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Outline of the talk

❖ Framework of Effective Field Theory (EFT)

❖ Framework of SMEFT & LEFT

❖ Phenomenological Implications [Top quark effective couplings]

❖ Future Predictions



The Quest for New Physics (NP)

• The Standard Model is successful but incomplete !!

Explain the Electroweak precision test, the Higgs discovery, the success of flavour physics,…..  

But can not explain,

Dark Matter, Neutrino mass & oscillation, Baryon asymmetry, Hierarchy problem, Flavour anomaly,….

• Direct searches at LHC

No new heavy resonance up to multi-TeV scales. 
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• Direct searches at LHC

No new heavy resonance up to multi-TeV scales. 
However, that does mean NP is absent!!

• Indirect searches of NP

NP still appear through 
virtual effects

Such effects modify 
Low-energy SM obs

Use precise exp 
measurements vs SM 

predictions to constrain 
possible NP contributions.

(The Shift to the Precision Frontier)
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The Shift to the Precision Frontier

• Indirect searches of NP

NP still appear through 
virtual effects

Such effects modify 
Low-energy SM obs

Use precise exp 
measurements vs SM 

predictions to constrain 
possible NP contributions.

• Why use low-energy physics to constrain the Heavy Physics??

Direct Collider (ATLAS/CMS)

• Top pair / Single top production, W helicity fractions 

• Limited by hadronic uncertainties, experimental systematics etc. 

• Sometimes current bounds are loose [More detail in future slides]

Indirect Bounds (Quantum Loops) • Loop-induced low-energy processes (  meson decays, Meson mixings,…) 

• Low-energy observables are measured with extreme precision at LHCb and 

    Belle II.

B
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Effective Field Theory (EFT)

• Key Idea Integrate out heavy states  get effective operators→

Heavy

Integrated out

Heavy Field
Coefficient of the effective operator 

incorporates the essence of NP!!Top-down approach

Example: Effective four-Fermi theory (μ− → e−ν̄eνμ)

Integrated out
Calculate the same process from both the theories

g2

q2 − M2
W

q2 ≪ M2
W

GF : Fermi Constant

g2

M2
W

GF

2
≡

g2

8M2
W

Matching Eq.

03



Effective Field Theory (EFT)

 represents the heavy scale where NP interaction or particle live Λ

• Key Idea Integrate out heavy states  get effective operators→

Heavy

Integrated out Coefficient of the effective operator 
incorporates the essence of NP!!

[ℒ(d) =
nd

∑
i

𝒞(d)
i

Λ(d−4)
𝒪(d)

i ]
Here  are the dimensionless couplings (Wilson Coefficient), but depend on the renormalisation scale  𝒞i (μ) .

The scale dependency enters through the 
renormalisation of effective operators

A systematic expansion of new physics in powers of  .(1/Λ)

Top-down approach

Λ ≫ TeV μSM ∼ 100 GeV
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Operator Renormalisation

Effective operators are not renormalised!!

𝒪bare
i = ∑

j

Z𝒪
ij 𝒪ren

j

Renormalisation Matrix  Z𝒪
ij = (δij +

Aij

ϵ
+ 𝒪 ( 1

ϵ )
n

)

Just like couplings, EFT operators must be renormalised
—loops make them mix…..

In a renormalised theory, this UV divergence 
can be absorbed within WCs. 
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Example
Consider a matrix element of four quark operator:

⟨𝒪i(ψi)⟩

Higher-order corrections 
give divergence!!
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     Running & Anomalous Dimension Matrix (ADM)

To maintain renormalizability across the scale, 
information of the running of WCs is crucial

μ
d

dμ
𝒪bare

i = μ
d

dμ (Z𝒪
ij 𝒪ren

j ) = 0

μ
d

dμ
𝒪ren

i = − (Z−1μ
d

dμ
Z)

ij
𝒪ren

j{γij
Anomalous Dimension 

Matrix (ADM)

μ
d

dμ
𝒞ren

i (μ) = − (γT)ij𝒞ren
j (μ)

In a Complementary 
Approach

γij

The ADM is the DNA of an EFT. 
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     Running & Anomalous Dimension Matrix (ADM)

To maintain renormalizability across the scale, 
information of the running of WCs is crucial

μ
d

dμ
𝒪bare

i = μ
d

dμ (Z𝒪
ij 𝒪ren

j ) = 0

μ
d

dμ
𝒪ren

i = − (Z−1μ
d

dμ
Z)

ij
𝒪ren

j{γij
Anomalous Dimension 

Matrix (ADM)

μ
d

dμ
𝒞ren

i (μ) = − (γT)ij𝒞ren
j (μ)

In a Complementary 
Approach

γij

ADM carries the information

❖ Running of couplings.
❖ Mixing of operators.
❖ This helps to connect your theory 

to collider observables.

