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top-quark physics in the higgs era

• Are the theoretical motivations for thinking the top-quark 
might play a special role in EWSB and as a portal to New 
Physics still there ? 

• What do the current Higgs measurements tell us ? 

• How does the Higgs discovery impact on the current “SM” top-
quark campaign of measurements ?  

• And on the top-quark related BSM searches ? 

• Do we have to retune our NP search strategies for the LHC 
Run II ? 

• Are we well-equipped to face the coming challenges?

2
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Quantum corrections affect the stability of the Higgs 
mass. Consider the SM as an effective field theory valid 
up to scale Λ: 

m2

H = m2

H0 −

3

8π2
ytΛ

2 +
1

16π2
g2Λ2 +

1

16π2
λ2Λ2

t W,Z H

Putting numbers, one gets:

(125GeV)2 = m2
H0 +

⇥
�(2TeV)2 + (700GeV)2 + (500GeV)2

⇤✓ ⇤

10TeV

◆2
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the top-higgs natural connection
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mh2 ∼ (125 GeV)2

tree loops

top   WZ   Higgs

Definition of naturalness: less than 90% cancellation:

(125GeV)2 = m2
H0 +

⇥
�(2TeV)2 + (700GeV)2 + (500GeV)2

⇤✓ ⇤

10TeV

◆2

�t < 3TeV
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new top/higgs related physics must be “light”⇒

the top-higgs natural connection
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yt(Mt) = 0.93587 + 0.00557

✓
Mt

GeV
� 173.15

◆
. . .± 0.00200th

[Degrassi, et al.  2012] 
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top corrections to the higgs potential

No sign of new physics….everything looks consistent up 
to very high scale…even the fate of the universe.

http://arxiv.org/abs/arXiv:1205.6497
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2. that decays semi-weakly, before hadronizing and way 
before spin-flippinG 

τhad ≈ h/ΛQC D ≈ 2•10-24 s	


τflip ≈ h mt / ΛQC D 2 >> τhad	


τtop ≈ h/ Γtop =1/(GF mt3 |Vtb|2/8π√2) ≈ 5•10-25 s	


!
Compare with τb ≈ (GF2 mb5 |Vbc|2 k)-1 ≈ 10-12 s

1. with a “natural mass” 

!
mtop = yt v/√2 ≈174 GeV⇒ yt ≈ 1	



  It “strongly” interacts with the Higgs sector.  

In the SM,  it is the ONLY quark:

6

the top quark is special
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3. with an unmistakable experimental signature, abundantly 
produced in pairs, singly, and in association with other 
states:

Strong Weak

W

W

W

Z

Associated

number of events @13TeV 1 fb-1

106 250 · 103 < (2� 3) · 103

the top quark is special
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Strategies: 

•Precision SM top-quark properties measurements 

•Searches of top-quark partners and new states 

•Search for new top-quark interactions 

the top-quark gateway to NP

•High precision predictions (NNLO in QCD and NLO) for key SM obs 

•NLO for any SM (BSM) process in the form of (automatic) MC tools 

•A consistent and complete model-independent framework, the EFT 
at NLO

Needs: 
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pp→ n particles 

complexity  [n]
1 32 54 6 87 9 10

accuracy	


 [loops]

0

1

2 fully exclusive and automatic 
fully exclusive

fully inclusive

parton-level

        

    MG5_aMC@NLO, SHERPA+OLPS

9

LHC  Prediction/MC’s in 2015 
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TOP predictions in 2015

M. Schulze
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[Czakon, Fiedler, Mitov 2013]
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[Bärnreuther, Czakon, Mitov 2012]
[Czakon, Mitov  2012]

Monumental MILESTONE in 
perturbative QCD:

•  Two loop hard matching coefficient 
extracted and included 

!
•  Very weak dependence on unknown 

parameters (sub 1%): gg NNLO, A, etc. 
!

