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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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CP-even	operators	@	dim=6			

CP-even	operators	@	dim=6			

•  Various	studies	of	interplay	between	low-energy	(flavor)	and	high-
energy	(LHC)	physics.		

•  Interpreta1on	is	not	obvious	in	concrete	models	if	anomaly	is	found.			
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Top	quark	decay	

Top	quark	decay	(																		)	
	
	
	
	
In	SM	
Even	if	dim=6	operators	are	included,																									.	
	
	
	
Leptonic	modes	are	a	good	spin	analyzer.		
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2 Top Quark Decay

When the fermion masses (except for the top quark) are ignored, there are only two independent dimension-
six operators in [3] that contribute to top-quark decay at leading order:1

O(3)
φq = i(φ+τIDµφ)(q̄γ

µτIq) (3)

OtW = (q̄σµντI t)φ̃W I
µν (4)

The operators O(3)
φq and OtW modify the SM Wtb interaction. Upon symmetry breaking, they generate the

following terms in the Lagrangian:

Leff =
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φq

Λ2

gv2√
2
b̄γµPLtW

−
µ + h.c. (5)

Leff = −2
CtW

Λ2
vb̄σµνPRt∂νW

−
µ + h.c. (6)

where v = 246 GeV is the vacuum expectation value (VEV) of φ. The operator O(3)
φq simply leads to a

rescaling of the SM Wtb vertex by a factor of (1 +
C

(3)
φq

v2

Λ2Vtb
), so it does not affect any distributions, and is

therefore impossible to detect in angular distributions of top-quark decays. The vertex-function approach
to top-quark decay is pursued in Refs. [22, 23].

These operators interfere with the SM amplitude, as is shown in Figure 1. We can compute their correction
to the SM amplitude. The t → be+ν squared amplitude is:
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where Ci is the coefficient of operator Oi, and s, t, u are generalizations of the usual Mandelstam variables

(s = (pt − pb)2, t = (pt − pν)2, u = (pt − pe+)
2). C(3)

φq is real.

Figure 1: The Feynman diagrams for t → be+ν. (a) is the SM amplitude; (b) represents the vertex correction

induced by the operator O(3)
φq and OtW .

Using the narrow width approximation for the W boson, the differential decay rate is
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1The operator ODt = (q̄Dµt)Dµφ̃ listed in Ref. [3] can be removed using the EOM [14].
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Spin	correla1on	

Normalized	diff.	[bar	crss	sec1on@[bar	rest	flame	
	
	
							:	angle	between								from	t(tbar)	and	t(tbar)	momentum		
	
	
	
	
	
Spin	correla1on	is	sensi1ve	to	modifica1on	to	[bar	produc1on.			
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NLO	leads	to		sizable	change	in	SM	

8

where d�OtG represents the distribution from operator
OtG for CtG/⇤2 = 1 TeV�2. The superscript (1) indi-
cates the ↵S correction to the corresponding LO quan-
tity.
The predicted distribution is shown in Figure 10 for

CtG/⇤2 = 1 TeV�2. The OtG contribution has a pecu-
liar structure which tends to flatten the distribution. In
Figure 11 we show the OtG distributions solely, as de-
fined in Eqs. (16)–(18). The first observation is that the
purple and the red curves are very close to each other,
indicating that the LO and NLO results are very simi-
lar. The reason is that we are plotting the normalized
distribution, and since the K factors are almost the same
for the SM and for the OtG, they cancel each other when
taking the ratio. In fact, one can see that Eq. (17) van-
ishes if the K factor is a constant. Alternatively, if we
use NLO prediction for the SM but only LO prediction
for OtG, following the logic that the radiative correction
on the new physics e↵ect is of higher order, then we will
have

✓
1

�

d�

d|��|
◆nlo

NP

=
1

�NLO
SM

 
d�LO

OtG

d|��|

!
� �LO

1

�NLO2
SM

✓
d�LO

SM

d|��|
◆

(19)
This result, after expanding in ↵s, contains only part of
the O(↵s⇤�2) corrections in Eq. (18) (and so we refer
to as “nlo”). They come from the O(↵s) corrections to
the normalization, but not directly to the OtG contribu-
tion. The missing O(↵s⇤�2) terms actually make a large
di↵erence, as illustrated by the blue curve in Figure 11.
One can see that Eq. (19) gives a much lower estima-
tion for the e↵ect of OtG. This is not only because of
the overall size of the K factor, but also due to the fact
that the K factor is a decreasing function of ��(ll), and
so the way it changes adds coherently to the di↵erence
in shapes between OtG and SM distributions, as can be
seen in Figure 9. As a result, using NLO prediction for
the SM together with only LO prediction for OtG signif-
icantly underestimates the power of ��(ll) in discrimi-
nating the OtG contribution from the SM. Also note that,
the fact that Eq. (19) and the LO prediction in Eq. (17)
di↵er implies that the LO prediction for OtG has a large
uncertainty due to the missing O(↵s⇤�2) terms, which
turn out to have a large e↵ect in this special case. Thus
our work improves the precision level of this prediction
by completing the missing O(↵s⇤�2) terms.
We also show for completeness two more angular dis-