The ADM is the DNA of an EFT. 
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Standard Model Effective Field Theory (SMEFT)

❖ With no new particles up to a few TeV, allows one to parametrise NP with higher-dimensional, gauge-invariant 
operators built from SM fields….

SMEFT

NP is integrated out

ℒ(d)
SMEFT = ℒ(4)

SM + ∑
d≥5

∑
i

𝒞(d)
i

Λ(d−4)
𝒪(d)

i

Λ ≫ Vev

❖ Follow the SM gauge symmetry. 

❖ Valid above the EW scale.
❖ Degrees of freedom: SM fields 

including ( )
❖ Operator bases are constructed 

obeying E.O.M., Fiertz Identity, and 
IBP.

❖ Dim 5 SM Lagrangian has a single op.
❖ Dim 6 SM Lagrangian has 59 

independent op.

SU(3)c × SU(2)L × U(1)Y

t, H, W, Z, ⋯ {❖ Operator Basis: Warsaw, 
SILH, JMT, HISZ, EGGM, …

❖ ADM are known (Up to dim 
8) Jenkins, Manohar, Trott

 (arXiv: 1308.2627)
(arXiv: 1310.4838)
(arXiv: 1312.2014)
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Standard Model Effective Field Theory (SMEFT)

❖ With no new particles up to a few TeV, allows one to parametrise NP with higher-dimensional, gauge-invariant 
operators built from SM fields….

SMEFT

NP is integrated out

ℒ(d)
SMEFT = ℒ(4)

SM + ∑
d≥5

∑
i

𝒞(d)
i

Λ(d−4)
𝒪(d)

i

Λ ≫ Vev

❖ Follow the SM gauge symmetry. 

❖ Valid above the EW scale.
❖ Degrees of freedom: SM fields 

including ( )
❖ Operator bases are constructed 

obeying E.O.M., Fiertz Identity, and 
IBP.

❖ Dim 5 SM Lagrangian has a single op.
❖ Dim 6 SM Lagrangian has 59 

independent op.

SU(3)c × SU(2)L × U(1)Y

t, H, W, Z, ⋯ {❖ Operator Basis: Warsaw, 
SILH, JMT, HISZ, EGGM, …

❖ ADM are known (Up to dim 
8) Jenkins, Manohar, Trott

 (arXiv: 1308.2627)
(arXiv: 1310.4838)
(arXiv: 1312.2014)

But what about the physics 
below the EWSB scale??
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Low Energy Effective Field Theory (LEFT)

An alternative, complementary way to search NP below the EW scale!!

LEFT

NP along with SM heavy 
d.o.f ( ) are integrated outt, H, Z, W

❖ Respect the gauge symmetry 
( )

❖ Valid below the EW scale and basis 
is constructed after EWSB.

❖ Degrees of freedom: light quark 
(u,d,s,c,b), leptons, photon and 
gluon.

❖ Used for the process at the hadronic 
scale or low-energy processes.

❖ Larger operators set due to lesser 
gauge restrictions

 (Dim 6, 70 , )

SU(3) × U(1)Q

(B = L = 0) 123(B ≠ L ≠ 0)

{❖ ADM are known:
Manohar, Peter Stoffer 

(1709.04486)
Aebischer, Greub, Vitro 

(1704.06639)
❖ Running is performed through 

QCD & QED corrections

ℒLEFT = ℒQCD+QED + ∑
d≥5

∑
i

L(d)
i O(d)

i
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LEFT

NP along with SM heavy 
d.o.f ( ) are integrated outt, H, Z, W
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( )
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gluon.

❖ Used for the process at the hadronic 
scale or low-energy processes.
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 (Dim 6, 70 , )

SU(3) × U(1)Q

(B = L = 0) 123(B ≠ L ≠ 0)

{❖ ADM are known:
Manohar, Peter Stoffer 

(1709.04486)
Aebischer, Greub, Vitro 

(1704.06639)
❖ Running is performed through 

QCD & QED corrections

ℒLEFT = ℒQCD+QED + ∑
d≥5

∑
i

L(d)
i O(d)

i

SMEFT is the right tool above the EW scale; LEFT takes over 
below it.  Matching at the  ensures a consistent 
description of NP effects across all energy regimes.

μEW
07



Matching between SMEFT & LEFT

ℒLEFT μW
= ℒSMEFT

μW

We can match both the 
theories at  scaleμEW

ℒren ,Tree
LEFT + ℒLoop

LEFT + ℒC.T.
LEFT μW

= ℒren ,Tree
SMEFT + ℒLoop

SMEFT + ℒC.T.
SMEFT

μW

Expand the integrands of the loop integrals in the low-
energy scales

ℒLoop
LEFT = 0

In the Dimensional Regularisation

ℒren ,Tree
LEFT μW

= ℒren ,Tree
SMEFT + ℒLoop

SMEFT + (ℒC.T.
SMEFT − ℒC.T.

