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Aim of the lectures: to get familiar with the methods

and terms used In theory
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The Standard Model

Gauge structure of the SM of Particle Physics

SUB). X SUR2); X U(1)y

stronQ: </ -’
J weak: isospin \— hypercharge

Fermions: three generations SUB)- SU2), U()y
eR UR TR 1 1 -1
Li=e,er)' L= (Vy,HL)T Ly = (v, tr)" 1 —
UR CR Ir 3 1 %
dr SR br 3 1 —%
Q1= (ur,dr)" Qr=(cr,s1) Qs =(tr,br)’ 3 2 %
Gauge bosons: mediators
Gy a=1-8 8 1 0
% a=1,2,3 1 3 0
B, 1 1 0
Higgs
® = (¢*,¢°) 1 2 1
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Lagrangian

1
3kin —_ l/_/lBl// — ZFIMDF/AI/ + (DM(D)T(DIMCD) Y = {eRa La uRa dRa Q}
P FW = {G;‘V, W;’U, BW}
Fermion-gauge
boson interaction

k"Higgs—gauge
boson interaction

«

3 X 3 Yukawa matrices: tlavour dynamics
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Lagrangian

1
3kin —_ l/_/lBl// — ZFMDF/,H/ + (DM(D)T(DIMCD) Y = {eRa La uRa dRa Q}
P FW = {Gjy, W;}y, BW}
Fermion-gauge
boson interaction

k"'Higgs—gauge
boson interaction

«

3 X 3 Yukawa matrices: tlavour dynamics
No Yukawa for neutrinos massless in SM

SUQ), x U(1)y, —S98B | U(1)py

oojoy= —( °
-1(!

Massive gauge bosons: W=, Z

[Courtesy: CERN document server]
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Flavor sector

Zrin for fermions are invariant under [UB3)]?

QL—>VI'Q, ugr—Viug, dr—Vgdg, _ .,

l; ) A ViH@e 1 3x3 unitary matrices

L->V{L, er— Vger, ’
Lk [UB)] [U(1)]* Baryon no. B

& 3 lepton family nos. Leﬂ .
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Flavor sector

Z\in for fermions are invariant under [U(3)]°
0L > V¥Q, ug— Viur, dg—Vidg, _, ..
LoL ©OTORTR TR IRTE ViH@e 1 3x3 unitary matrices
L—>V;L, egr— Vgeg, ,

P [UB)] [U(1)]* Baryon no. B
& 3 lepton family nos. L, ,

Can we use flavour symmetry to diagonalise all Yukawa matrices”

~D

' : ; u u oU e e oF
bi-unitary transformation (V/)'Y°Pvg =Y,  (VOWvg =Y, (V)Yevg =Y.

But are available in quark sector: V¢ missing
Ly =—00VH VA dg — 00V ug — LOT eg
P
non-diagonal Extra rotation for d-type quarks
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Flavor sector

Mass basis All Yukawa matrices are diagonal
V..V, V
\/v Vcd

\V VISV/
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Flavor sector

Mass basis All Yukawa matrices are diagonal

V..V, V
d, — d; = (V"'Ved, = Vexud, / ud ’“‘b\
\_/V VCd

\V VIS V /
Where do we see the of CKM rotation?

Kinetic term:fin f e — (T3 — sin? SWQf) fYMZ.f +eQrfyrALSf

sin dw CcoS dw

Z JLj)/”dLjV”H Z d (VJr ch) deLkV[J‘ VMZ{GWZWA”}
J=12.3 Jk=1.2.3 ~ neutral gauge bosons

No flavor changing neutral current@tree level

<’ .
Ny possible at loop level
5
W

b

\)
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Flavor sector

Charged current: Z iy P W, — Z iy P Vad W, = iiy" Vg PrdWr
J—123 jk—1.23

flavor violation generated in gauge interaction via Yukawa
interactions In

5 Rusa Mandal, IIT Gandhinagar



Flavor sector

Charged current: Z iy P W, — Z iy P Vad W, = iiy" Vg PrdWr
J—123 jk—1.23

flavor violation generated in gauge interaction via Yukawa
interactions In

General parametrization of 3x3 unitary matrix -~ 3 angles + 6 phases
Not all phases —>5 are rotated away u® - 'l utR, aR - ¢ d-"
VEM (0 =eyCkM . 3 angles + 1 phases
., urce
- of CP violation
(1 0 0 \ ( C13 0 S|3€_'b\ ( Cl12  S12 O\
VCKM =10 C23 523 0 | 0 —S512 C12 0
\0 =523 €23/ \—Sl3em 0 c13 / \ 0 0 1) 5 = sin;

