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The question:

What could ILC possibly offer to study top couplings
beyond LHC capabilities?

This question is non-trivial because LHC is an excellent top factory.
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This discussion is mainly based on papers

“A minimal set of top anomalous couplings”, NPB ’09

“A minimal set of top-Higgs anomalous couplings”, NPB ’09

“Effective operators in top physics”, Proc. ICHEP ’10

“Effective four-fermion operators in top physics: a roadmap”, hep-ph
’10, NPB (in press)
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Our framework

Preferred framework: gauge-invariant effective operators

L = L4 + L6 + . . .

where

L4 = LSM Ù SM Lagrangian

L6 =
∑

x

αx

Λ2 Ox Ù Ox gauge-invariant building blocks

Parameterise effects of new physics at scale Λ > v
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New physics contributions to top trilinear couplings

+ +

New heavy fermion

+ +

New heavy VB
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New physics contributions to top trilinear couplings

+ +

New heavy fermion

+ +

New heavy VB

Integrate

+ +
Higgs VEV

Vertex correction
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New physics contributions to top 4f operators

New heavy VB
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New physics contributions to top 4f operators

New heavy VB

Integrate

4-fermion coupling
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Vertex corrections from dim 6 operators:

À Gauge interactions: only γµ and σµνqν terms

Á Higgs: only scalar and pseudo-scalar terms

+
This is general for any two-fermion vertices,
not only the top quark!

So simple after eliminating many redundant operators
[JAAS NPB ’09]
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Example: Wtb vertex from dim 6 operators

LWtb = − g√
2

b̄ γµ (VLPL + VRPR) t W−µ

− g√
2

b̄
iσµνqν

MW
(gLPL + gRPR) t W−µ + h.c.

q = pt − pb = pW

Anomalous couplings ∼ v2

Λ2 Ù an expansion seems reasonable

. . . but which one?
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Effects of dim 6 operators

Consider the expansion

L = LSM +
∑

x∈ dim 6

αx

Λ2 Ox + +
∑

y∈ dim 8

αy

Λ4 Oy + . . .

Linear new physics effects are ∼ 1/Λ2 ( interference LSML∗6 )

and quadratic ones ∼ 1/Λ4 ( |L6|2 )

One might be tempted to keep only 1/Λ2 in observables

This amounts to keeping only linear terms in anomalous couplings
when computing observables
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The 1/Λ2 approximation (mb = 0)

NP structure

b̄Lγ
µtL (SM)

b̄Rγ
µtR

b̄Rσ
µν tL

b̄Lσ
µν tR

1/Λ2

δVL = C(3,3+3)
φq

v2

Λ2

8

8

δgR =
√

2C33
uW

v2

Λ2

1/Λ4

(δVL)2 + dim 8 L̄L

(δVR)2 = 1
4(C33∗

φφ )2 v4

Λ4

(δgL)2 = 2(C33∗
dW )2 v4

Λ4

(δgR)2 + dim 8 L̄R

keep only 1/Λ2 in observables + is it sensible?

J. A. Aguilar Saavedra Top effective operators: why ILC?



The framework
ILC vs LHC

Example: W helicity fraction F+ , F+ ∼ 0 in the SM

to order 1/Λ2 Ù F+ = FSM
+

approximation not sensible
to explore NP effects

J. A. Aguilar Saavedra Top effective operators: why ILC?



The framework
ILC vs LHC

In the 1/Λ2 approximation, many observables do not receive
contributions from new physics

Another example: FCNC
FCNC absent in the SM + BSM it is order 1/Λ4

Dropping 1/Λ4 removes all smoking guns of new physics !

chirality breaking effects for light quarks

top FCNC processes

LFV at high energy (e.g. ILC)

. . .

Then, one must go beyond the 1/Λ2 approximation
to have BSM phenomenology
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It makes sense to consider the lowest non-zero order

for each type of contribution

+ the leading order approximation

H justified by phenomenology Ù
different NP structures
give different effects

H consistent within a 1/Λ expansion
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The leading order approximation

NP structure

b̄Lγ
µtL (SM)

b̄Rγ
µtR

b̄Rσ
µν tL

b̄Lσ
µν tR

1/Λ2

δVL = C(3,3+3)
φq

v2

Λ2

8

8

δgR =
√

2C33
uW

v2

Λ2

1/Λ4

(δVL)2 + dim 8 L̄L

(δVR)2 = 1
4(C33∗

φφ )2 v4

Λ4

(δgL)2 = 2(C33∗
dW )2 v4

Λ4

(δgR)2 + dim 8 L̄R

. . . and with mb 6= 0 , VR
mb
mt
∼ V2

R , gL
mb
mt
∼ g2

L of the same order
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Summary I

À Gauge-invariant effective operators provide a convenient way to
parameterise new physics contributions to top interactions
(notice that “parameterise” is underlined)

Á In this framework, the general form of NP corrections from dim 6
operators is rather simple after redundant operators are removed

Â A consistent expansion can be made to address 1/Λ2 corrections
to SM processes and new 1/Λ4 processes absent in the SM

Ã There are gauge relations among effective operator contributions
to top interactions
(Nevertheless, measuring all vertices is always useful to overconstrain
effective operator coefficients)
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ILC vs LHC

The question:

What could ILC possibly offer to study top couplings
beyond LHC capabilities?