LEFT)
μW{ Tree-level matching:

Jenkins, Manohar, Stoffer
JHEP03(2018)016

One-Loop matching:
Dekens, Stoffer

JHEP 10(2019)197
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Summary of Toolkit
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Some Phenomenological studies on top decays

❖ A Comprehensive Study on Top Quark FCNC Interaction in SMEFT 
Framework. [arXiv: 2602.10201]

❖ Constraining anomalous  and related SMEFT couplings using low-energy 
and electroweak precision observables. [JHEP 11(2025)071]

Wtb

https://arxiv.org/abs/2602.10201
https://link.springer.com/article/10.1007/JHEP11(2025)071


Why Top quark decays??

❖ Top as a SM probe: The dominant decay  tests the charged current structure (CKM element ) 
with high precision.

❖ Top as a NP window: Rare FCNC decays are forbidden at tree level and highly suppressed in the SM 
.

❖ LHC Advantages: The top is abundantly produced and measured precisely at the LHC, making its decays 
powerful tools for both SM validation and NP searches.

(t → bW) Vtb

ℬ(t → qX) ∼ (10−15 − 10−17)
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Why Top quark decays??

❖ Top as a SM probe: The dominant decay  tests the charged current structure (CKM element ) 
with high precision.

❖ Top as a NP window: Rare FCNC decays are forbidden at tree level and highly suppressed in the SM 
.

❖ LHC Advantages: The top is abundantly produced and measured precisely at the LHC, making its decays 
powerful tools for both SM validation and NP searches.

(t → bW) Vtb

ℬ(t → qX) ∼ (10−15 − 10−17)

Objectives of the Study

To establish the most rigorous, model-independent constraints on anomalous top quark by 
leveraging the precision of low-energy observables.

1. Exploit Indirect Probes 

2. Ensure Theoretical Rigor 
[Matching + RGE] 

3. Perform Global Analysis 

4. Predict Future Signatures 
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Top quark effective interactions [Charged Current]

In SM Tree level, V′￼L = Vtb , VR = 0 , gL = 0 , gR = 0 .

ℒWtb = −
g

2 (b̄γμ(V′￼LPL + VRPR)tWμ− + b̄
iσμνqν

mW
(gLPL + gRPR)tWμ−) + h . c .

V′￼L = Vtb(1 + VL)

Matching with SMEFT basis

𝒪uW
pr = (q̄pσμνur)τIϕ̃ WI

μν

𝒪dW
pr = (q̄pσμνdr)τIϕ WI

μν

𝒪ϕud
pr = i(ϕ̃†Dμϕ) (ūpγμdr)

𝒪ϕq(3)
pr = (ϕ†iDI

μϕ) (q̄pτIγμqr)}ℒSMEFT (μt) = ℒWtb (μt)

ℒSMEFT = ∑
i

𝒞i𝒪i + h . c . {VL (μt) =
v2

Λ2
𝒞ϕq(3)

33 (μt)

VR (μt) =
1
2

v2

Λ2
𝒞ϕud

33 (μt)

gL (μt) = 2
v2

Λ2
𝒞* dW

33 (μt)

gR (μt) = 2
v2

Λ2
𝒞uW

33 (μt)
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Effective Parameterisation is important

Couple to both charged 
and neutral gauge 

bosons under the same 
WCs.
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−ℒeff = ∑
uj=u,c

ūj[ gs

2mt
TAσμν (ξujt

L PL + ξujt
R PR) GA

μν

+
e

2mt
σμν (λujt

L PL + λujt
R PR) Fμν

+
gW

2cWmt
σμν (κujt

L PL + κujt
R PR) Zμν −

gW

2cW
γμ (Xujt

L PL + Xujt
R PR) Zμ

−
1

2 (ηujt
L PL + ηujt

R PR) H ]t + H.C.

At the SM Tree 
level

ξl,R , λL,R , κL,R , XL,R , ηL,R = 0

Top quark effective interactions [Flavor Changing Neutral Current]
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Matching with  SMEFT Framework

SMEFT

Tree-level Matching

13

t → uj g
t → uj γ

t → uj Z

t → uj H

{



Matching with  SMEFT Framework

SMEFT

Tree-level Matching
Complex operator, induces CP violation through imaginary parts

13

t → uj g
t → uj γ

t → uj Z

t → uj H

{



Matching with  SMEFT Framework

SMEFT

Tree-level Matching
Complex operator, induces CP violation through imaginary parts

Due to  conjugate str, these operator can
generate both types FCNC (up & down)

Under the same WCs.