c;; = €0s 0;
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Weak decays of muons

e —_

L
. 1 g% = 1 >~ 1
amplitude= —3 - M2 [Vuyu(L=ys)ulley™ (1 = ys)vel,
i v,
k* < M3, is good approximation as m, < My, }De
G o - l
5 Pavul = yulleyt( = ysyvel, I ,
G g
matching with Fermi theory with interaction — = —=
V2 sMZ
BR(u — ey,p,) ~100% — ~ decay width of muon

used to evaluate Gy
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Weak deca,ys of muons

e —_

L

U

2 2 .
LT 19273 m? 5 Mg, space factor

theo —6
T = 218776 x 10 | very closely in

7P = 2.1969811(22) x 105 agreement
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Weak decays of muons

2

e - 2 :
yve . ~ Gpm, (1 _8mf,) - iﬂ) @| O with phase
4T 192n3 m? 5 My space factor

theo —6
H “u b = 21877610 | very closely in
TSPt = 2 1969811(22) x 107°s agreement

,u

Including electro-weak corrections

Gpm 2 25 3 m; eyﬂe
I, = 192ﬂ§(1_8_“) 1+20;(4—n2) <1+§M_§/) 5
2 v,
7% = 2.19699 x 10~°5s . in perfect
7Pt = 2.1969811(22) x 10705 agreement

,u
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Weak decays of tau
Total 0 dth of fermion ot = O™
otal adecay widtn of fermion rf — 9773 [f(mf’/mf)+'°']

phase space + higher order in agy,

BR~35% BR~35%
d,s theo —13
e, u e = 3.26707 x 107"’ s
~7, , M K T
7Pt = 2.906(1) x 107135
T UT T UT
Gluon quarks

QED effects under control but QCD

Tau decay Is used to evaluate a,— strong coupling constant
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Weak decays of quarks

£ ) d,s
y”f gm%%?/uc
b U

G,%m]}5
19273

heavy quark masses enter
— depend on scheme

Total decay width F}Ot = [f(mf’/mf) + ]

mPole  =1471 GeV, mP  =4.650 GeV of theory
mo(m.) =1.277 GeV, my(ms) =4.248 GeV - - predictions for ;"
me(mp) = 0.997 GeV, my(my) = 4.248 GeV

_ t
Téheo=2.60><10_15p8 @mc’b(mb)— from TbeXp
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Loops

Actual physics lies in loops! check of tree level &
validity of perturbation theory

Several decays start@1-loop

pleces

. . Renormalization
In loop integrals
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Loops

Actual physics lies in loops!
validity of

check of tree level &
- perturbation theory

Several ©

pleces

. . Renormalization
In loop integrals

Resummation with RG equations

. Next-to
Leading  eading NNLL
Log Log
Tree |
1-loop| a,In g
2-loop | a?In? a’In a’

10

ecays start@1-loop

energy scale
induced

as(mb)ln(mg /u?)
02x1.3
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OPE

Weak decays of quarks involve scales
u = O0My) fundamental scale of weak interaction— small @,
6(1GeV) < i < My, a, variation i§ significant
resummation of necessary
u < 0(1 GeV) confinement effects has to be included
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OPE

Weak decays of quarks involve scales
pu = O0My) fundamental scale of weak interaction— small @,
6(1GeV) < u <M o, variation is significant
—r= resummation of necessary
u < 0(1 GeV) confinement effects has to be included
An example: il i
L ° @V d
C S C @ S
GF My, - 7 _ 7, (1
A=-—VV (5¢)y_a(ud)y_a (Pv-a Efr, (L =vs5)f
V2 M2 - M,
— GF

* < 7l k2
- $VcsVud (5¢)v-a(td)y-a+ 0O (M_vzv)
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(Xk H o = VEV ,CQ +higher D; @ = (5¢)y_,(i4d)y_4

; s product of two currents expanded in series of local
operators coupling constants—
Wilson coefficients C

C=1 by QCD corrections + new operators induced

different structure
1

a a 1
TQBT'Yé — _ﬁ5a55y5 + 55055575
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OPE

G = -
Tt = T;V;svud(cl(H)Ql + G (u)22). Q1 = (SaCplv-alupda)v-a
O = (Eaca)V—A(’Zﬁdﬁ)V—A
Amplitude of theory should match with the amplitude produced
from theory Hamiltonian matching condition
A = Aur = ZEVV. (CIHO1) + Co(03))
full eff \/i cs Yud\“l 1 2 2/7)
Aey = ZEVE Y [1+2Cﬁl+1n‘u—2 g4 30 (M) o
full = N ud Fa\% 7 2t N an 2 2
P M?
- 3E m(__;g) Sl] S1 =(01)tree = (Eacﬁ)V—A(ﬁﬁda)V—Aa

S2 =(Q2)tree = (Eaca)V—A(lzﬁdﬁ)V—Aa
pole can be absorbed

1 fiald redefinition tree level matrix element
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Matrix element
W
/\

41t

”

divergences in 1st two
terms absorbed in
renormalization.