The answer:

Has gauge symmetry any implication on LHC / ILC complementarity
for top couplings from effective operators?

Answer both at the same time with some examples
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ILC vs LHC

The question:

What could ILC possibly offer to study top couplings
beyond LHC capabilities?

The answer one more question:

Has gauge symmetry any implication on LHC / ILC complementarity
for top couplings from effective operators?

Answer both at the same time with some examples
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Wtb, Ztt vertices

Consider left-handed γµ contributions (RH unrelated)

LWtLbL = − g√
2

b̄L γ
µVLtL W−µ VL = Vtb + C(3,3+3)

φq
v2

Λ2

LZtLtL = − g
2cW

t̄L γµXL
tt tL Zµ XL

tt = 1 +
[
C(3,3+3)
φq − C(1,3+3)

φq

]
v2

Λ2

LZbLbL = − g
2cW

b̄L γ
µXL

bbbL Zµ XL
bb = −1 +

[
C(3,3+3)
φq + C(1,3+3)

φq

]
v2

Λ2

We know from LEP that δXL
bb ' 0 Ù δXL

tt = 2δVL !

LHC: VL measured with 5% accuracy [ATLAS CSC book]

ILC: XL
tt measured with 2% accuracy [Abe et al. ’01]

Ù ILC probes C(3,3+3)
φq with 5× better precision!

LEP–ILC complementarity (instead of LHC–ILC)
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Wtb, Ztt and γtt vertices

σµνqν contributions

LWtRbL = − g√
2

b̄R
iσµνqν

MW
gRtR W−µ gR =

√
2C33

uW
v2

Λ2

LZtt = − g
2cW

t̄ iσµνqν

MZ
(dZ

V + idZ
Aγ5)t Zµ dZ

V =
√

2 Re
[
cWC33

uW − sWC33
uBφ

]
v2

Λ2

dZ
A =
√

2 Im
[
cWC33

uW − sWC33
uBφ

]
v2

Λ2

Lγtt = −ēt iσµνqν

mt
(dγV + idγAγ5)t Aµ dγV =

√
2

e Re
[
sWC33

uW + cWC33
uBφ

]
vmt
Λ2

dγA =
√

2
e Im

[
sWC33

uW + cWC33
uBφ

]
vmt
Λ2

+ determine both C33
uW and C33

uBφ
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Wtb, Ztt and γtt vertices

For example:

determine
Re C33

uW from W helicity fractions
Im C33

uW from normal W polarisation in t decays

LHC sensitivity:
Re gR ∼ 0.02 Ù Re C33

uW ∼ 0.23 (Λ = 1 TeV)

Im gR ∼ 0.04 Ù Im C33
uW ∼ 0.45 (Λ = 1 TeV)

+ C33
uBφ from t̄t production at ILC with excellent precision

(both Z, γ exchange contribute)

Note that γµ and σµνqν couplings have different energy dependence, use
measurements at two CM energies

We can also overconstrain C33
uW , C33

uBφ using t̄tγ production at LHC
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Four-fermion operators

General comments

Gauge-invariant 4f operators often give several 4f terms
related by gauge symmetry

We are interested here in operators with two leptons ( Ù ILC)

probed in



top decays + effect ∼ m2
t /Λ

2

top FCNC decays + effect ∼ m4
t /Λ

4

e+e− → t̄t + effect ∼ s/Λ2

e+e− → tūk + effect ∼ s2/Λ4
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Four-fermion operators

Operators with two 3rd generation quarks + two leptons

tb̄eiν̄j t̄teiēj t̄tνiν̄j # tb̄eiν̄j t̄teiēj t̄tνiν̄j #

Oji33
`q – 4 4 6 O3ij3

qe – 4 – 6

Oj33i
`q′ 4 – 4 6 Oji33

qde 4 – – 9

Oji33
eu – 4 – 6 Oji33

`qε 4 4 – 9

Oj33i
`u – 4 4 6 O3ij3

q`ε 4 4 – 9

ILC benefits
operators only tested at ILC:
O`q, Oeu, O`u, Oqe

better precision for other ones:
O`qe, Oq`e

tb̄eiν̄j: probed in t→ be+
i νj

t̄teiēj: probed in e+e− → t̄t
(with i, j = 1)

t̄tνiν̄j: ?
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At this point it is good to remember that

À Effective operators parameterise NP corrections

Á Any specific NP, if exists, will produce at low energies some
subset of operators. not all of them

Example: heavy WR does not give LLLL 4f operators

Â Missing to probe some operators means that we may miss
the ones actually produced !