tributions which have been studied by Ref. [27]. Follow-

ing Ref. [27] we define ~̀� ( ~̀+) as the momenta of the
(anti-)muon in the rest frame of anti-top (top) quarks

and ~k (~̄k) the momenta of the top (anti-top) in the zero-
mometum frame. In Figure 12 we show the distribu-

tion of cos ✓1 cos ✓2, where ✓1 (✓2) is the angle ]( ~̀�, ~̄k)
(]( ~̀+,~k)). In Figure 13 we show the normalised distri-

bution of cos ✓⇤, where ✓⇤ is the angle ]( ~̀�, ~̀+). Con-
trary to the |��(``)| case, where the QCD corrections en-
hances the anomalous coupling contribution to the shape,
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FIG. 10. Normalized distributions of the di↵erence in az-
imuthal angle between muons.
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FIG. 11. New physics contribution to the normalized dimuon
distribution at the LHC (13 TeV), (��1d�/d|��|)NP defined
in Eqs. (15)–(19).

in these cases, we observe a uniform QCD correction with
no e↵ect in the normalised distributions.

Normalized	distribu1on	of	distribu1on	of	difference	in	azimuthal	
angle	between	muons.		Chromomagne1c	moment?	

(Franzosi	and	Zhang,		
1503.08841)	



Anomalous	top	coupling:	
	Chromomagne1c	moment	

He↵ =
CtG

⇤2
[ft(HQ̄)�µ⌫TAPRt]G

A
µ⌫ (Q = (t, n))
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Anomalous	top	coupling:		
Four-Fermi	operator	

He↵ = c
(8)
tu (t̄�µTAt)(ū�µTAu) + · · ·
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Color-octet	S=1	boson	?	
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Figure 35: The differential tt̄ production cross sections as a function of mll̄ in a fiducial phase
space at particle level are shown. The left and right plots correspond to absolute and nor-
malised measurements, respectively. The lower panel in each plot shows the ratio of the theo-
retical prediction to the data.

)l(l,φ∆

0 0.5 1 1.5 2 2.5 3

p
b

 )l
(l
,

φ
∆d

σd

2

2.5

3

3.5

4

4.5

5

 (13 TeV)-135.9 fbCMS PreliminaryPreliminary

Dilepton: particle

Data

Powheg v2+Pythia8

Powheg v2+Herwig++

MG5_aMC@NLO+Pythia8 [FxFx]

)l(l,φ∆

0 0.5 1 1.5 2 2.5 3

D
a

ta
T

h
e

o
ry

0.95

1

1.05

1.1
 Syst.⊕Stat. 

Stat.
)l(l,φ∆

0 0.5 1 1.5 2 2.5 3

)l
(l
,

φ
∆d

σd
 

σ1

200

250

300

350

400

450
3−10×  (13 TeV)-135.9 fbCMS PreliminaryPreliminaryPreliminaryPreliminaryPreliminaryPreliminaryPreliminaryPreliminaryPreliminaryPreliminary

Dilepton: particle

Data

Powheg v2+Pythia8

Powheg v2+Herwig++

MG5_aMC@NLO+Pythia8 [FxFx]

)l(l,φ∆

0 0.5 1 1.5 2 2.5 3

D
a

ta
T

h
e

o
ry

0.95

1

1.05

1.1
 Syst.⊕Stat. 

Stat.