•  ~ 50% scales reduction compared to the NLO
+NNLL analysis

[Czakon, Mitov  2012]
[Czakon, Fiedler, Mitov 2013]

 ttbar cross section at NNLO

http://arxiv.org/abs/arXiv:1303.6254
http://arxiv.org/abs/arXiv:1204.5201
http://arxiv.org/abs/arXiv:1210.6832
http://arxiv.org/abs/arXiv:1207.0236
http://arxiv.org/abs/arXiv:1303.6254
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• Prospects

12

 ttbar cross section at NNLO

→

Having a NNLO prediction opens the door to new possibilities. 

Consider the light stop window in a compressed spectrum, that 
mimicks the normal ttbar production:

[Czakon, Mitov, Papucci, Ruderman, Weiler,2014]

http://arxiv.org/abs/arXiv:1407.1043
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top forward-backward asymmetry

the asymmetry at NLO accuracy (from the NNLO total cross 
section calculation) is sizeably larger and much more 
precise than the LO result.

14

[Czakon, Fiedler, Mitov,2014]

http://arxiv.org/abs/1411.3007v1
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The first differential distributions at NNLO for the pT 

(top), y(top), m(ttbar):

15

Good perturbative convergence. Improved precision.

[Czakon, Fiedler, Heymes, Mitov.; in preperation]

tt at NNLO : diff. distributions
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tt at NNLO : diff. distributions

For the first time the issue of “a softer than NLO” pT (top) 
has been seen in data can be studied. NNLO predictions 
seem to go in the direction of data.

16

[Czakon, Fiedler, Heymes, Mitov.; in preperation]
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improving single top

17

[Papanastasiou et al., 2013] [Caola et al., 2014]
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http://arxiv.org/abs/1305.7088
http://arxiv.org/abs/1404.7116v1
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realistic and accurate predictions

Three methods available to merge at NLO different jet 
multiplicities (MEPS@NLO, FxFx, UNLOPS) in SHERPA and 
MG5_AMC@NLO+PYTHIA8. STATE-OF-THE-ART MC’S FOR TTBAR.

18

[Frixione et al, 2014][Hoeche et al., 2014]

http://arxiv.org/abs/1405.0301
http://arxiv.org/abs/1402.6293
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realistic and accurate predictions

NLO for QCD & EW corrections included. QCD corrections available also 
for ttVV final states. QCD effects need to be taken into account for 
precision and accuracy. EW ones for accuracy.

19

ttH ttZ ttW

[Frixione et al, 2015]

http://arxiv.org/abs/1504.03446v1
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realistic and accurate predictions

20

pp ! tt̄bb̄ pp ! tt̄tt̄

See also [Bevilacqua and Worek, 2012]

See also [Kardos and Trocsanyi, 2013]

[Pagani et al, 2015][Cascioli et al, 2013]

http://arxiv.org/abs/arXiv:1206.3064
http://arxiv.org/abs/arXiv:1303.6291
http://arxiv.org/abs/arXiv:1309.5912
http://arxiv.org/abs/arXiv:1309.5912
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Summary

• NNLO calculation for key top (even differential) 
observables available 

• NLO+PS available for ANY process with on-shell tops 
(keeping spin correlations in the decays)  

• NLO MERGING available for key processes with state of the 
art showers (Sherpa, HW++, Pythia8) 

• NLO for resonant/non-resonant bW final states  available

21
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Strategies: 

•Precision SM top-quark properties measurements 

•Searches of top-quark partners and other states 

•Search for new top-quark interactions 

the top-quark gateway to NP

•High precision predictions (NNLO in QCD and NLO) for key SM obs 

•NLO for any SM (BSM) process in the form of (automatic) MC tools 

•A consistent and complete model-independent framework, the EFT 
at NLO

Needs: 
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the BSM ambitions of the LHC Higgs/Top/SM physics 
programmes can be recast in a simple and powerful way in 
terms of one statement:

L(6)
SM = L(4)

SM +
X

i

ci
⇤2

Oi + . . .

“BSM goal” of the SM LHC programme: 

determination of the couplings of the SM L up to DIM=6

The matter content of SM has been experimentally verified 
and evidence for light states is not present. 