SU(2)

13

t → uj g
t → uj γ

t → uj Z

t → uj H

{



Complete List of Observables:       Low Energy Observables

Rare FCNC Processes

Semileptonic decay{Radiative decay

Invisible decay

(b → s(d)ℓℓ)
(b → s(d) γ )
(b → s(d) νν) [ ]

(Differential) Branching Fraction, 
CP Asymmetries, Various Angular 
& Ratio Observables (updated 

 )RK & R*K

FCCC Processes {Leptonic decay (P → ℓν)
Semileptonic decay (P → Mℓν) [ ](Differential) Branching Fraction, 

CKM elements

Neutral Meson Mixing {(B0
s − B̄0

s , B0 − B̄0) Meson mixing [ ]
Mass difference 

( )ΔM = 2 |M12 | =
|ℳTot |

mB
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       Electroweak & other relevant Observables

Electroweak Precision 
Observables

Oblique Parameters (S,T,U){  Pole ObservablesZ [ , Ratio observables, 
Asymmetric observables.
δMW(Δρ, Δr)

Other relevant 
Observables {Higgs decays

 Pole ObservablesW

Triple Gauge Couplings (WWV(γ, Z))

Electric and Magnetic Dipole moments of quarks.

Branching ratios, couplings in the 
kappa framework, TCG 
couplings, ….[

]

]
[ ]CP Violating Obs
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      Case Study:  Low Energy Observables

Rare FCNC Processes

Semileptonic decay{Radiative decay

Invisible decay

(b → s(d)ℓℓ)
(b → s γ (g))
(b → s(d) νν)

ℋb→dj
LEFT = −

4 GF

2
VtbV*tdj

6

∑
i=1

Ci(μ)Oi(μ) + ∑
i=7,8,9,10,P,S,T,T5

(Ci(μ)Oi + C′￼i(μ)O′￼i) −
4 GF

2
VtbV*tdj[Cν

LOν
L + Cν

ROν
R]

O7 =
e

16π2
mb(d̄jσμνPRb)Fμν, O′￼7 =

e
16π2

mb(d̄jσμνPLb)Fμν,

O8 =
gs

16π2
mb(d̄jσμνTaPRb)Gμν a, O′￼8 =

gs

16π2
mb(d̄jσμνTaPLb)Gμν a .

O9 =
e2

16π2
(d̄jγμPLb)(ℓ̄γμℓ), O′￼9 =

e2

16π2
(d̄jγμPRb)(ℓ̄γμℓ),

O10 =
e2

16π2
(d̄jγμPLb)(ℓ̄γμγ5ℓ), O′￼10 =

e2

16π2
(d̄jγμPRb)(ℓ̄γμγ5ℓ),

OS =
e2

16π2
mb(d̄jPRb)(ℓ̄ℓ), O′￼S =

e2

16π2
mb(d̄jPLb)(ℓ̄ℓ),

OP =
e2

16π2
mb(d̄jPRb)(ℓ̄γ5ℓ), O′￼P =

e2

16π2
mb(d̄jPLb)(ℓ̄γ5ℓ),

𝒪T =
e2

16π2
mb(s̄σμνb)(ℓ̄σμνℓ), 𝒪T5 =

e2

16π2
mb(s̄σμνb)(ℓ̄σμνγ5ℓ),

𝒪ν
L =

e2

16π2 (d̄jγμPLb) (ν̄γμPLν), 𝒪ν
R =

e2

16π2 (d̄jγμPRb) (ν̄γμPLν) ,
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Rare FCNC Processes ( )b → s(d)ℓℓ

ℋb→djℓℓ
eff ⊃ −

4 GF

2
VtbV*tdj(C9(μ)O9(μ) + C10(μ)O10(μ) + CS(μ)OS(μ)) .

Due to Anomalous  couplings
 are getting modified.

Wtb
(O9, O10, OS)

Ci(μ) = CSM
i (μ) +Δ Ci(μ)
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Rare FCNC ProcessesPresence of top 
FCNC couplings
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Rare FCNC Processes

≈ |VtbVcs | ≈ 𝒪(1)

≈ |VcbVts | ≈ 𝒪(10−3)

Presence of top 
FCNC couplings
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Rare FCNC Processes ( )b → s(d)ℓℓ

Ci(μ) = CSM
i (μ) +Δ Ci(μ)

Δ Ci(μEW) = g(𝒞i
SMEFT) (μEW)

WET RGEs

Ci(μb) = Uij(μb, μEW)Cj(μEW)

Matching at EW Scale

Ci(μb) = CSM
i (μb)+Uij(μb, μEW)g(𝒞i

SMEFT)(μEW)Observables at Scaleμb

{    g(𝒞i
SMEFT)

Loop Factor containing NP

ℬ(Bq → μ+μ−) = τBq
f 2
Bq

m3
Bq

G2
Fα2

64π3
|V*tqVtb |2 βμ(m2

Bq
)

m2
Bq

m2
b

|Cs(μb) − C′￼s(μb) |2 (1 −
4m2

μ

m2
Bq

) +
mBq

mb
(Cp(μb) − C′￼p(μb)) + 2

mμ

mBq

(C10(μb) − C′￼10(μb))
2

,

16

F Mahmoudi, et al.  
[Symmetry 16(2024)8,1006] 

 

 

 

C7(μb) = − 0.3143
C8(μb) = − 0.1710
C9(μb) = 4.0459

C10(μb) = − 4.2939

https://www.mdpi.com/2073-8994/16/8/1006


FCCC (Charge Current Process)

SM baseline: tree-level, clean, very small 
theory uncertainty.