Figure 36: The differential tt̄ production cross sections as a function of Df(l,l̄) in a fiducial
phase space at particle level are shown. The left and right plots correspond to absolute and
normalised measurements, respectively. The lower panel in each plot shows the ratio of the
theoretical prediction to the data.
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Figure 6: The parton-level di�erential cross-sections compared to predictions from P�����, M��-
G����5_aMC@NLO and S�����: absolute (left) and normalised (right), using the inclusive selection.
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Figure 7: Systematic uncertainties for the parton-level di�erential cross-sections: absolute (left) and normalised
(right). The tt̄ modelling uncertainties refer to the contributions from the NLO matrix-element generator (“Gener-
ator”), the parton shower algorithm (“Shower”) and the variation of initial- and final-state radiation (“Radiation”).

of invariant mass, the systematic uncertainties arising from the modeling of the tt̄ and jets are dominant,
with statistical uncertainties on the data becoming more important at higher values of invariant mass. In
the lowest region of invariant mass, the various NLO predictions di�er from each other and from the data,
with the nominal P����� + P�����8 agreeing best and S����� agreeing the least. In the other regions
of m

t t̄

the di�erences are less pronounced and agree within the uncertainties.

The unfolded absolute and normalised particle-level cross-sections for �� are presented in Figure 10.
As with the parton-level results, the normalised uncertainties are significantly smaller than the absolute
uncertainties, and signal modelling uncertainties are dominant. The size of the overall uncertainties
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5th July 2018

Measurements of top-quark pair spin correlations
in the eµ channel at

p
s = 13 TeV using pp collisions

in the ATLAS detector

The ATLAS Collaboration

A measurement of observables sensitive to spin correlations in tt̄ production is presented,
using 36.1 fb�1 of pp collision data at

p
s = 13 TeV recorded with the ATLAS detector at the

Large Hadron Collider. Di�erential cross-sections are measured in events with exactly one
electron and muon with opposite electric charge as a function of the azimuthal opening angle
in the laboratory frame between the electron and muon candidates. The azimuthal opening
angle is also measured as a function of the invariant mass of the tt̄ system. These results allow
the measured degree of spin correlation to be compared to the Standard Model prediction
which is found to deviate from the data by 3.2 standard deviations.

© 2018 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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CMS Physics Analysis Summary

Contact: cms-pag-conveners-top@cern.ch 2018/06/06

Measurements of differential cross sections for tt̄
production in proton-proton collisions at

p
s = 13 TeV

using events containing two leptons

The CMS Collaboration

Abstract

Measurements are presented of differential top quark pair (tt̄) production cross sec-
tions using events containing two leptons produced in proton-proton collisions at a
centre-of-mass energy of 13 TeV. The data were recorded by the CMS experiment at
the CERN LHC in 2016 and correspond to an integrated luminosity of 35.9 fb�1. The
differential cross sections are presented as functions of kinematic observables of the
top quarks and their decay products, the tt̄ system, and the total number of jets in
the event. The differential cross sections are defined both with particle-level objects
in a fiducial phase space close to that of the detector acceptance and with parton-
level top quarks in the full phase space. All results are compared with standard
model predictions from Monte Carlo simulations with next-to-leading-order (NLO)
accuracy in quantum chromodynamics (QCD) at matrix-element level interfaced to
parton-shower simulations. Where possible, parton-level results are compared to cal-
culations with beyond NLO precision in QCD. Significant disagreement is observed
between data and predictions for numerous observables. The measurements are used
to constrain the top quark chromomagnetic dipole moment in an effective field theory
framework at NLO in QCD and to extract tt̄ and leptonic charge asymmetries.
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Figure 47: In the left plot, the differential tt̄ cross sections as a function of Df(l, l̄) at particle-
level in a fiducial phase space is shown. The points correspond to data and the lines correspond
to predictions with CtG/L2 = �1.0, 0.0, 1.0 TeV�1, produced with the MG5 aMC@NLO gener-
ator at NLO interfaced with PYTHIA8. The right plot shows the Dc2 as a function of CtG/L2.
The nominal fit and corresponding 68% and 95% CIs are indicated by the central dashed curve
and filled areas, respectively. The other dashed curves represent fits with the variations of the
normalisations and shapes of the predictions that yield the largest deviations on the best-fit
value of CtG/L2.
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How	to	interpret		the	chromomagne1c	moment	?	
•  The	derived	chormonagne1c	moment	is	not	value	at	q2=0	and	on-

shell	top.	
•  Typical	values	of	chormonagne1c	moment	@q2=0	and	on-shell	top	
							1)	dv(QCD)	=	-	αs/(12π)	=	-0.003	
							2)	SM	(EW+QCD)	
	
	
	
	
	
							3)	typical	new	physics	contribu1on		
	
	