SM measurements can always be seen as searches for 
deviations from the dim=4 SM Lagrangian predictions. More 
in general one can interpret measurements in terms of an 
EFT: 

the EFT approach
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[Grzadkowski et al, 10]

• B a s e d o n a l l t h e 
symmetries of the SM 

!
• New physics is heavier than 

the resonance itself : Λ>MX 

!
• QCD and EW renormalizable 

(order by order in 1/Λ)  
!
• Number of extra couplings 

reduced by symmetries and 
dimensional analysis 

!
• E x t e n d s t h e r e a c h o f 

searches for NP beyond the 
collider energy. 

!
• Valid only up to the scale Λ

the EFT approach : dim=6 SM Lagrangian

http://arxiv.org/abs/1008.4884
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the EFT approach

25

• Very powerful approach. 

• Note, however, that it only makes sense if a global 
constraining strategy is used to extract information from 
the data: 

• assume all couplings might not be zero at the EW scale. 

• Identify the operators entering each observable. 

• find enough observables (cross sections, BR’s, 
distributions,…) to constrain all operators. 

• solve the (linear) system. 

• Hierarchical approach on the couplings.
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operator process

O(3)
φq = i(φ+τIDµφ)(q̄γµτIq) top decay, single top

OtW = (q̄σµντI t)φ̃W I
µν (with real coefficient) top decay, single top

O(1,3)
qq = (q̄iγµτIqj)(q̄γµτIq) single top

OtG = (q̄σµνλAt)φ̃GA
µν (with real coefficient) single top, qq̄, gg → tt̄

OG = fABCGAν
µ GBρ

ν GCµ
ρ gg → tt̄

OφG = 1
2 (φ

+φ)GA
µνG

Aµν gg → tt̄
7 four-quark operators qq̄ → tt̄

Table 1: CP-even operators that have effects on top-quark processes at order 1/Λ2. Here q is the left-handed
quark doublet, while t is the right-handed top quark. The field φ (φ̃ = ϵφ∗) is the Higgs boson doublet.
Dµ = ∂µ−igs 1

2λ
AGA

µ −ig 1
2τ

IW I
µ −ig′Y Bµ is the covariant derivative. W I

µν = ∂µW I
ν −∂νW I

µ+gϵIJKW J
µ W

K
ν

is the W boson field strength, and GA
µν = ∂µGA

ν −∂νGA
µ +gsfABCGB

µG
C
ν is the gluon field strength. Because

of the Hermiticity of the Lagrangian, the coefficients of these operators are real, except for OtW and OtG.

The operator O(3)
φq with an imaginary coefficient can be removed using the EOM.

operator process

OtW = (q̄σµντI t)φ̃W I
µν (with imaginary coefficient) top decay, single top

OtG = (q̄σµνλAt)φ̃GA
µν (with imaginary coefficient) single top, qq̄, gg → tt̄

OG̃ = fABCG̃Aν
µ GBρ

ν GCµ
ρ gg → tt̄

OφG̃ = 1
2 (φ

+φ)G̃A
µνG

Aµν gg → tt̄

Table 2: CP-odd operators that have effects on top-quark processes at order 1/Λ2. Notations are the same
as in Table 1, and G̃µν = ϵµνρσGρσ.

can be obtained from its decay products. CP violation will be discussed in Section 5.

There is an argument that can be used to neglect some of the new operators [17]. Some new operators can
be generated at tree level from an underlying gauge theory, while others must be generated at loop order. In
general the loop generated operators are suppressed by a factor of 1/16π2. However, the underlying theory
may not be a weakly coupled gauge theory, or the loop diagrams could be enhanced due to the index of a
fermion in a large representation. Furthermore, the underlying theory may not be a gauge theory at all.
Fortunately, the effective field theory approach does not depend on the underlying theory. We will consider
all dimension-six operators, without making any assumptions about the nature of the underlying theory.

We do not make any assumptions about the flavor structure of the dimension-six operators, although we
don’t consider any flavor-changing neutral currents in this paper. The charged-current weak interaction of
the top quark is proportional to Vtb, so the SM rate for top decay and single top production is proportional
to V 2

tb. We write all dimension-six operators in terms of mass-eigenstate fields, so no diagonalization of the
new interactions is necessary. Hence, in charged-current weak interactions, the interference between the SM
amplitude and the new interaction is proportional to VtbCi, where Ci is the (real) coefficient of the dimension-
six Hermitian operator Oi (also recall that Vtb itself is purely real in the standard parameterization [18]).
If the operator is not Hermitian, the coefficient Ci is complex; CP-conserving processes are proportional to
VtbReCi, while CP-violating processes are instead proportional to VtbImCi.

