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Aim of the lectures: to get familiar with the methods  

and terms used in theory

Rusa Mandal, IIT Gandhinagar



The Standard Model
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Gauge structure of the SM of Particle Physics

SU(3)c × SU(2)L × U(1)Y
strong: color 

weak: isospin hypercharge

: mediators



Lagrangian

2 Rusa Mandal, IIT Gandhinagar

ℒkin = ψ̄iDψ − 1
4 FμνFμν + (DμΦ)†(DμΦ) ψ = {eR, L, uR, dR, Q}

Fμν = {Ga
μν, Wa

μν, Bμν}
Fermion-gauge  
boson interaction

Higgs-gauge 
boson interaction

ℒYuk = − Q̄ΦYDdR − Q̄ΦcYUuR − L̄ΦYEeR Higgs-fermion interaction

3 x 3 Yukawa matrices: flavour dynamics
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ℒkin = ψ̄iDψ − 1
4 FμνFμν + (DμΦ)†(DμΦ) ψ = {eR, L, uR, dR, Q}

Fμν = {Ga
μν, Wa

μν, Bμν}
Fermion-gauge  
boson interaction

Higgs-gauge 
boson interaction

ℒYuk = − Q̄ΦYDdR − Q̄ΦcYUuR − L̄ΦYEeR Higgs-fermion interaction

3 x 3 Yukawa matrices: flavour dynamics
No Yukawa for neutrinos massless in SM

SU(2)L × U(1)Y
SSB U(1)EM

[Courtesy: CERN document server]

V(Φ) = − μ2 |Φ |2 + λ |Φ |4

Massive gauge bosons:W±, Z



Flavor sector
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for fermions are invariant under ℒkin

Vu,d,e
L,R :3x3 unitary matrices

[U(3)]5ℒYuk breaks [U(1)]4

[U(3)]5

Baryon no. B
& 3 lepton family nos. Le,μ,τ



Flavor sector
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for fermions are invariant under ℒkin

Vu,d,e
L,R :3x3 unitary matrices

[U(3)]5ℒYuk breaks [U(1)]4

[U(3)]5

Baryon no. B
& 3 lepton family nos.

Can we use flavour symmetry to diagonalise all Yukawa matrices?

bi-unitary transformation

But only 3 matrices are available in quark sector:      missingVd
L

ℒYuk =

non-diagonal Extra rotation for d-type quarks

Le,μ,τ



Flavor sector
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dL → d′ L = (Vu
L)†Vd

LdL ≡ VCKM dL
Vcb

Vtb

Vub

Vcd

Vtd

Vud

Vcs

Vts

Vus

Mass basis All Yukawa matrices are diagonal



Flavor sector
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dL → d′ L = (Vu
L)†Vd

LdL ≡ VCKM dL
Vcb

Vtb

Vub

Vcd

Vtd

Vud

Vcs

Vts

Vus

Mass basis All Yukawa matrices are diagonal

Where do we see the effect of CKM rotation?

Kinetic term: f̄iDf

Vμ = {Gμ, Zμ, Aμ}
neutral gauge bosons

No flavor changing neutral current@tree level

b
t

sW

γ
possible at loop level



Flavor sector
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∑
j−1,2,3

ūjγμPLdjW+
μ ⟶ ∑

j,k−1,2,3
ūjγμPLVjkdkW+

μ = ūγμVCKMPLdW+
μ

flavor violation generated in gauge interaction via Yukawa  
interactions in mass basis

Charged current:



Flavor sector
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∑
j−1,2,3

ūjγμPLdjW+
μ ⟶ ∑

j,k−1,2,3
ūjγμPLVjkdkW+

μ = ūγμVCKMPLdW+
μ

General parametrization of 3x3 unitary matrix 3 angles + 6 phases

Not all phases physical—5 are rotated away

3 angles + 1 phases
only source  
of CP violation

sij = sin θij
cij = cos θij

Charged current:

flavor violation generated in gauge interaction via Yukawa  
interactions in mass basis