This is also a motivation to keep operators mediating 1/Λ4 processes
absent in the SM
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Four-fermion operators

Operators with one 3rd gen. + one light quark + two leptons

td̄keiν̄j tūkeiēj tūkνiν̄j # td̄keiν̄j tūkeiēj tūkνiν̄j #

Ojik3
`q – 4 4 18 Ojik3

qde 4 – – 18

Oj3ki
`q′ 4 – 4 18 Ojik3

`qε 4 4 – 18

Ojik3
eu – 4 – 18 Oij3k

`qε – 4 – 18

Oj3ki
`u – 4 4 18 Okij3

q`ε 4 4 – 18

Okij3
qe – 4 – 18 O3jik

q`ε – 4 – 18

ILC benefits

better precision for operators
giving tūkeē terms

td̄keiν̄j: probed in t→ dke+
i νj

tūkeiēj: probed in t→ uke+
i e−j

and e+e− → tūk (i, j = 1)

tūkνiν̄j: probed in t→ ukν̄iνj
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Summary II

The answer: benefits from ILC

À Much effort is devoted to measure the WtLbL interaction
in single top production at LHC

+
we have shown that measuring ZtLtL at ILC is
equivalent but with 5× better sensitivity to NP

(provided that we know from LEP that ZbLbL is close to SM)

Á LHC + ILC measurements can determine all contributions to
Ztt, γtt vertices with good precision

Â Many four-fermion operators can be tested at ILC but not at LHC
(some at both: ILC precision better)
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Conclusions

Theorists expect ( = hope ) that some NP is at the TeV scale, and that
it will be discovered at LHC

If NP (e.g. SUSY) is not discovered at LHC, theorists will still keep
expecting that something should be not much above the TeV scale

In this case, it may manifest at “low” ( = ILC ) energies as deviations
in top interactions, since the top quark is the heaviest quark
(and maybe special)

Top physics is a good motivation for ILC, even ( = especially) if we
do not see NP at LHC
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ADDITIONAL SLIDES
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Operators involving top trilinear interactions

O(3,i+j)
φq =

i
2

h
φ†(τ IDµ −

←−
D µτ

I)φ
i

(q̄Liγ
µτ IqLj)

O(1,i+j)
φq =

i
2

(φ†
←→
Dµφ)(q̄Liγ

µqLj)

Oij
φφ = i(φ̃†Dµφ)(ūRiγ

µdRj)

Oi+j
φu =

i
2

(φ†
←→
Dµφ)(ūRiγ

µuRj)

Oij
uW = (q̄Liσ

µντ IuRj)φ̃W I
µν

Oij
dW = (q̄Liσ

µντ IdRj)φW I
µν

Oij
uBφ = (q̄Liσ

µνuRj)φ̃Bµν

Oij
uGφ = (q̄Liλ

aσµνuRj)φ̃Ga
µν

Oij
uφ = (φ†φ)(q̄LiuRjφ̃)
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Four-fermion operators (I)

Oijkl
qq = 1

2 (q̄Liγ
µqLj)(q̄Lkγ

µqLl) Oijkl
qq′ = 1

2 (q̄Liaγ
µqLjb)(q̄Lkbγ

µqLla)

Oijkl
`q = (¯̀Liγ

µ`Lj)(q̄Lkγ
µqLl) Oijkl

`q′ = (¯̀Liγ
µqLj)(q̄Lkγ

µ`Ll)

Oijkl
`` = 1

2 (¯̀Liγ
µ`Lj)(¯̀Lkγ

µ`Ll)

Oijkl
uu = 1

2 (ūRiγ
µuRj)(ūRkγ

µuRl) Oijkl
dd = 1

2 (d̄Riγ
µdRj)(d̄Rkγ

µdRl)

Oijkl
ud = (ūRiγ

µuRj)(d̄Rkγ
µdRl) Oijkl

ud′ = (ūRiaγ
µuRjb)(d̄Rkbγ

µdRla)

Oijkl
eu = (ēRiγ

µeRj)(ūRkγ
µuRl) Oijkl

ed = (ēRiγ
µeRj)(d̄Rkγ

µdRl)

Oijkl
ee = 1

2 (ēRiγ
µeRj)(ēRkγ

µeRl)
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Four-fermion operators (II)

Oijkl
qu = (q̄LiuRj)(ūRkqLl) Oijkl

qu′ = (q̄LiauRjb)(ūRkbqLla)

Oijkl
qd = (q̄LidRj)(d̄RkqLl) Oijkl

qd′ = (q̄LiadRjb)(d̄RkbqLla)

Oijkl
`u = (¯̀LiuRj)(ūRk`Ll) Oijkl

`d = (¯̀LidRj)(d̄Rk`Ll)

Oijkl
qe = (q̄LieRj)(ēRkqLl) Oijkl

qde = (¯̀LieRj)(d̄RkqLl)

Oijkl
`e = (¯̀LieRj)(ēRk`Ll)

Oijkl
qqε = (q̄LiuRj)

ˆ
(q̄Lkε)

T dRl
˜

Oijkl
qqε′ = (q̄LiauRjb)

ˆ
(q̄Lkbε)

T dRla
˜

Oijkl
`qε = (¯̀LieRj)

ˆ
(q̄Lkε)

T uRl
˜

Oijkl
q`ε = (q̄LieRj)

ˆ
(¯̀Lkε)

T uRl
˜
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