Deviations of top-quark processes from SM predictions have often been discussed using a vertex-function
approach, where the Wtb vertex is parameterized in terms of four unknown form factors [19]. Given our
precision knowledge of the electroweak interaction, this approach is too crude. The effective field theory
approach is well motivated; it takes into consideration the unbroken SU(3)C × SU(2)L ×U(1)Y gauge sym-
metry; it includes contact interactions as well as vertex corrections; it is valid for both on-shell and off-shell
quarks; and it can be used for loop processes [20]. None of these virtues are shared by the vertex function
approach [21].
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3

CP-even

CP-odd

In principle a large number of operators are present. Yet 
very few operators of dim-6 enter in top and top-higgs 
physics: 

[Willenbrock and Zhang 2011, Aguilar-Saavedra 2011,Degrande et al. 2011]

top EFT interactions

http://arxiv.org/abs/arXiv:1008.3869
http://arxiv.org/abs/arXiv:1008.3562
http://arxiv.org/abs/arXiv:1205.1065
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and the forward-backward asymmetry will depend on the combination

cAa = cRa − cLa with

{

cRa = −ctq/2 + (ctu + ctd)/4

cLa = −c(8,1)
Qq /2 + (cQu + cQd)/4.

(14)

The difference
cAv = cRv − cLv (15)

can only contribute to spin-dependent observables (see Section 3.5).
The isospin-1 sector is spanned by the three combinations:

ORr = O
(8)
tu − O

(8)
td , OLr = O

(8)
Qu − O

(8)
Qd and O

(8,3)
Qq . (16)

Again, parity arguments lead to the conclusion that the total cross section can only depend
on the combination

c′V v = (ctu − ctd)/2 + (cQu − cQd)/2 + c(8,3)
Qq , (17)

while the forward-backward asymmetry will only receive a contribution proportional to

c′Aa = (ctu − ctd)/2 − (cQu − cQd)/2 + c(8,3)
Qq . (18)

and spin-dependent observables will depend on (see App. C)

c′Av = (ctu − ctd)/2 − (cQu − cQd)/2 − c(8,3)
Qq . (19)

Numerically, we shall see in Section 3.2 that the isospin-0 sector gives a larger contribution
to the observables we are considering than the isospin-1 sector. This is due to the fact that a
sizeable contribution to these observables is coming from a phase-space region near threshold
where the up- and down-quark contributions are of the same order.

It is interesting to note that, in composite models, where the strong sector is usually
invariant under the weak-custodial symmetry SO(4) → SO(3) [41], the right-handed up
and down quarks certainly transform as a doublet of the SU(2)R symmetry, and therefore
cQu = cQd. There are however various ways to embed the right-handed top quarks into
a SO(4) representation [32]: if it is a singlet, then ctu = ctd also and the isospin-1 sector

reduces to the operator O
(8,3)
Qq only.

In summary, the relevant effective Lagrangian for tt̄ production contains a single two-
fermion operator and seven four-fermion operators conveniently written as:

Ltt̄ = +
1

Λ2

(

(chgOhg + h.c.) + (cR vOR v + cR aOR a + c′RrO
′
Rr + R ↔ L) + c(8,3)

Qq O
(8,3)
Qq

)

. (20)

The vertices arising from the dimension-six operators given in Eq. (20) relevant for top
pair production at hadron colliders are depicted in Fig. 1.

t

t

−

g

g t

t

−

g

Chromomagnetic operator Ohg = (HQ̄)σµνT At GA
µν

q

q
−

t

t

−

Four-fermion operators

Figure 1: A Feynman representation of the relevant operators for tt̄ production at hadron colliders.

6

the effective Lagrangian obtained after integrating out some heavy resonances.