High Event rates: Precision measurements 
are possible.

Direct probe of CKM elements:  
from semileptonic  decays,  from top 

decay/single top prod.

Vcb, Vub
B Vtb

𝒪ℓ
V1

= (c̄LγμbL)(ℓ̄LγμνℓL) 𝒪ℓ
V2

= (c̄RγμbR)(ℓ̄LγμνℓL) ,

ℋb→cℓν
eff =

4GF

2
Vcb [(1 + Cℓ

V1
)𝒪ℓ

V1
+ Cℓ

V2
𝒪ℓ

V2]

Vij → Vij (1 + Cℓ
V1

(μb) ± Cℓ
V2

(μb))
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FCCC (Charge Current Process)

dΓ(P → Mℓνℓ)
dq2

=
G2

F

192π3m3
P

q2 λM(q2) (1 −
m2

ℓ

q2 ) Vij(1 + Cℓ
V1

+ Cℓ
V2

)
2

{(1 +
m2

ℓ

2q2 ) Hs
V,0

2 +
3
2

m2
ℓ

q2
Hs

V,t
2} .

Differential decay rates (P → Mℓν)

{
Semi-leptonic decay (B → Dℓν) Vcb → Vcb (1 + Cℓ

V1
(μb) + Cℓ

V2
(μb))

Leptonic decay rates (P → ℓν)

ℬ(P → ℓνℓ) =
τP

8π
mP m2

ℓ f2
P G2

F (1 −
m2

ℓ

m2
P )

2

Vujdi
(1 + Cℓ

V1
− Cℓ

V2
)

2
.

Helicity amplitudes

Kallen Function
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EW Precision Observables 

Oblique Parameters (S, T, U) S = ( 4s2
Wc2

W

αe ) ([ δΣT
ZZ(m2

Z) − δΣT
ZZ(0)

m2
Z ] −

c2
W − s2

W

cWsW

δΣT
γZ(m2

Z)
m2

Z
−

δΣT
γγ(m2

Z)
m2

Z )

U =
4s2

W

αe [ δΣT
WW(m2

W) − δΣT
WW(0)

m2
W ] −

cW

sW

δΣT
Zγ(m2

Z)
m2

Z
−

δΣT
γγ(m2

Z)
m2

Z
− S

T =
1
αe ( δΣT

WW(0)
m2

W
−

δΣT
ZZ(0)
m2

Z )

In the SM reference point,

GFitter Collaboration

S, T, U = 0

S = 0.05 ± 0.11 ,
T = 0.09 ± 0.13 ,
U = 0.01 ± 0.11 . {Based on these parameters, many more observables can be constructed

Here  is the self-energy of the gauge 
boson

Σij

ρ =
GNC

GCC
=

M2
W

c2
WM2

Z
= 1 .In SM,

BSM , ρ =
1

1 − Δρ
, Δρ = (Δρ)(1) + (Δρ)(2) + ⋯

(Δρ)(1) = − αemΔT

M2
W (1 −

M2
W

M2
Z ) =

παem

2GF

1
1 − Δr

.

Δr =
αem

s2
W (−

1
2

ΔS + c2
WΔT +

c2
W − s2

W

4s2
W

ΔU)

Key observables for the precision 
measurement of MW

LHCb, ATLAS,
D0, CDF
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Z & W pole Observables

gtot
Vb = gSM

Vb + δgVb ,

gtot
Ab = gSM

Ab + δgAb .

Presence 
of  couplingsWtb

Rb =
Γb

Γhad
Ab =

Γ(Z → bLb̄L) − Γ(Z → bRb̄R)
Γ(Z → bb̄)

 boson mass correctionW

AFB
b =

3
4

AeAb

ℬ(W → ℓν), Rℓ1/ℓ2
RWc =

Γ(W → cs)
Γ(W → ud) + Γ(W → cs)

Affected obs.

 Pole Obs.Z  Pole Obs.W

Affected 
obs.

Presence of top FCNC 

+ Many more

19



Trilinear Gauge Couplings
Direct test of Non-Abelian gauge 

symmetry SM.
Extensively studied at LEP & 

LHC

Here, V = (γ/Z)

Among the  couplings7 {gV
1 , κV, λV, gV

5 (CP conserving)

gV
4 , κ̃V, λ̃V (CP violating)

At SM, tree level (gZ
1 , gγ

1, κZ, κγ = 1)
We are also getting 

contributions in 
these couplings

20



Global Analysis

Global  analysisχ2 χ2
Global(𝒞i(μEW)) = χ2

Flavour(𝒞i(μEW)) + χ2
EWPOs(𝒞i(μEW)) + χ2

others(𝒞i(μEW))

χ2(𝒞) = ∑
ij

(𝒪Exp
i (𝒞i) − 𝒪EFT

i ) (V )−1
ij (𝒪Exp

j (𝒞j) − 𝒪EFT
j )

 is the covariance matrix of Exp measurements.Vij

 We have performed sector-wise and Global (Combined) fits in order to put constraints on these couplings.