Weak decays of muons
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e

μ

ν̄e

νμ

amplitude=

k2 ≪ M2
W is good approximation as mμ ≪ MW e

μ
ν̄e

νμ

matching with Fermi theory with 4-point effective interaction

decay width of muonBR(μ → eνμν̄e) ∼ 100 %
used to evaluate GF



Weak decays of muons
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e

μ

ν̄e

νμ τtheo
μ = 2.18776 × 10−6 s

τexpt
μ = 2.1969811(22) × 10−6 s

@LO with phase  
space factor

very closely in 
agreement 
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e

μ

ν̄e

νμ

e

μ

ν̄e

νμ

τtheo
μ = 2.18776 × 10−6 s

τexpt
μ = 2.1969811(22) × 10−6 s

Including electro-weak corrections

τtheo
μ = 2.19699 × 10−6 s

τexpt
μ = 2.1969811(22) × 10−6 s

in perfect 
agreement 

@LO with phase  
space factor

very closely in 
agreement 



Weak decays of tau
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Total decay width of fermion Γtot
f =

G2
Fm5

f

192π3 [f(mf′ /mf ) + ⋯]
phase space + higher order in αEM

τ
ν̄e, ν̄μ

ντ

e, μ

τ
ū
ντ

d, s
π, K

QED effects under control but not QCD

τtheo
τ = 3.26707 × 10−13 s

τexpt
τ = 2.906(1) × 10−13 s

Gluon exchange within quarks

Tau decay is used to evaluate — strong coupling constantαs

BR~35% BR~35%



Wide range of theory 
predictions for

Weak decays of quarks
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ν̄ℓ
ℓ

ū, c̄

b

τtheo
b

τexpt
b

b u

d, s

Total decay width Γtot
f =

G2
Fm5

f

192π3 [f(mf′ /mf ) + ⋯]
heavy quark masses enter 
— depend on scheme

@  — differs fromm̄c,b(m̄b)τtheo
b = 2.60 × 10−15 ps

u



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

Several decays start@1-loop

Divergent pieces  
in loop integrals Renormalization



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

Several decays start@1-loop

Divergent pieces  
in loop integrals Renormalization

Large Logarithms
αs(mb)ln(m2

b /μ2)
Resummation with RG equations

 energy scale  
induced

Leading 
Log

Next-to 
leading 

Log
NNLL

Tree
1-loop

2-loop

αs ln
α2

s ln2

αs

α2
s ln α2

s

1

0.2 × 1.3



OPE
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Weak decays of quarks involve different scales
μ = -(MW) fundamental scale of weak interaction— small αs

-(1 GeV) ≤ μ ≤ MW
αs variation is significant 

resummation of large Logs necessary 
μ ≤ -(1 GeV) confinement effects has to be included
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Weak decays of quarks involve different scales
μ = -(MW) fundamental scale of weak interaction— small αs

-(1 GeV) ≤ μ ≤ MW
αs variation is significant 

resummation of large Logs necessary 
μ ≤ -(1 GeV) confinement effects has to be included

sc

d
ū

sc

d
ū

X

X

An example:

( f̄ f )V−A ≡ f̄γμ(1 − γ5)f



OPE
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sc

d
ū

X

X
ℋeff = GF

2
V*csVud C1 + higher D ; 1 ≡ (s̄c)V−A(ūd)V−A

product of two currents expanded in series of local 
operators weighted by effective coupling constants— 
Wilson coefficients C

C=1 altered by QCD corrections + new operators induced

different colour structure



OPE
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Amplitude of full theory should match with the amplitude produced 
from effective theory Hamiltonian matching condition

Divergent pole can be absorbed  
in field redefinition tree level matrix element



Matrix element
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divergences in 1st two 
terms absorbed in field 
renormalization.