δijδkl =
1

2
σI

ilσ
I
kj +

1

2
δilδkj , (64)

δabδcd = 2TA
adT

A
cb +

1

3
δadδcb , (65)

(γµPL/R)α
β(γµPL/R)γ

δ = −(γµPL/R)α
δ(γµPL/R)γ

β (66)

(γµPR)α
β(γµPL)γ

δ = 2 (PL)α
δ(PR)γ

β , (67)

(PL/R)α
β(PL/R)γ

δ = −
1

2
(PL/R)α

δ(PL/R)γ
β +

1

8
(γµνPL/R)α

δ(γµνPL/R)γ
β , (68)

where PL/R = (1 ∓ γ5)/2 are the usual chirality projectors and γµν = 1
2 [γµ, γν ].

B Feynman diagrams for tt̄ production at order O
(

Λ−2
)

At the O(Λ−2) order, the two parton-level cross sections for tt̄ production follow from the
Feynman diagrams depicted in Fig. 14 and 15.

+ +

SM SM SM

+

+ +

g

g

t

t̄

+

Figure 14: Feynman diagrams for gg → tt̄ up to O
(

Λ−2
)

. The dark blobs denote interactions
generated by the operator Ohg.
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+ +

q

q̄

t

t̄SM

Figure 15: Feynman diagrams for qq̄ → tt̄ up to O
(

Λ−2
)

. The diagram in the middle originates

from the four-fermion interactions induced by the operators OL/Rv , OL/Ra and O
(8,3)
Qq . The diagram

on the right is the contribution from the operator Ohg.

C Helicity cross sections and mtt̄ distribution

As explained in Section 2.2, when summed over the helicities of the final top, the cross section
for the tt̄ production depends only on the sum cV v = cRv+cLv (and on the suppressed isospin-
1 sector contribution c′V v defined in Eq.(17)). However the individual helicity cross sections
are sensitive to cRv and cLv individually since at high energy ORv (OLv) should produce
mainly right (left) handed top and left (right) handed antitop. Explicitly, the helicity cross
sections are given by (we recall that cAv = cRv − cLv)

σRR(gg → tt̄) =
πα2

s

24 (4m2 − s) s3

{

(

16m4
t + 58sm2

t + s2
)

log

(

s +
√

s (s − 4m2
t )

s −
√

s (s − 4m2
t )

)

m2
t

−2
√

s (s − 4m2
t )

(

62m4
t − 7sm2

t + 2s2
)

−
chg

gsΛ2
2
√

2svmt

[

√

s (s − 4m2
t )

(

14m2
t + 13s

)

+
(

4m4
t − 34m2

t s
)

log

(

s +
√

s (s − 4m2
t )

s −
√

s (s − 4m2
t )

) ]}

,

σLL(gg → tt̄) = σRR(gg → tt̄),

σRL(gg → tt̄) =

(

1 +
chg

gsΛ2
4
√

2mtv

)

πα2
s ×

11
√

s (s − 4m2
t ) (m2

t − s) + (2m4
t − sm2

t − 4s2) log

(

s−
q

s(s−4m2
t)

s+
q

s(s−4m2
t)

)

24 (s − 4m2
t ) s2

,

σLR(gg → tt̄) = σRL(gg → tt̄). (69)
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gluon fusion 	


corrections from chg only 

qq annihilation: 	


both chg  and 4-fermion operators

First constrain operators through top-anti-top production. There are only five 
operators entering:

and in case one is interested only in total rates (and spin independent / FB symmetries) 
only three parameters are left : gh ,  cV=cR+cL   and aA = aR - aR 

Ltt̄ = LSM
tt̄ +

1
�2

�
ghOhg + cRORg + aRO8

Ra + (R� L)
⇥
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top EFT interactions
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5 Summary

In theories that provide a mechanism for mass generation, new physics must have a large cou-
pling to the top quark. It is therefore natural to use top quark observables to test the mech-
anism responsible for electroweak symmetry breaking. We have shown how non-resonant
top-philic new physics can be probed using measurements in top quark pair production at
hadron colliders.