35

1 u? 3 a, (1
O = (1+2Cp =2 (= +m|[=|]]|si+ 22 (- +n
Qo ( T (e+ —p? 'Y Nam\e "

2
(0)© = (1 rocp s (% +In (”—2))) S, +

More divergent than full theory—
effective theory is nonrenormalizable

need additional constants
—operator renormalization
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Matrix element

AN AL

()0 = Z:22,40))

Quark field renormalization Operator renormalization
A 3/N =3
Z=1+ as 1
dmte\ -3 3/N

Renormalized operators:

2 2 2
(01) = (1 +2cpﬁ1n(”—)) S + 1ﬁln(”—) S, —3ﬁ1n(”—) S5

4t \ —p? Nan \-p? 4t \ —p?

2 2 2

X U 3 U X U
=|(1+2Cp—In|— ||+ —=-—h|—|$H-3-——In|—|S
27 ( " an n(—pz)) > T Nan n(—pz) © T4n (—pz) 1
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Wilson coefficients

Matching between full and EFT amplitudes gives

_ s My _ L3 as . (My
Cl([.l) = —34—7_[ m(?) s C2(H) =1+ ﬁ4_7t IH(F)

remember when QCD: C,(My) =0, C(My) =1

Operator renormalization similar to coupling constant renormalization
if Wilson coetticients are thought as constants in ?/eff

16 Rusa Mandal, IIT Gandhinagar



Wilson coefficients

Matching between full and EFT amplitudes gives

_ s My _ L3 as . (My
Cl([.l) = —34—7_[ m(?) s C2(H) =1+ ﬁ4_7t ID(F)

remember when QCD: C,(My) =0, C(My) =1

Operator renormalization similar to coupling constant renormalization

if Wilson coefficients are thought as constants in %eff
2 2
of (1 l(ﬂ)) (1 : 1(ﬂ)) (1 +arm(£5))
energy scales@ 0(a,) —p u -p
WC matrix element
full theory=

(short distance) (long distance)
My gk (Mw k> di?
L %= T
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Wilson coefficients

> WCs are independent of

p2 dropped from the expressions
— need to be careful while regularising infrared divergences

2 Operators mix under renormalization: Z is non-diagonal

Counter term for @, depends on the constants for both @, & @,

diagonal basis: Q. = Q> ; 91 c=0=xq
Cow) =1+ (2 %3] % m My
Al N ") an uz |
D \_~ Large log u = 1GeV
4%
Total correction amounts 60-130%
Naive of perturbative series
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Wilson coefficients

' . dC+
Resum large logs via RG egn: dl_n(ﬁ) = v.(g)C: (1)

anomalous dimension ,/

depends on renormalization constants

Similarto (= ——1 a0 llz(ﬁ(’asgﬂf)m(%)]
running of a, "

,(0)

-

as<Mw>]'2To
ag(u)

Ci(MW)

— 1

In RG improved perturbation theory: C.i(u) = [

@b-mass scale Ci(fp) = 0.847and C_(up) = 1.395
from the value 1 due to QCD
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Prescription

2> Step-1: in perturbation theory

amplitude in full theory matched to operator matrix element in
effective theory extraction of WCs C,(A)

\ mass of heavy
particles integrated out
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Prescription

2> Step-1: in perturbation theory

amplitude in full theory matched to operator matrix element in
effective theory extraction of WCs C,(A)

\ mass of heavy
particles integrated out

2 Step-2: perturbation theory

using anomalous dimension of operators compute WCs at any lower
scale via RG evolution C(u) = U(u, AN)C(AN)
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Prescription

> Step-1: in perturbation theory

amplitude in full theory matched to operator matrix element in
effective theory extraction of WCs C,(A)

\ mass of heavy
particles integrated out

2 Step-2: perturbation theory

using anomalous dimension of operators compute WCs at any lower
scale via RG evolution C(u) = U(u, AN)C(AN)

2 Step-3: calculation

hadronic matrix elements at the lower scale via methods:
Lattice gauge theory, QCD sum rules

factorization between distance physics

Cu): > — N < (@)
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