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The standard model effective field theory

SM insufficient success
explorations in two directions
a systematic approach
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The dim>4 top quark

· violates B at the quark level [Dong, GD, Gérard, Han, Maltoni ’11] [CMS ’13]

· has tree-level flavour-changing neutral currents
· has four-point interactions
· has modified vector and dipole couplings
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Top-quark FCNCs at dim≤4

vanishingly small...
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  ATLAS   CMS95%CL upper limits
[1] ATLAS-CONF-2022-014 [2] arXiv:2111.02219

[3] arXiv:2205.02537 (LH) [4] JHEP 04 (2016) 035

[5] EPJC 82 (2022) 334 (LH) [6] JHEP 02 (2017) 028

[7] ATLAS-CONF-2021-049 (LH) [8] CMS-PAS-TOP-17-017

[9] JHEP 07 (2017) 003

from arXiv:1311.2028
Theory predictions

ATLAS+CMS Preliminary
LHCtopWG

May 2022

all other processes are zero
Each limit assumes that

[Eilam et al, 91]
e.g.: BrSM Brexp

t → cg ∼ 10−11 . 10−4∗
t → cγ ∼ 10−12 . 10−3∗
t → cZ ∼ 10−13 . 10−4
t → ch ∼ 10−14 . 10−3

[Mele et al, 98]

vs. about 2 · 109 tops/ab−1 at 13 TeV
6 · 1010 tops/ab−1 at 100 TeV
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Anomalous coupling shortcomings

Scalar: t̄q h
Vector: t̄γµq Zµ
Tensor: t̄σµνq Aµν

t̄σµνq Zµν
t̄σµνTAq GA

µν
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· Missing four-point interactions:
- four-fermion operators
- a tqgh vertex arising from

q̄σµνTAu ϕ̃ GA
µν

· Missing correlations:
of ‘v + h’ type
of ‘W + Z + γ’ type
of ‘(tL [VCKMdL]3)T ’ type
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B physics probes
tqV impact at tree and loop levels: [Han, Whisnant, Young, Zhang ’96, ’96]

[Fox, Ligeti, Papucci, Perez, Schwartz ’07]
[Gong, Hao, Li, Yang, Yuan ’10, ’11, ’11, ’13]B0B0,B0

s B0
s ,K 0K 0 oscillations

B → D(∗)`ν, B → Xc`ν, B → π`ν, B → Xu`ν

B → Xsγ, B → ργ

B → Xs``, B → K (∗)``, Bd ,s → µ+µ−

B → Xsνν̄, B → K (∗)νν̄, K → πνν̄
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Direct searches with on-shell tops

tqg , tqgh tqγ tqZ tq`` tqqq tqh
T T T V,T S,V,T S,V,T S

The broken-phase effective Lagrangian: 3 7 3 3,3 7 7 3

pr
od

uc
tio

n

• e+e− → t j OPAL, DELPHI, ALEPH, L3 3 3,7 7

e−p → e−t H1, ZEUS 3 7 7

• p↪ ↩p → t CDF, ATLAS 3
p↪ ↩p → t j D0, CMS 3 7 7 7
• p p → t γ CMS 7 3

p p → t `+̀ − CMS 3 7 7,3 7
p p → t γγ — 7 7 7 7

de
ca
y t → jγ CDF, D0, ATLAS, CMS 3

• t → j`+̀ − CDF, D0, ATLAS, CMS 7 3,7 7
• t → jγγ CMS, ATLAS 7 3

One single contribution is often assumed.
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Predictions
Interferences:

e.g. Γm``∈[78,102] GeV
t→j `+`− = 10−5 GeV ×

(
1TeV

Λ

)4
×

Re
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NLO QCD:
· two-quark op.: implemented in UFO model [Degrande et al. 14’]
· two-quark–two-lepton op.: computed analytically [GD, Maltoni, Zhang 14’]
· four-quarks op.: not computed
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Four-fermion operators
[1412.7166]
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Four-fermion operators
[1412.7166]
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Production vs. decay