Some of our results already appeared in the literature, although only subsets of dimension-
six operators were considered. For instance, there is an extensive literature [14–17, 21, 22]
on the operator Ohg, the chromomagnetic dipole moment of the top quark, while other
works focused on the effect of additional four-fermion operators on top pair production at
the Tevatron [18–20, 51]. Recently, all relevant operators were properly accounted for in
Ref. [24] which however did not cover the corresponding phenomenological analysis. In our
work, the aim is to provide a complete and self-consistent treatment in a model-independent
approach and, especially, to extract the physics by combining information from the Tevatron
and the LHC.

The analysis can be performed in terms of eight operators, suppressed by the square of
the new physics energy scale Λ. Observables depend on different combinations of only four
main parameters

σ(gg → tt̄), dσ(gg → tt̄)/dt ↔ chg

σ(qq̄ → tt̄) ↔ chg, cV v

dσ(qq̄ → tt̄)/dmtt ↔ chg, cV v

AFB ↔ cAa

spin correlations ↔ chg, cV v, cAv

where chg is the parameter associated with the chromomagnetic dipole moment operator
and cV v, cAa, cAv correspond to particular combinations of four-fermion operators defined in
Section 2.2. Let us summarize our main results on these observables.

1. Since top pairs are mainly produced by gluon fusion at the LHC, the measurement of
the tt̄ cross-section at the LHC will determine the allowed range for chg. In contrast, the
Tevatron cross section is also sensitive to the four-fermion operators and constrains a
combination of chg and cV v. Consequently, the measurements of the total cross section
at the Tevatron and at the LHC are complementary and combining the two will pin
down the allowed region in the (chg, cV v) plane. We emphasize that the Ohg operator
can only be generated at the loop-level in resonance models. Consequently, chg is
expected to be small in such models.

2. The shape of the invariant mass distribution at the Tevatron is sensitive to a combina-
tion of the parameters cV v and chg which is different from the combination controlling
the total cross section. It depends quite strongly on the presence of four-fermion
operators and was used to further reduce the parameter space mainly along the cV v

direction.

25

Non-resonant top philic new physics can be probed using 
measurements in top pair production at hadron colliders

This model-independent analysis can be performed in terms of 8 
operators.  

Observables depend on different combinations of only 4 parameters:

28

top EFT interactions
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top-higgs interactions

Ohg =
�
Q̄LH

�
�µ⌫T atRG

a
µ⌫ ,

OHy = H†H
�
HQ̄L

�
tR

OHG =
1

2
H†HGa

µ⌫G
µ⌫
a

Consider, for example, the following top-Higgs interactions:

At NLO in QCD the first two operators mix: 

!
In addition, the third operator receives  
contributions from the first two at one loop:

A meaningful analysis can only be made by considering them all!

29

chromomagnetic operator

yukawa operator

higgs-gluon operator
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top-higgs interactions: constraints
From a global fit the coupling of the higgs to the top is poorly 
determined.

OHG =
1

2
H†HGa

µ⌫G
µ⌫
aOHy = H†H

�
HQ̄L

�
tR

the loop could still be dominated by np.

[Belusca-Maite, Falkowski, 2013]

The effect of the 
CM operator not 
included 

http://arxiv.org/abs/arXiv:1311.1113
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top-higgs interactions: high-pt
From a global fit the coupling of the higgs to the top is poorly 
determined: the loop could still be dominated by np.

OHG =
1

2
H†HGa

µ⌫G
µ⌫
aOHy = H†H

�
HQ̄L

�
tR

[Buschmann, et al. 2014][Grojean et al., 2013] [Banfi et al. 2014]

Grojean et al., 2013

EFT at NLO predictions available, yet SM NLO predictions are needed to 
control accuracy and precision.

http://arxiv.org/abs/arXiv:1410.5806
http://arxiv.org/abs/1312.3317
http://arxiv.org/abs/1308.4771
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top-higgs interactions: ttH

pp ! tt̄h

32

 [Degrande et al. 2012]

Analysis done at LO! NLO is now within reach
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top-higgs interactions: ttH

pp ! tt̄h

33

 [Degrande et al. 2012]

Different operators interfere in a given process. This together with the 
fact that the Wilson coefficients run and operators mix, implies that the it 
makes no sense to constrain operators one at the time. Global strategy is 
needed: 
!
obs1(s,t,u) = c1 F11(s,t,u) + c3 f31(s,t,u) + … 
!
obs2(s,t,u) = c1 F12(s,t,u) + c2 f22(s,t,u) + … 
!
obs3(s,t,u) = c1 F13(s,t,u) + c4 f43(s,t,u) + … 
!
NOT YET DONE AT THE LHC! Room for improvements and new ideas… 

http://arxiv.org/abs/arXiv:1205.1065
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the need to go NLO

• A global approach with constraints on top couplings 
coming from a wide set of observables is the (only) way to 
go. 