Fitting is performed for one-parameter scenarios as well as multi-parameter scenarios.

21



Results I (Charged Current Couplings)
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χ2
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χ2
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Results I (Charged Current Couplings)

χ2
EWPO+others(𝒞i(μEW))

χ2
FCCC(𝒞i(μb))

χ2
FCNC(𝒞i(μb))
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Results I (Charged Current Couplings) χ2
Global(𝒞i(μEW))

VL (μt) =
v2

Λ2
𝒞ϕq(3)

33 (μt)

VR (μt) =
1
2

v2

Λ2
𝒞ϕud

33 (μt)

gL (μt) = 2
v2

Λ2
𝒞* dW

33 (μt)

gR (μt) = 2
v2

Λ2
𝒞uW

33 (μt)

Remember,
Matching Relation

All the bounds are given at 95% CL 

• Exp Inputs: ATLAS[2020]a, CMS[2020]a, CMS[2020]b

24
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Results I (Charged Current Couplings) χ2
Global(𝒞i(μEW))

VL (μt) =
v2

Λ2
𝒞ϕq(3)

33 (μt)

VR (μt) =
1
2

v2

Λ2
𝒞ϕud

33 (μt)

gL (μt) = 2
v2

Λ2
𝒞* dW

33 (μt)

gR (μt) = 2
v2

Λ2
𝒞uW

33 (μt)

Remember,
Matching Relation

All the bounds are given at 95% CL 

• Low-energy obs provides constraints up to two orders 
of magnitude stronger than direct collider bounds. 

• Radiative decays heavily constrain  

• Neutral meson mixing tightly constrains  

• Slight tension in  pull  slightly away from zero, 
though consistent within 

VR & gL → 𝒪(10−3)

VL & gR

(Δd) VL
2σ
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Results I (Charged Current Couplings)

Multiparameter Scenario Strong positive correlations 25
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Result II (Real Top FCNC Couplings)

10
-10

10
-9

10
-8

10
-7

10
-6

10
-5 Key Observation

related to different tcX processes

❖ The vector-type coupling   is 
tightly constrained from the tree-
level flavour data (rare FCNC).

❖   are not constrained well 
by the current experimental data.

❖ The remaining couplings are well 
constrained from the experimental 
data, ranging between 

.
❖ The order of the couplings is almost 

the same for  processes.

𝒞φq(−)
32

𝒞uG
32 , 𝒞uφ

32

(10−6 − 10−7)

(t → u X)
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Comparison with Collider bound (Top FCNC couplings)

Indirect bounds are important!!

CuG
23 CuB

23 CuW
23 C'u

23 Cu'
23 CuG

13 CuB
13 CuW

13 C'u
13 Cu'

13 C'
q(°)

32 C'
q(°)

31

°10°3

°10°4

°10°5

°10°6

°10°7

°10°8

0

10°8

10°7

10°6

10°5

10°4

10°3

V
al

u
es

(G
eV

°
2
)

Global fit

Collider bound

Tightly constrained !!

Better than collider bounds

Experimental Inputs: 
ATLAS[2023], 
ATLAS[2022], 
ATLAS[2024], 
ATLAS[2022], 
ATLAS[2023], 
CMS[2023], 
CMS[2017]
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Experimental Inputs: 
ATLAS[2023], 
ATLAS[2022], 
ATLAS[2024], 
ATLAS[2022], 
ATLAS[2023], 
CMS[2023], 
CMS[2017]

Top Higgs couplings are loosely constrained from indirect searches!!

https://arxiv.org/abs/2301.11605
https://arxiv.org/abs/2404.02123
https://arxiv.org/abs/2404.02123
https://arxiv.org/abs/2112.01302
https://arxiv.org/abs/2312.08229
https://arxiv.org/abs/2312.08229
https://arxiv.org/abs/1702.01404


Result II (Complex Top FCNC Couplings)

• The bounds on the imaginary parts of the couplings are more relaxed than those of the real parts. 

• The complex phase provides a crucial probe for studying the CP-violating nature of the top quark. 
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Result II (Complex Top FCNC Couplings)

Multi-parameter scenarioMore multi-parameter scenario: arXiv 2602.10201

Both  couplings contribute to the  
interactions, making them strongly correlated.
𝒞uB & 𝒞uW t → qγ(Z)
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Imprint of CP violation on WCs

ℒeff ⊃ + dq(μ)
i
2

q̄σμνγ5qFμν

+d̃q(μ)
i
2

gs(μ)q̄σμνTaγ5qGa
μν

Light quark EDMs can be probed via nucleon EDMs 
.(dn, dp)

A non-zero EDM of a fundamental particle violates 
both parity and time reversal symmetry.