Discriminate the tc and tu interactions through proton PDF.
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Global prospects until 2040 [GD, Maltoni, Zhang ’14]
[Flavour at HL-LHC ’18]
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Global prospects until 2040 [GD, Maltoni, Zhang ’14]
[Flavour at HL-LHC ’18]

2018
3.6

4.7
1.4

1.6
|c−(a+3)

lq | or |c(a+3)
lu |

3.6
4.7

1.4
1.6

|c(a+3)
eq | or |c(a+3)

eu |

0.65
0.77

|c−(a+3)
ϕq | or |c(a+3)

ϕu |

0.13
0.48

|c(a3)uA | or |c(3a)uA |

0.38
0.45

|c(a3)uZ | or |c(3a)uZ |

0.038
0.12

|c(a3)uG | or |c(3a)uG |

6.5
7.7

1.6|cS(a3)
lequ | or |cS(3a)

lequ |

1
1.2

0.48|cT (a3)
lequ | or |cT (3a)

lequ |

1.8
1.7

|c(a3)tϕ | or |c(3a)tϕ |

0
a = 1 (up)
a = 2 (charm)

current constraints

tq̄`¯̀
{

tq̄Z
{

tq̄V
{

tq̄`¯̀
{

tq̄h
{

in TeV−2, up, charm
white: individual limits
light shades: tqµµ

· 52 complex dim-6 operator coefficients
· NLO QCD predictions (10–30% effects)
· measurements from LEP, Tevatron, LHC

c
−(a+3)
ϕq or c

(a+3)
ϕu

c(
a
+
3
)

e
q

o
r
c(

a
+
3
)

e
u

Present constraints

−4

−4

−2

−2

0

0

2

2

4

4

e+e− → tj, t̄j

t→ j `+`− 2018

tq̄Z

tq̄
eē
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Global prospects until 2040 [GD, Maltoni, Zhang ’14]
[Flavour at HL-LHC ’18]

2040
1.9

2.1
1.3
1.4

|c−(a+3)
lq | or |c(a+3)

lu |

1.8
2.1

1.3
1.4

|c(a+3)
eq | or |c(a+3)

eu |

0.34
0.37

|c−(a+3)
ϕq | or |c(a+3)

ϕu |

0.032
0.094

|c(a3)uA | or |c(3a)uA |

0.2
0.22

|c(a3)uZ | or |c(3a)uZ |

0.016
0.048

|c(a3)uG | or |c(3a)uG |

3.4
3.7

1.6|cS(a3)
lequ | or |cS(3a)

lequ |

0.53
0.58

0.48|cT (a3)
lequ | or |cT (3a)

lequ |

0.42|c(a3)tϕ | or |c(3a)tϕ |

0
a = 1 (up)
a = 2 (charm)

HL-LHC (3/ab at 14 TeV)

tq̄`¯̀
{

tq̄Z
{

tq̄V
{

tq̄`¯̀
{

tq̄h
{

in TeV−2, up, charm
white: individual limits
light shades: tqµµ

· 52 complex dim-6 operator coefficients
· NLO QCD predictions (10–30% effects)
· measurements from LEP, Tevatron, LHC

c
−(a+3)
ϕq or c

(a+3)
ϕu

c(
a
+
3
)

e
q

or
c(

a
+
3
)

e
u

HL-LHC (3/ab at 14 TeV)

−4

−4

−2

−2

0

0

2

2

4

4

e+e− → tj, t̄j

t→ j `+`−
2040

tq̄Z

tq̄
eē
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e+e− → tq at future colliders [Tesla: Aguilar-Saavedra, Riemann ’01]
[FCC-ee: Khanpour, Khatibi, Khatiri, Mohammadi ’14]

[CLIC: GD ’18]
[CEPC: Shi, Zhang ’19]

