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Spin (Lorentz tr.)

spin 0

spin 1/2

spin 1



Spin (Lorentz tr.) ele-mag
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Spin (Lorentz tr.)
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Standard Model

Glashow (1961), Salam, Weinberg (1967)
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Lagrangian (free part = no int.)

(s=0) scalar
= (0"9)*(0uop) — m?¢* ¢
(s=1/2) Dirac

— @V“({Mﬁ — m@?ﬁ

(s=1) vector
1 m?

L=~ FuF" + —A,A"

(Fuw = 0,A,

¥WITNEEZD2R, BREESLIED
M7 ") kinetic term

M7 S . mass term
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Lagrangian [QED]
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U(N) 7 — %

11 1= Ul

QED : U = 9! SUN): U=¢gT "

U:(N! N) unitary matrix

UU=UU =1, U = U*?!
det U=+1—-SU(N)

T

QEDIE TEmKFZ=QE T BU(1)T —I B,

T2 : generator(hermite matriy
[Ta,Tb] = if abCTC

SUN)TDERFDE—>NA2! 1

SU(2): 4-1=3-/\7 U 1751 SM: N=2, 3
SU(3): 9-1=8—-47 )L~ > 175!
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SU(N) 7 — 2 X R

111 = Ul
QED : U = 9! SUN): U=¢gT "
R RKEZLIEL
[Ta,Tb] — If abCTC
D! =(", + ieQA,)! D! = ", +igT?®A% |
Fa = 1LAT D LIAS L gf °ARAT
1 .
L =1 ZFL P (gaugd®, (gauge*
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EXEERIDS T T3

L I—kin + I—Yukawa ) VHiggs

7L —/\—DER : YukawatBE1EFE
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Set up

T — I SU(2) x U(1)
SUR)DERF : (58) 741V AEY
UMNDERT : (588) I\1/)\—Fv+—3Y
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U(1) hypercharge

“I(YR"

Lm = mesze = me "“Vese E mere

(if Y, # Yp)

@ DI AR
OLh anomizu University

20[46]



charge assignment

O, |sa | zwpi 1| 13, | Y | ?YQ
1 2
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kinetic terms (D 2°R. W77 YY)
1% 198
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Q= 3 2 '21 !
URr 3 1 -02 z
d 3 1 ) 3
L = : 1 2 'i !
- | ER 1 1 l-o2 I 1
L1, L = !
- 1.2 SU(3)xSU(2)xU(1) invariant * =

SU(2): doublet-doublet-singlet (2! 2=3+1)
U(1) : hypercharge sum=0 YT )+ Y( )+ Y(")=0

Y=(=1/6)+ (2/3) + (-1/2) Y= (1/2) + (=1) + (1/2)

— m\ C raY 1,
I L vikawa = quUR! + fdeRl + foLer! +h.cC.
Y = (=1/6) + (= 1/3) + (1/2)
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Y=(=1/6)+ (2/3) + (—=1/2) Y=(>1/2)+(=1)+ (1/2)

! LYukawa — quURIC-l_ fd@de + feEeRI +h.C. IC# i"2!!

Y= (=1/6) + (=1/3) + (1/2)

\ 1 | 0 (v+ h) 2
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Flavor (Generation) mixing

generation basis [quark]
 Lvgwa = T M ul, + d, M1 dl +h.c.

mass matrix MJ = fl Y% (a= u,d)

current eigenstate &mass eigenstate

= Ufu™, ug = UBuRY, do = Ufd™, dg = USdR"

U’ M, U§ = diag(my, me, my), etc
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Flavor (Generation) mixing

generation basis [lepton] (massless neutrino)
 Lvgwa = T M ul, + d, M1 dl +h.c.

mass matrix MJ = fl Y% (a= u,d)
=g Ml +h.c

current eigenstate &mass eigenstate

= Ufu™, ug = USUY, du = Ugd™, dr = USdY”

L= U™ e = Ufel™, er = USeR™

U' M, U§ = diag(my, me, my), etc
U~ MU§ = diag(me, my, my)
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Generation mixing

Diagonalization

| Lvgwa = T M ub + d, M dL £hc

H
- my O 0 of
= U(Lm); 0 me 0 Zul™
0 0 My
! $
. Mg 0 0 0
+d" % 0 ms O ‘ﬁd(Rm) +h.c.
0 0 My
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Charged current int. and CKM matrix

ue = UPu™, ur = USUE, di = Ugd™, dr = USdYY

d

current eigenstate \\

mass eigenstate

W+
L =1 %—(m’l“ U’ ud d™w? + he.
Cabibbo-Kobayashi-Maskawa matrix
Vekm ! UM U (3x3) unitary matrix

# of parameters=3 angles+1 (CP) phase
(after removing unphysical d.o.f.)
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Charged current interaction

UL (m), e = UL (m)’ — UR (m)
€
current eigenstate
L_ I ||92-|— lllJ_eLW +hC 5
mass eigenstate .
W
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lepton-flavor mixing matrix?

| _ e
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Unitarity triangle

h[Up]
Verm ! U UL [Vekm [

unitarity condition
Vekm Vew = 1 Vg Vip =0

| = u,cC.t

Viud Vup + VedVep + Vid Vi =

! | (p.n)
=t =arg | edVeh
L YR
| td Vip ,, V.V
. thv! ud Yu
#="p=arg | —F Vg V.
| Vud Vi,
R\
$="3=arg | —-_ub
VCch!b

(0,0) (1,0)
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FCNC

(Flavor Changing Neutral Current)

mEAL >~ (flavor off-diagonal int.)
L= 1 U Vead W+ he §

DL R?
L=(o o ! u. + grUR! "UR) Z,

¢l
tree-level CFCNCIFZHB Z G LN@SM

/‘@’ ERDIKL TR
(.7 Ochanomizu University
32[406]



FCNC at 1-loop

example b! sl §!
| } u, c,t
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e.g., Uesaka etal, 1711.08979
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Silvestrini, 1905.00798
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e.g., Uesaka etal, 1711.08979
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Unitarity triangle
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Gligorov, 2306.12728
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Lepton Flavor Universality
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White paper
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