From the experimental information it is possible to get a
limit on the !" from the Tevatron. Following the reference
by del Aguila #11$ and assuming that the only non-zero cou-
pling is precisely the chromomagnetic dipole moment of the
top quark, we find from the collected data that the allowed
region is !!"!%0.45.
We call to the reader’s attention that although the vertex

ttg is involved in the top quark pair production, the anoma-
lous factor would be measured at transferred momentum dif-
ferent from zero which, of course, means an off-shell gluon.
Anomalous couplings of the top quark to on-shell gluons
would modify the rate for B→Xs& #12,13$. The presence of
the magnetic dipole moment would affect the Wilson coeffi-
cients which mediate b→s transitions by the coefficients
C7,8 of the one-loop matching conditions for the magnetic
and chromomagnetic dipole operators O7,8 . Comparing the
calculated branching fraction which involves the anomalous
coupling to the CLEO measurements it is possible to get an
allowed region for this anomalous coupling #12,13$. Using
the recent data from the CLEO Collaboration for the branch-
ing fraction of the process B(b→s&)!(3.21"0.43"0.27)
#10$4 #14$, we update the previous analysis done in Ref.
#13$ and get a new allowed region for the anomalous chro-
momagnetic dipole moment of the top quark to be $0.03
%!"%0.01.
Our objective in this paper is to evaluate the contribution

at the one-loop level to the anomalous chromomagnetic di-
pole moment of the top quark in different scenarios with the
gluon boson on shell. We study the region of allowed param-
eter space in different frameworks. We derive our bounds on
!" from the analysis performed for the b→s& process #13$.
Beginning with the SM, the typical QCD correction

through the gluon exchange implies two different Feynman
diagrams: the first one is equivalent to the QED contribution
where the external gluon is coupled to the fermion line in the
loop and in the second one the external gluon is coupled to
internal gluons due to the non-Abelian character of the
SU(3) color group. After the explicit calculation of the
loops, we find that the second diagram does not contribute
and the final result is

!"!$ 1
6 's(mt)/* . (2)

We note that its natural size is of the order of 's /* similar to
the QED anomalous coupling, but now in combination with

a factor $1/6 coming from the color structure in the dia-
gram, i.e., TaTbTa!$Tb/6 with Ta being the generators of
SU(3)C .
The other possible contribution in the framework of the

SM comes from electroweak interactions. The relevant con-
tributions occur when neutral Higgs boson and the would-be
Goldstone boson of Z are involved in the loop. This contri-
bution reads

!"!$(!2GFmt
2/8*2)#H1(mh)%H2(mZ)$ , (3)

where

H1(m )!"
0

1
dx

x$x3

x2$(2$m2/mt
2)x%1

,

H2(m )!"
0

1
dx

$x%2x2$x3

x2$(2$m2/mt
2)x%1

.

This expression agrees with a similar one presented in Ref.
#15$. The SM contribution is showed in Fig. 1 where we
have added the QCD contribution (2). It is worth noting that
the behavior of the curve for a large Higgs boson mass indi-
cates decoupling and that the values of !" lie within the
allowed region for !" coming from b→s& .
The contributions within a general 2HDM will be differ-

ent from the SM contributions because of the presence of the

FIG. 1. Standard model contribution to the anomalous chromo-
magnetic dipole moment of the top quark versus the Higgs boson
mass.

TABLE I. Couplings of the Higgs eigenstates with the top quark
which are relevant in the calculation of the anomalous chromomag-
netic dipole moment of the top quark in 2HDM in its different
versions. We omit the factor g/2mW and in the model type III we
use the Sher-Cheng approach for the flavor changing couplings,
hence the parameters + i j,1 for the numerical analysis #17$.

- itt Model type I Model type II Model type III

-H0tt mt sin '/sin . mt cos '/cos . (1%+ tt
U/!2)mt sin '

-h0tt mt cos '/sin . mt sin '/cos . (1%+ tt
U/!2)mt cos '

-A0tt cot .mt tan .mt + tt
Umt/!2

-G0tt mt mt mt

FIG. 2. Contour plot for the contribution of 2HDM to the
anomalous chromomagnetic dipole moment of the top quark in the
plane tan .$mH for mA!200 GeV (solid line) and mA
!400 GeV (dashed line) using the bound from the b→s& process.
The allowed region is above the curve.
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How	to	interpret		the	chromomagne1c	moment	?	

New	par1cle	masses	should	be	around	mt	in	order	to	explain	the	
anomaly,	though	dv	is	not	constant	and	the	other	contribu1ons,	such	
as	box,	should	be	included	in	the	cases.		Stop	loop?	
	
Excep1on:	Composite	top	(but	elementary	Higgs)	 Pierce	and	Zhao	(1607.01318)	