More divergent than full theory— 
effective theory is nonrenormalizable

need additional constants  
—operator renormalization



Matrix element
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^

Quark field renormalization Operator renormalization

Renormalized operators:



Wilson coefficients
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Matching between full and EFT amplitudes gives

Operator renormalization similar to coupling constant renormalization 
if Wilson coefficients are thought as bare coupling constants in ℋeff

C1(MW) = 0, C2(MW) = 1remember when NO QCD:



Wilson coefficients
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Matching between full and EFT amplitudes gives

Operator renormalization similar to coupling constant renormalization 
if Wilson coefficients are thought as bare coupling constants in ℋeff

C1(MW) = 0, C2(MW) = 1remember when NO QCD:

Factorisation of  
energy scales@ -(αs)

full theory= matrix element 
(long distance)

WC 
(short distance)



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

p2

4%

Total 1st order correction amounts 60-130%

μ = 1 GeVLarge log

Naive breakdown of perturbative series

 WCs are independent of external states

 Operators mix under renormalization:  is non-diagonal̂Z
Counter term for      depends on the constants for both 12 & 1112

diagonal basis:



Wilson coefficients
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Resum large logs via RG eqn:

anomalous dimension 
depends on renormalization constants

1
In RG improved perturbation theory:

@b-mass scale

departure from the value 1 due to QCD 

Similar to  
running of αs

≈



Prescription
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 Step-1: Matching in perturbation theory
amplitude in full theory matched to operator matrix element in  
effective theory extraction of WCs Ci(Λ)

mass of heavy  
particles integrated out 
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 Step-1: Matching in perturbation theory
amplitude in full theory matched to operator matrix element in  
effective theory extraction of WCs Ci(Λ)

mass of heavy  
particles integrated out 

 Step-2: RG improved perturbation theory

using anomalous dimension of operators compute WCs at any lower  
scale via RG evolution Ci(μ) = U(μ, Λ)Ci(Λ)



Prescription

19 Rusa Mandal, IIT Gandhinagar

 Step-1: Matching in perturbation theory
amplitude in full theory matched to operator matrix element in  
effective theory extraction of WCs Ci(Λ)

mass of heavy  
particles integrated out 

 Step-2: RG improved perturbation theory

using anomalous dimension of operators compute WCs at any lower  
scale via RG evolution Ci(μ) = U(μ, Λ)Ci(Λ)

 Step-3: Non-perturbative calculation 

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

factorization between short & long distance physics

< μ : ⟨1(μ)⟩Ci(μ) : μ >



Lecture II
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Effective theory
Effect of new particles captured in higher dimensional operators

(New physics)

(EW breaking)

LSM +
X C

⇤p
Op

LQED + LQCD +
X C 0

⇤p
O

0
p

(Heavy quarks)

mZ

SM

QCD + QED

SU(3)C ⇥ SU(2)L ⇥ U(1)Y

few ⇥⇤QCDHQET

⇤QCD

{
{
{

}
}

short-distance 
physics 

perturbation theory 
+ 

RGE

long-distance 
physics 

non perturbative 
techniques

SU(2nQ) Spin� Flavor

mQ
SU(3)C ⇥ U(1)EM
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Effective theory
Effect of new particles captured in higher dimensional operators

(New physics)

(EW breaking)

LSM +
X C

⇤p
Op

LQED + LQCD +
X C 0

⇤p
O

0
p

(Heavy quarks)

mZ

SM

QCD + QED

SU(3)C ⇥ SU(2)L ⇥ U(1)Y

few ⇥⇤QCDHQET

⇤QCD

{
{
{

}
}

short-distance 
physics 

perturbation theory 
+ 

RGE

long-distance 
physics 

non perturbative 
techniques

SU(2nQ) Spin� Flavor

mQ
SU(3)C ⇥ U(1)EM
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Hadron 
decay



Hadron decay
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ν̄ℓ
ℓ−

b
ū

B−

⟨0 | b̄Γu |B⟩decay probability:

pseudoscalarshould be parity-odd

axialvector ⟨0 | b̄γμγ5u |B(p)⟩ = − ifBpμ

QCD effects parametrized in non-perturbative parameter 
— decay constant

Leptonic:

non-perturbative techniques: Lattice QCD, QCD sum rule,  
Heavy quark effective theory

binding of quarks inside meson



Hadron decay
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ν̄ℓ
ℓ

b c

ū ū

Semileptonic:

B− D0

ℋeff = 4GF

2
Vcb(c̄γμPLb)(ℓ̄γμPLν)

parametrization of quark current 
when sandwiched between  

hadron states 

⟨D(pD) | c̄γμb |B−(pB)⟩ = f1pμ
D + f2pμ

B

binding of quarks inside meson  
+ 

QCD interaction between initial and final state

f1,2 Form factors—depends on 
Lorentz scalar 
(pB − pD)2 = q2

non-perturbative techniques: Lattice QCD, QCD sum rule,  
Heavy quark effective theory



QCD sum rules

 QCD Sum Rule methods for non perturbative estimates

Based on Operator product expansion

Perturbatively calculable 
amplitudes + Quark & gluon condensate: 

charactarises QCD vacuum 
or distribution amplitudes in LCSR

Physical hadronic parameters

Dispersion relation

 Limitations: hadronic parameter extraction     
   depends on model ansatzs for the spectrum

[Shifman et al. ’79]

22

[Khodjamirian et al. ’05,’07]

sp
ec

tra
l d

en
sit

y

Borel parameter

continuam

Ground state

Rusa Mandal, IIT Gandhinagar



Hadron decay
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ū

d

b c

ū ū

Nonleptonic:

B− D0 ℋeff ∼ VcbV*ub(c̄γμPLb)(ūγμPLd)

Complicated QCD dynamics— 
additional assumption required

How good is the assumption?!

π−

QCD factorization



Box
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in absence of QCD
loop function

sandwiched between 
meson-antimeson 
states— calculated 
at meson mass scale

Use RG evolution for WCs

precise estimates 
from Lattice QCD

improve with NLO



Charm discovery
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smallness of BR predicted 
existence of fourth quark

BR(KL → μ+μ−)
BR(K+ → μ+νμ) ∼ 10−9

absence of FCNC at loop level due to unitarity of CKM 
—broken by distinct masses of the quarks            GIM Mechanism

∝ α2
EM(m2

c − m2
u)Sum of two diagrams

Prediction of c-quark mass



Theory of weak decays done! 

Next is to compare with data

Rusa Mandal, IIT Gandhinagar



Penguin
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Most general dim-6 effective Hamiltonian

Top quark contribution 
dominates



Penguin
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In SM (neglecting small  dependence)q2

dim-6 basis including new physics operators

C′ 7−10, C(′ )
S , C(′ )

P = 0



 The amplitude

WCs combines

25

C1−6

Rusa Mandal, IIT Gandhinagar

Penguin



 The amplitude

WCs combines
parametrization 
with form-factors

25

C1−6
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Penguin



 The amplitude

WCs combines
parametrization 
with form-factors

non-local operator  
for non factorization contributions

[Khodjamirian et. al ’10]

25

C1−6

Rusa Mandal, IIT Gandhinagar

Penguin
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Rich in terms of information

polarization of virtual gauge boson

Project out components with different polarization vectors

helicity amplitudes
transversity amplitudes

Penguin
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Rich in terms of information

polarization of virtual gauge boson

Project out components with different polarization vectors

helicity amplitudes

angular observables constructed with different helicity combinations

transversity amplitudes

total 7 TAs in SM lepton chirality 
adds further

Penguin



Angular analysis in well known helicity frame

Angular analysis

The differential distribution
d4�(B ! K⇤`+`�)

dq2 d cos ✓l d cos ✓k d�

Rusa Mandal, IMSc27



                   short distance   +    long distance

Wilson coefficients:  
perturbatively calculable

Form-factors: 
non-perturbative estimates 

from LCSR, HQET, Lattice … 
tremendous effort since past

Non-factorizable 
contributions:

no quantitative computation

Rusa Mandal, IMSc28

 Need to construct observables with less dependency  
   on non-perturbative estimates

Angular analysis



Form factors
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combination of A1,2

Total 7 form factors parametrize SM+ new physics matrix elements



Tensions
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Tension in angular  
observable

new Lorentz structure new WCs

Ci = CSM
i + CNP

i

SM Lorentz structure modification to  
old WCs

∼ 3σ
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Same WCs appear in other channels with same partonic level transition 