SM prediction is tiny, , (very much 
loop suppressed)

dSM
q ≈ 10−31e . cm

 EDM
 chromo EDM

dq
d̃q

dn

e
= − 1.97 × 10−14 (gd

T du + gu
T dd + gs

T ds)
−2.15 × 10−14(1 ± 0.5){(d̃d + 0.5 d̃u)} cm dn

e
< 1.8 × 10−26 cm

PRL 124 (2020) 081803 30



Result III (EDM Constraints)

Top FCNC SMEFT Couplings
dn

e
< 1.8 × 10−26 cm  charged current SMEFT CouplingsWtdj

• Tightly constrained imaginary part of the couplings !!
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Impact of RGE

Variation of couplings 
with the scale 

For other couplings

(μEW → μΛ=10TeV)

𝒞ϕq(3)
33 ≈ 12 %

≈ (20 − 25) %
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Impact is quite large due to QCD corrections!!
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Prediction for CP Asymmetry

Origin of CP Violation in Top FCNCs:

• A non-vanishing asymmetry  requires the interference of at least two amplitudes with different 

   Weak phases and different strong phases. 

• Weak Phase: Provided by the complex SMEFT Wilson Coefficients  

• Strong Phase:  Generated by the absorptive parts of the one-loop diagrams, where intermediate  

     states go on-shell  .

ΔCP

(Ci)

(t → uj γ(g) loops)

The strict hierarchy  is a direct consequence of angular mom conservation and  structure of the weak interaction, 
demonstrating that photons and gluons emitted in the top FCNC radiative decays are left-handed.

ΔCP,+ < ΔCP,− (V − A)

32



Prediction for Three-Body  Top FCNC decays

Connecting Two-Body Bounds to Three-Body Signatures:

• Instead of relying on four-fermion contact interactions, we model the three-body decays  

      as cascade processes mediated by SM gauge bosons (t → qiℓ+ℓ− and t → qiνν̄) (Z, H, γ)

SM Predictions  

[JHEP 11(2025) 071, PRD 74 (2006) 073014]

Our Predictions 

33
All the bounds are given at 95% CL 



Summary and Outlook

1.  A unified SMEFT Framework: bridging high  top physics with low-energy precision 
observables via rigorous matching and scale evolution (RGE). 

2. Key Findings: Low-energy data restricts anomalous  couplings up to two orders of magnitude 
stringently constrained than direct collider bounds. Top photon couplings are tightly constrained from 

Low-energy observables, and other FCNC couplings are at ballpark of collider limit.  

EDM limits exceptionally tight constraints on the imaginary parts of complex SMEFT WCs. 

PT

Wtb
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Future Prospects

Complete Basis Operator Renormalisation
(Anomalous dim Matrix)

Matching with 
LEFT basis

SM + DM
DM: spin 0( ), spin 1/2 ( ),

Spin 1( )
Aebischer, Altmanshofer, 

Manohar
(JHEP06(2022)086)

φ χ
Xμ BSM Phenomenology &

(Flavour+EW precision inputs)

Limitations

1. The SMEFT/LEFT framework captures NP effects only as contact interactions among SM 
fields and is valid below some cut-off or renormalisation scale.

2. They can not directly tell us the particle content of NP or its cosmological implications (e.g. 
Dark Matter).
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BACK UP



DMEFT basis can directly accommodate 
Invisible Channels (light DM particles) 

 
 

 
etc.. 

Other low-energy flavour processes are 
loop-induced 

Rare FCNC decays, Meson Mixings and 
decays, Electron EDM, neutron EDM, LFV 

decays, 
Electroweak Precision Observables, etc…  

B → K(*) + invisible, K → π + invisible ,
τ → μ + invisible, μ → e + invisible ,

H → invisible, Z → invisible,



Neutral Meson Mixings

Presence of 
 couplingsWtbB0

s − B̄0
s , B0 − B̄0 Meson mixing process

ℒb̄dj↔d̄jb = CVL
(d̄jγμPLb)(d̄jγμPLb) + CVR

(d̄jγμPRb)(d̄jγμPRb) .

Observables: Mass difference [ΔM = ΔMSM(1 + Δq)]

Based on inputs from

{SM: J Albrecht et al. (2402.04224)

Exp: LHCb [2024], Belle II [2023]

https://arxiv.org/abs/2402.04224
https://arxiv.org/abs/2308.01468
https://arxiv.org/abs/2302.12791


Operator Renormalisation & Running

50

Effective operators are not renormalised!!

