.



Let us consider N generation fermions and 1 Higgs doublet.

—Ly = Y5qridr;® + Y iqriur;® + Y5lrier;® + h.c. 1,2,...,N
1, ) =1,2,...,

(%) () e = (F500)
® <¢O unitar;gauge %(v—kh(:p))  P=d ’ 0

Rotate the fields as

w._ ./ w_ ! . d 3/ L d jl . L e / L e /
uL:VLuL, UR:VRUR, dL_VL L9 dR_VR R 6L—VL6L, GR—VRBR

Mass eigenstate

(Yude); can be diagonalized by bi-unitary transformations.

u,d,e
(m )
u,d,e u,d,e

Y=
Vg’d’GT ( 23\/5 U) Vf@{b’d,e _ \ 5 )
w.d.e
m]\; ’

Masses and hff couplings

f . .
F 7o m; , = . This relation can be
—Ly >m; f; fi 1 . hfz\f% / modified in NP models

same ﬂavor fermion mass

hff




Flavor mixing matrix

Lw = ——= ﬂLw“duW: + d_Li’YHULiWM_ + ﬂLi’}/MeLiW; + éLi'YMVLiWM_}

92 __ 7/ — — e — e —
= ——5= |up " (V)igdp ;W7 + dp " (V) igup, Wy + oy (V) iz, Wik + ™ (Vi v W, ]’

where V =V"VZ (flavor mixing matrix, called CKM matrix for N=3)

We can 5|mply redefine V/L _ VETVL- Cabibbo-Kobayashi-Maskawa

-> no flavor mixing matrix in the lepton sector

*if neutrinos have masses, a similar flavor mixing matrix (Upmns) would appear.
Pontecorvo-Maki-Nakagawa-Sakata

Condition for CPV
In general, # of degrees of freedom (dof) in the NxN unitary matrix

IS given by P ViV =VV=1

(N2><2)—<N : N(N2_1>><2> —(v?)




Since we have 2N quarks, we naively think that we can remove 2N
complex phases by redefinitions of LH quark fields.

0.
qir, — € qr

However, # of usable phases = 2N-1. Why is there "-1"?

Vi = Vi'Pa, Vi = ViPs, P, =diag(e',e'®2,... &*N) Py =diag(e™, "2, ... V)

)

V=Vve - PIVIVH Py = PIVPy — e H@i=fiy, = emilai=fi=0u)|y, |

matrix elements

Only “relative phases” can be used to eliminate phases of V.

This is because Lagrangian has U(1)s symmetry (a;=8;) ->"-1"

Conditions we can use are |o; — (3, —0,;, =0, 4,5j=12,--- N

N=2 case for illustration

1 -1 0 0 aq 011
1 0 0 —1||az] |61
0 1 0 -1 Bo 022

=A only 36;; can be removed.



We must subtract (2N-1) from N2.
total dof = N2 — (2N — 1) =((N —1)?]

of angles in the N dimensional space:

angles are defined by choosing any 2 axises.

N(N — 1)

_ 0, .
NCZ N 2 j . > 9
of complex phases = total dof - (# of angles)
i N(N —1 1 )
oo MEZD oy v - g
. J

E.g., N=3 in the SM: # of angles = 3; # of phases = 1.

To realize CP violation, at least 3 generations (6 quarks) are needed!!



Quark mixing

Quark flavor can change via the CKM matrix.

Verm)ig
Var Vs Vo (A &
EWB—Q—QWJ (G L to) V' | Vea Ves Ve | | sz §

V2 Vie Vie Vi) \bs

f1, are the mass eigenstates (“prime” is suppressed). o

n P

e.g., B-decay v
ud

W\ €

Ve
No tree-level Flavor-Changing Neutral Current (FCNC) ~ Penguin diagram
d; d; However, FCNC at W
L # ] loop levels exists. b U &t S
e.g. b->s+y § ~

Y, 4



Wolfenstein parametrization

Vckm matrix is parametrized by 3 angles and 1 phase

1 0 0 C13 0 8136_7;5 C19 S10 0
Vekm = |0 c23 823 0 1 0 —S12 ¢12 0
0 —S23  C39 _813625 0 C13 0 0 1

Sij = sin Hf,;j Z O, Ci; — COS 92-]- Z 0

Experimentally known -> s13 << S23 << S12 << 1
(012,013,023,0) = (\, A, p,n)  s19= A, sa3 = AN, s13€” = AN*(p+ in)

Vckm IS approxima’red to

1 — /2 A AN (p —1n)
VekM = A 1 —\2/2 AN + O\
AN (1 —p—in) —AN? 1



Unitarity triangle
Unitarity conditions

> ViV =10y (j=d,s,b), > ViVji=6; (i.j=uct) 6 conditions
k=u,c,t l k=d,s,b

Vudvjs+vcdvc>;+‘/;ﬁd til; =0 S — d KOnga ﬁNSCZ
O(N) O(\) O

“— 5

VuadVipy +VeaVay +ViaViy =0 b—d BY ~ db, BY ~ bd
O(X’) O(\Y)  O(X%)

/\ 3 sides are the same order in magnitude.

Vusvjb + Vcs‘/gz) + ‘/ts tz =0 b— s Bg ~ Sb, Bg ~ bs
O(\*) O(\?) O(\?)

P ———

Areas of all the triangles are the same (see later)
Angles are determined by CP asymmetry




Unitarity triangle

Unitarity condition U

VuaVap + VeaViy + ViaVi, =0

l

VudVi ViaVi,
U 1 —
VeaVy T VeaVy "
17
(0,0) (1,0)
VeaViy ViaVi VudVy,
— . — _VudVJb ~ . . A_Q _ ° ° °
p+in = —VchC’Z ~ (p+1in) (1 5 —|—> re phasmg invariant



Unitarity triangle

5 — pp
g B—pr o = (84.9573)°
B — nmm

B - DK B — J/YKs
3 = (72.1755)° sin 2¢; = 0.699 + 0.017
by = 22.2°

* Experimental values are quoted from PDG 2021.
$1 + ¢o + @3 = 179.2° no indication new physics...



CP asymmetry

Given amplitudes such as
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- general discussion -
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where ¢: CP phases; O: phases from cuts (absorptive parts)
CP-violating

CP-conserving

In B physics, ¢ is often called weak phase and 0 strong phase.

CP asymmetry
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To have CP asymmetry, both CP-conserving and -violating phases are

needed!!



Jariskog invariant

C. Jarlskog, PRL55, 1039 (1985);
Let us define Z.Phys.C 29 491 (1985)
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- If any of the 2 masses are degenerated in up/down sectors, detC=0.
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9 different ways to express J.



Jariskog invariant

J Is rephasing invariant

Vil = VI'P,, Vlfl — VIflPB, P, = diag(eml,eio‘z, em?’), Ps = diag(ewl,ew2, ew?’)

Ve = VTVE = PIVITVE Py = PIVerkmPs — e ") (Vexn )i

matrix elements

V11V22V1*2V2*1 — e—?:(Oél—61)Vlle—’i(ag—ﬁQ)V226’I:(O{1—52)V1*2€?:(O£2—51)V2*1 — V]_1V22V1*2V2*1

-> J is rephasing invariant.

- |Jl= (are of unitarity triangle /\)xz