Bs → μ+μ− : C10Bs → ϕμ+μ− : C7, 9, 10

[2105.14007]

Tension in BR ∼ 2σ

Tension in differential 
distribution ∼ 2σ
Any modification to WCs has to be consistent with other channels

Tensions
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[2309.01311] [2309.01311]

lepton flavor universal 
is preferred

lepton flavor non-universal

Tensions
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B → K*ℓ−ℓ+

Rusa Mandal, IIT Gandhinagar

sb
W

W

t

t
s

W
b

ν̄

ν

ν̄ ν
ℓZ

B0 K(*)ū

Mode with same quarks but charged leptons

B0 K(*)ū

 Theoretically much cleaner than 

 No photon pole contribution— Z-penguin & box contribute equally 

≈

 Experimentally quite challenging due to two missing neutrinos— 
     — No signal has been observed so far 

Neutrinos

Further Penguins



Further Penguins
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SM = (4.6 ± 0.5) × 10−6

BR(B+ → K+νν̄) × 105

Expavg = (2.4 ± 0.7) × 10−5
Rν

K = 5.2 ± 1.6

 Inclusive tagging technique from Belle II has higher efficiency~4% 

Btag

Bsig

Y(4S)

K+

ν

ν

Rusa Mandal, IIT Gandhinagar



Further Penguins
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 Effective Hamiltonian with all possible dim-6 operators for

Includes light right-handed neutrinosSM FCNC contribution
= -12.7

Observables: Branching ratio, differential distribution in q2

Longitudinal polarization fraction in B → K*νν̄

b → sνν̄

Rusa Mandal, IIT Gandhinagar



Further Penguins
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-40 -20 0 20 40
0

2

4

6

8

10

[CX
AB]

αα

R
ν K
*

[CVLL]αα [CVRL]αα [CVLR]αα = [CVRR]αα [CSLL]αα = [CSRL]αα = [CSLR]αα = [CSRR]αα [CTLL]αα = [CTRR]αα

Variation with individual Wilson coefficients

All operators can achieve the expected range

Rusa Mandal, IIT Gandhinagar

-40 -30 -20 -10 0 10 20 30 40
0

2

4

6

8

10

[CXAB]αα

R
ν K



Consider some motivated BSM particle  
contributing to the mode 

Rusa Mandal, IIT Gandhinagar

Simplified Model— Only one particle at a time



Leptoquarks
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ℓ q

LQ
R-parity violating SUSY, GUTsIdea from ‘70s:

Mediators Operators

S1(3̄, 1, 1/3)

Uμ
3 (3, 3, 2/3)

R̃2(3, 2, 1/6) -V
RL, -V

LR, -S,T
LL , -S,T

RR

-V
LL

Vμ
2 (3̄, 2, 5/6)

-V
LL

Ūμ
1(3, 1, −1/3) -V

RR

S3(3̄, 3, 1/3)

Spin

0

0
0

1
1
1

Interaction terms

-S
RL

-S,V,T
RR , -S,V,T

LL

Rusa Mandal, IIT Gandhinagar

[2107.01080]



Leptoquarks
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Mediators

+ RHN

S1(3̄, 1, 1/3)

Uμ
3 (3, 3, 2/3)

R̃2(3, 2, 1/6)

Vμ
2 (3̄, 2, 5/6)

Ūμ
1(3, 1, −1/3)

S3(3̄, 3, 1/3)