• a precision physics effort needs accurate predictions not 
only for the SM but also for the EFT.   

• This is because the top is coloured and the LHC is hadron 
collider. 

• In fact, the structure of the EFT for the top becomes non 
trivial at NLO in QCD, with operator mixings. 

• Let’s see a first self-contained example

34
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The study of FCNC couplings can bring new information:
[Kao et al. 2011 , Kai-Feng et al 2013]

h
t

u,c

Z
t

u,c

[Drobnak, 2012 based on CMS and ATLAS results] [Zhang FM, 2013]

While the exp searches are completely different, one has to remember 
that the decay rates will depend on several operators that are linked by 
gauge symmetry. For example:

35

Top FCNC at NLO

http://arxiv.org/abs/arXiv:1112.1707
http://arxiv.org/abs/arXiv:1304.8037
http://arxiv.org/abs/1211.7209
http://arxiv.org/abs/1312.4194
http://arxiv.org/abs/1203.0529
http://arXiv.org/pdf/1305.7386.pdf
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Top FCNC at NLO
[Durieux, FM, Zhang 2014]

http://arXiv.org/pdf/1305.7386.pdf
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Top FCNC at NLO : decays
[Durieux, FM, Zhang 2014]

http://arXiv.org/pdf/1305.7386.pdf
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pp →th
Contributions appear at LO from Otφ 
and one from OtG..  

!
At NLO in QCD OtG mixes with all the 
other operators so it has always to be 
included. 
!
It also means that if a specific 
(arbitrary)  choice of coefficient 
operators is made at high scales 
(where one can imagine a full theory 
to live) many operators become active 
when evolved to lower scales.  
!
Only a global/f it approach on 
constraining such operators at the 
same time can be useful strategy and 
it has to be at least NLO in QCD.

pp →thj (SM)

t

h

t

h
j

38

TOP FCNC at NLO : production
[Degrande, FM, Wang, Zhang, 2014]
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NLO LHC 13 TeV

The operators have been implemented in FeynRules, the model was 
upgraded to NLO automatically and then passed to MG5_aMC.  

Results shown here at NLO. the pp →thj interesting process by itself...  

Complete implementation of all operators of dim=6 at NLO (including four 
fermion operators)  in QCD is on going.
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LO/NLO LHC 13 TeV

[Degrande, FM, Wang, Zhang, 2014]
TOP FCNC at NLO : production
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[Durieux, FM, Zhang 2014]

For the sake of illustration and simplicity, we only consider the most 
constraining observables. This suffices to set significant bounds on all two-
quark operators as well as on a subset of the two-quark–two-lepton ones.

TOP FCNC at NLO : global fit

CMS

CDF

CMS

ATLAS

CMS

LEPII

http://arXiv.org/pdf/1305.7386.pdf
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[Durieux, FM, Zhang 2014]

First proof of principle that a complete global fitting strategy in a self-
contained sector of the top EFT is possible with the available measurements. 
The red (blue) are for 1st (2nd) generation. ticks = one on at the time.