𝒪bare
i = ∑

j

Z𝒪
ij 𝒪ren

j

Renormalisation Matrix  Z𝒪
ij = (δij +

Aij

ϵ
+ 𝒪 ( 1

ϵ )
n

)

Just like couplings, EFT operators must be renormalised
—loops make them mix…..

To maintain renormalizability across the scale, 
information of the running of WCs is crucial

μ
d

dμ
𝒪bare

i = μ
d

dμ (Z𝒪
ij 𝒪ren

j ) = 0

μ
d

dμ
𝒪ren

i = − (Z−1μ
d

dμ
Z)

ij
𝒪ren

j{γij
Anomalous Dimension 

Matrix (ADM)

μ
d

dμ
𝒞ren

i (μ) = − (γT)ij𝒞ren
j (μ)

In a Complementary 
Approach
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Operator Renormalisation
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Example
Consider a matrix element of four quark operator:

⟨𝒪i(ψi)⟩

Higher-order corrections 
give divergence!!

 Renormalisation ⟨𝒪i⟩b = Z−2
ψ Zij⟨𝒪j⟩r

⟨𝒪i⟩

Quark fields RG
Operator RGJust like couplings, EFT operators must be renormalised

—loops make them mix…..



Operator Renormalisation

51

Effective operators are not renormalised!!

𝒪bare
i = ∑

j

Z𝒪
ij 𝒪ren

j

Renormalisation Matrix  Z𝒪
ij = (δij +

Aij

ϵ
+ 𝒪 ( 1

ϵ )
n

)

Example
Consider a matrix element of four quark operator:

⟨𝒪i(ψi)⟩

Higher-order corrections 
give divergence!!

 Renormalisation ⟨𝒪i⟩b = Z−2
ψ Zij⟨𝒪j⟩r

⟨𝒪i⟩

Quark fields RG
Operator RGJust like couplings, EFT operators must be renormalised

—loops make them mix…..



Operator Renormalisation

51

Effective operators are not renormalised!!

𝒪bare
i = ∑

j

Z𝒪
ij 𝒪ren

j

Renormalisation Matrix  Z𝒪
ij = (δij +

Aij

ϵ
+ 𝒪 ( 1

ϵ )
n

)

Example
Consider a matrix element of four quark operator:

⟨𝒪i(ψi)⟩

Higher-order corrections 
give divergence!!

 Renormalisation ⟨𝒪i⟩b = Z−2
ψ Zij⟨𝒪j⟩r

⟨𝒪i⟩

Quark fields RG
Operator RGJust like couplings, EFT operators must be renormalised

—loops make them mix…..



Operator Renormalisation

51

Effective operators are not renormalised!!
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Higher-order corrections 
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Quark fields RG
Operator RGJust like couplings, EFT operators must be renormalised

—loops make them mix…..

In a renormalised theory, this UV divergence 
can be absorbed within WCs. 



Rare FCNC Processes (Radiative decay)

52

ℋb→djγ
eff = −

4 GF

2
VtbV*tdj(C7(μ)O7(μ) + C8(μ)O8(μ)) .

Ci(μb) = Uij(μb, μEW)Cj(μEW)

LEFT RGEs

ℬ(B → Xsγ) × 104 = (3.40 ± 0.17) − 8.25ΔC7 (μb) − 2.10ΔC8 (μb) .

Inclusive Radiative decay

Exclusive Radiative decay

ℬ(Bq → Vγ) = τBq

G2
Fαemm3

Bq
m2

b

32π3 (1 −
m2

V

m2
Bq

)
3

|λt |
2 ( |C7(μb) |2 + |C′￼7(μb) |2 ) T1(0)

(C7
C8)μb

= (0.66301 0.09259
0.00326 0.69877) (C7

C8)μEW



Rare FCNC Processes (Semileptonic decay)

53

ℋb→djℓℓ
eff = −

4 GF

2
VtbV*tdj(C9(μ)O9(μ) + C10(μ)O10(μ) + CS(μ)OS(μ)) .

ℬ(Bq → μ+μ−) = τBq
f 2
Bq

m3
Bq

G2
Fα2

64π3
|V*tqVtb |2 βμ(m2

Bq
)

m2
Bq

m2
b

|Cs(μb) − C′￼s(μb) |2 (1 −
4m2

μ

m2
Bq

)
+

mBq

mb
(Cp(μb) − C′￼p(μb)) + 2

mμ

mBq

(C10(μb) − C′￼10(μb))
2

,

Branching Ratio (Rare decay) ℬ(B0 → μ+μ−)exp = (1.2+0.8
−0.7 ± 0.1) × 10−10 ,

ℬ(B0
s → μ+μ−)exp = (3.83+0.38 +0.24

−0.36 −0.21) × 10−9 .

ℬ(B0
s → μ+μ−)SM = (3.66 ± 0.14) × 10−9 ,

ℬ(B0 → μ+μ−)SM = (1.03 ± 0.05) × 10−10 .
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