Spin

0

0

0

1

1
1

R(D) R(D*) Rν
K

— no effect — no effect

no effect
+ RHN

no effect — no effect —

Rusa Mandal, IIT Gandhinagar

Angular obs



B anomalies

b c

 Exciting discrepancies observed in charged current B decays also 

combined deviation
<latexit sha1_base64="d70ocewTlQaPq+nWoXHpDh/OsGA=">AAAB83icdVDLSgMxFM34rPVVdekmWARXQ9oOtrMrunFZwT6gM5RMmmlDk8yQZIQy9DfcuFDErT/jzr8xfQgqeuBeDufcS25OlHKmDUIfztr6xubWdmGnuLu3f3BYOjru6CRThLZJwhPVi7CmnEnaNsxw2ksVxSLitBtNrud+954qzRJ5Z6YpDQUeSRYzgo2VgkAzAWu2jwQelMrI9RsNH3kQuR5CXr1qSc33/UsEKy5aoAxWaA1K78EwIZmg0hCOte5XUGrCHCvDCKezYpBpmmIywSPat1RiQXWYL26ewXOrDGGcKFvSwIX6fSPHQuupiOykwGasf3tz8S+vn5m4EeZMppmhkiwfijMOTQLnAcAhU5QYPrUEE8XsrZCMscLE2JiKNoSvn8L/SafqViy/9crNq1UcBXAKzsAFqIA6aIIb0AJtQEAKHsATeHYy59F5cV6Xo2vOaucE/IDz9gkLvZGy</latexit>
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B anomalies

b c

 Exciting discrepancies observed in charged current B decays also 

combined deviation
<latexit sha1_base64="d70ocewTlQaPq+nWoXHpDh/OsGA=">AAAB83icdVDLSgMxFM34rPVVdekmWARXQ9oOtrMrunFZwT6gM5RMmmlDk8yQZIQy9DfcuFDErT/jzr8xfQgqeuBeDufcS25OlHKmDUIfztr6xubWdmGnuLu3f3BYOjru6CRThLZJwhPVi7CmnEnaNsxw2ksVxSLitBtNrud+954qzRJ5Z6YpDQUeSRYzgo2VgkAzAWu2jwQelMrI9RsNH3kQuR5CXr1qSc33/UsEKy5aoAxWaA1K78EwIZmg0hCOte5XUGrCHCvDCKezYpBpmmIywSPat1RiQXWYL26ewXOrDGGcKFvSwIX6fSPHQuupiOykwGasf3tz8S+vn5m4EeZMppmhkiwfijMOTQLnAcAhU5QYPrUEE8XsrZCMscLE2JiKNoSvn8L/SafqViy/9crNq1UcBXAKzsAFqIA6aIIb0AJtQEAKHsATeHYy59F5cV6Xo2vOaucE/IDz9gkLvZGy</latexit>
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[LHCb,1711.05623]

RJ/ ⌘ BR(Bc ! J/ ⌧⌫)

BR(Bc ! J/ µ⌫)

= (2.5± 0.97 )⇥RSM
J/ 



Hamiltonian

39

 Most general dim-6 BSM Hamiltonian for b → cℓν̄

All                 in the SM CX
MN = 0

Simple dynamics 

BSM physics induce new Wilson coefficients

Wilson coefficients:  
perturbatively calculable

Sandwiched between mesons 
form factors: non-perturbative

Rusa Mandal, IIT Gandhinagar



Fits
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RD

RD*

PD*
τ

FD*
L

−
1.7σ

2.0σ

2.2σ

Obs Deviation

3.3σ

dΓD(*)/dq2 −

CV
RL

CV
LL

CS
LL

CS
RL

CT
LL

[2210.10751]

In terms of Wilson 
coefficients 

1-D fit



New Physics
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 Fit to all measured observables in                        including 
    differential BR in      in EFT approach motivated by UV mediators

B → D(*)ℓν̄
q2

Mediators Pull*
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3.3
2.9
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RD RD* FD*
L PD*

τ
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Ṽμ
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Vμ(1, 1, −1) -V
RR

1.9

ϕ(1, 2,1/2) -S
XY

3.7
2.5

2.6

*needs to be updated
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 CP averaged asymmetries for vector boson final state

A3,4,5, AFB ∝
A7,8,9 ∝ Imaginary part

Real part of the amplitude

Null tests of SM
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New physics

Different zero-crossings 

Easily distinguishable in various      regionq2

Rusa Mandal, Siegen U.

Crucial to identify NP mediators

[2004.06726]



Each tensions might point towards different 
New Physics scenarios
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Are they correlated? 
Is there a global picture
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