TOP FCNC at NLO : global fit

http://arXiv.org/pdf/1305.7386.pdf
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going NLO: the chromo magnetic op

42
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[Franzosi and Zhang, 2015]

Recent analysis at NLO in QCD

http://arxiv.org/abs/1503.08841
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going NLO : ttZ and ttΥ at NLO

43

[Rontsch and Shulze, 2014, 2015]

• Top couplings not constrained by LEPI Z decays.  
• the photon dipole coefficients depend on  OtW and tB 
• Photon and Z are related above the EWSB. 
• Photon couplings enter in the off-shell ttℓ𝓁ℓ𝓁 

• Constraints from the 7 TeV Run

http://arxiv.org/abs/1404.1005
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[Rontsch and Shulze, 2014, 2015]

However more work needed: 
• In essence still an anomalous coupling approach. 
• Global analysis considering ttZ and ttΥ needed. 
• Constrains from LEP EW observables   
• Also the chromomagnetic operator contributes to ttZ and ttΥ. Given the 

present constraints it is quite important. 
• four-fermion operators enter in the off-shell ttℓ𝓁ℓ𝓁  

[Mebane et al, 2013]

going NLO : ttZ and ttΥ at NLO

http://arxiv.org/abs/1404.1005
http://arxiv.org/abs/1306.3380
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CP violation implies Re AND Im non-
zero. Inclusive gg production only 
constrains [ Re(chy)2  + 9/4 Im(chy)2 ].  
!
!
Indirect constraints from e-EDM 
very strong, yet rely on assuming  
!
• SM couplings for the light 

fermions. 
!
• no other states present in the 

spectrum
 [Brod et al, 2013]

going NLO : CP-violation in ttH coupling

L = yt(HQ̄L)tR + cHyH
†H(HQ̄L)tR

= mt ̄t t +  ̄t(Re cHy + iIm cHy�5) th

http://arxiv.org/abs/1310.1385
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There are ways of directly accessing presence of CP-mixing in 
top-Higgs interactions at the LHC:

pp→ttH pp→Hjj

L = yt(HQ̄L)tR + cHyH
†H(HQ̄L)tR

= mt ̄t t +  ̄t(Re cHy + iIm cHy�5) th

going NLO : CP-violation in ttH coupling
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pp→ttH

At LO the two contributions add up 
incoherently. At NLO in QCD CP-even 
and CP-odd amplitudes interfere. 
!
At threshold large differences 
appear.  
!
A t h i g h H i g g s p T s h a p e s a n d 
normalization exactly equal (mt 
effects become subdominant)  
!
⇒ boosted analyses insensitive to CP? 

L = yt(HQ̄L)tR + cHyH
†H(HQ̄L)tR

= mt ̄t t +  ̄t(Re cHy + iIm cHy�5) th

Angular variables between the 
daughters of the top are sensitive to 
the CP-mixing. 

[F. Demartin, FM, K. Mawatari, M. Zaro, 2014]

going NLO : CP-violation in ttH coupling

http://arxiv.org/abs/1407.5089
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going NLO : CP-violation in ttH coupling

It is interesting to compare how a phase in 
the top-higgs coupling would change many 
of the processes relevant in higgs 
phenomenology at the LHC: 
!
•  pp → ttH 
!
!
!

•  pp → tHj 
!

!
!
•  gg → ZH  
!
!

•  gg → HH 
!
!
•  H   → ΥΥ 
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Towards a global fit at NLO

49

[Cen Zhang]

http://arXiv.org/pdf/1305.7386.pdf
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the road ahead

• The interpretation of most of the SM/Higgs/top 
measurements analyses can be recast in terms of an EFT. 
Yet the implementation of a global approach/framework is 
needed. (Dedicated) differential measurements will also 
provide valuable information.  

• the precision of the theoretical predictions for the dim=4 
SM will keep to be improved, by including NNLO in QCD and 
NLO in EW corrections in a fully exclusive way. Predictions 
for EFT at NLO have started to become available. 

• Proof of principle available of a global approach at NLO in 
QCD for FCNC top quark. 

• Considerable work still to be done and constraining 
strategies need to be fully worked out/optimised.   

              NEW JOINT TH/EXP EFFORT! 

50
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Conclusions

51

• The discovery of a scalar boson has opened a new realm of 
possibilities for searching new physics and in particular in 
connection with the top quark 

• The most beaten path for searching new physics at the LHC 
involve top-down (or simplified models) approach to 
detecting new resonances. 

• A complementary and far reaching approach is that of 
searching for new interactions employing an EFT framework.  

• Precision dim=6 SM measurements, in particular for top 
quark, can extend the reach of new physics searches at the 
LHC. 