[ILC: GD ’22]accessible below the tt̄ threshold
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Linear colliders [CLIC ’18] [ILC ’22]

Use statistically optimal observables, against e+e− →W +W− bkg
Extrapolate efficiencies from previous studies (ε ∝ 1/

√
s1.9) [TESLA ’01]

[FCC-ee ’14]

global 95% CL limits, in TeV−2, CLIC scenario (0.5, 1.5, 3 ab−1)
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cuA 0.045

cuZ 0.073

c−lq,lu 0.0094

ceq,eu 0.012

cSlequ 0.012

cTlequ 0.0048

c−ϕq,ϕu 0.25

cuA 0.017

cuZ 0.03

c−lq,lu 0.00075

ceq,eu 0.001

cSlequ 0.0011

cTlequ 0.00044

c−ϕq,ϕu 0.24

cuA 0.015

cuZ 0.026

c−lq,lu 0.00021

ceq,eu 0.00028

cSlequ 0.00031

cTlequ 0.00012

0.076

ctϕ 0.69
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Linear colliders [CLIC ’18] [ILC ’22]

Use statistically optimal observables, against e+e− →W +W− bkg
Extrapolate efficiencies from previous studies (ε ∝ 1/

√
s1.9) [TESLA ’01]

[FCC-ee ’14]

global 95% CL limits, in TeV−2, ILC scenario (2, 4, 8 ab−1)

TeV−2 10−4 10−3 10−2 10−1 100

e+e− → t j

2 ab−1 at 250GeV
+4 ab−1 at 500GeV

+8 ab−1 at 1TeV
P (e+, e−) = (±0.3, ∓0.8)

c−

ϕq,ϕu 0.23

cuA 0.051

cuZ 0.076

c−

lq,lu 0.021

ceq,eu 0.021

cS
lequ 0.033

cT
lequ 0.012

c−

ϕq,ϕu 0.14

cuA 0.019

cuZ 0.032

c−

lq,lu 0.0028

ceq,eu 0.0038

cS
lequ 0.0048

cT
lequ 0.0017

c−

ϕq,ϕu 0.13

cuA 0.011

cuZ 0.019

c−

lq,lu 0.00076

ceq,eu 0.0011

cS
lequ 0.0014

cT
lequ 0.00048
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Top-quark FCNCs

Global EFT interpretations are manageable (at NLO in QCD).

Relevant four-fermion operators are often ignored.
Off-Z -peak m`` regions have enhanced sensitivities.

Production and decay processes are complementary
but anomalous-coupling combinations cannot be reinterpreted.

The HL-LHC would bring 2-4 improvements on tqZ , γ, g , h
and µµtq operator coefficient limits.

Future lepton colliders would dramatically improve eetq,
starting from below the tt̄ threshold.
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Extras



Statistically optimal observables [Atwood,Soni ’92]
[Diehl,Nachtmann ’94]

minimize the one-sigma ellipsoid in EFT parameter space
(joint efficient set of estimators, saturating the Cramér-Rao bound: V−1 = I,like MEM)

For small Ci , with a phase-space distribution σ(Φ) = σ0(Φ) +
∑
i

Ci σi(Φ),

the stat. opt. obs. are the average values of Oi(Φ) = n σi(Φ)/σ0(Φ).

The associated covariance at Ci = 0, ∀i is

cov(Ci ,Cj)−1 = εL
∫
dΦ σi(Φ)σj(Φ)

σ0(Φ) .

-0.2 -0.1 0.1 0.2
C1

-0.2

-0.1

0.1

0.2

C2

e.g. σ(φ) = 1 + cos(φ) + C1 sin(φ) + C2 sin(2φ)
1. asymmetries: Oi ∼ sign{sin(iφ)}
2. moments: Oi ∼ sin(iφ)

3. statistically optimal: Oi ∼
sin(iφ)
1 + cosφ

=⇒ area ratios 1.9 : 1.7 : 1
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