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CP violation in top physics*

How to look for CP violation from new physics 
in top-quark pair production and decay with 
T-odd correlations

• *based on work with

– Sudhir Kumar Gupta (ISU postdoc)

– Oleg Antipin (now a postdoc in Odense)

– Serhan Mete (Atlas ISU student)

– Sehwook Lee (DØ ISU student)
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T-odd correlations

• simple kinematic correlations of the form

• T-odd: change sign under `naive’-T                        
but no interchange of initial/final states

• These correlations can be:
– CP-odd if           involve particle anti-particle pairs
– CP-even but not at tree-level as they require a 

phase -- small and distinguishable `background’

• The       can be that of a composite object 
(jet)                   sums over processes 

!p1 · (!p2 × !p3)
!p −→ −!p

!p

!pi, !pj
∗
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T-odd correlations-2

• triple product correlations appear in matrix 
elements in the form 

• 4 independent four-vectors needed, so 
unless one has an effective theory with 
vertices involving 5 particles at least, they 
originate from spin correlations

• top pair production is ideal `lab’ to look for 
them

ε(pt, pt̄, p!+ , p!−) ≡ εµναβpµ
t pν

t̄ pα
!+pβ

!−

∗

∗
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Examples for LHC, Tevatron

• Heavy (bsm) Higgs with CP violation
– large intrinsic asymmetry
– hard to extract (if such a Higgs exists!)

• Anomalous top-quark couplings
– exhibits the correlations in the general case 

(including those between initial and final state 
momenta)

– contains examples that are truly CP odd and 
others that are not

– small asymmetries (by assumption ...)

Peskin,Schmidt,Chang, 
Keung, Bernreuther, 
Brandenburg,Flesch ...

 Atwood, Aeppli,Soni,
Bernreuther,Nachtmann,
Overmann,Schroeder,Ma,
Brandenburg,Choi,Kim,
Zhou, Sjolin ...
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kinematics
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FIG. 2: Decomposition of tt̄ production and decay vertices with helicity amplitudes.

states or over the ! and ν polarizations for the case when the W decays leptonically. We
thus write

|M|2 =
(

π

mtΓt

)2

δ(p2
t − m2

t )δ(p
2
t̄ − m2

t )
∑

λ,λ′,σ,σ′

Tt(λ
′, λ)Tt̄(σ, σ′)TP (λ, σ, σ′, λ′) (3)

where we have defined the helicity factors

Tt(λ
′, λ) ≡

(

ūtλ′γ0Γ†
Dγ0/pbΓDutλ

)

Tt̄(σ, σ′) ≡
(

v̄t̄σΓD̄/pb̄γ
0Γ†

D̄
γ0vt̄σ′

)

TP (λ, σ, σ′, λ′) ≡
(

ūtλΓP vt̄σ v̄t̄σ′γ0Γ†
Pγ0utλ′

)

(4)

To proceed, we consider several cases separately in what follows.

III. CP VIOLATION IN THE PRODUCTION VERTEX

We first study CP violation in the production vertex, taking the decay vertices to proceed
as in the standard model. CP violation will be due to an effective dipole moment anomalous
coupling of the top-quark defined via the Lagrangian

Lcdm = −igs
d̃

2
t̄σµνγ5tG

µν (5)

where gs is the strong coupling constant and Gµν is the usual field strength tensor. This
Lagrangian leads to the following vertices (for incoming gluons that carry momentum q)

gtt̄ → −igs
λa

2

(

γµ + d̃σµνq
νγ5

)

ggtt̄ → i π αs [λb, λc] d̃σµνγ5. (6)

4

g(p1)
t

t

b

b

l+

l-

g(p2)

W+

W-

on-shell

or qq̄ or jets

new physics with CP violation

sum over final states such that CP conjugate pairs appear 
with equal probability
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• the underlying T-odd correlations are spin 
correlations, different observables 
correspond to different spin analyzers

• want the lab frame, not the top-rest frame

ΓP

ΓD

ΓD̄

FIG. 2: Decomposition of tt̄ production and decay vertices with helicity amplitudes.
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4

T-odd Spin correlations

€ 

ε(pt , pt ,st ,st )

CP violation in the
production vertex

CP violation in the
decay vertex

€ 

ε(pt , pb , pl + ,st )

€ 

ε(pt , pb , pl − ,st )
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CP Violation via Neutral Higgs 

• A neutral Higgs has the general coupling:

• which violates CP if both A and B are non-
zero at the same time (multi-Higgs models)

• Weinberg showed that
•  under some assumptions

– lightest neutral mass eigenstate is dominant
– different vevs have comparable sizes
– use upper bound for numerics

with Yili Wang

−mt

v
H t̄ (A + iBγ5) t

|AB| ≤ 1√
2
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Case of H decay

• For a sufficiently heavy H, it decays to top 
pairs. The decay chain, for example, 

• picks a CP odd correlation 

• which can be measured with a counting 
asymmetry such as

H → tt̄→ bb̄W+W−

t

p

-p

pp
p !p *

b

-

p

x

-

p

-
t

p

z

y

t

W

W

t

bz

bx

x

rest frame
by

- rest frame
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- rest framet

FIG. 1: Kinematics for the reaction H → tt̄ → bb̄W+W−. The t-quark momentum, !pt, defines the

z-axis. The t-quark decay defines the x − z plane and the t̄ decay plane forms an angle φ!!
b̄

with

respect to the t decay plane.

After this, the integration over phase space is straight-forward. Defining an integrated CP
odd observable Γ̂:

Γ̂ ≡
∫

dΓ(H → tt̄ → bb̄W+W−) sign(ε(pt, pt̄, pb, pb̄))

=
∫

dΓ(H → tt̄ → bb̄W+W−) sign(sin φ!!
b̄ ) (11)

we arrive at our normalized CP asymmetry,

ACP ≡
Γ̂

Γ
=

π

4

√

√

√

√1 −
4m2

t

M2
H

AB

|A|2 + |B|2

(

1 − 2M2
W

m2
t

)2

(

1 +
2M2

W
m2

t

)2







1

1 − 2m2
t

M2
H
− 2 |A|2−|B|2

|A|2+|B|2
m2

t
M2

H





 (12)

This normalized observable corresponds to the simple counting asymmetry

ACP ≡
Nevents($pb̄ · ($pb × $pt) > 0) − Nevents($pb̄ · ($pb × $pt) < 0)

Nevents($pb̄ · ($pb × $pt) > 0) + Nevents($pb̄ · ($pb × $pt) < 0)
(13)

in the Higgs rest frame.
Weinberg has shown that there are unitarity constraints on the size of the CP violating

couplings of the type of Eq. 1. For example, in the models discussed by Weinberg [8], the
product AB from Eq. 1 corresponds to what he calls Im Z2. Assuming that the lightest
neutral Higgs eigenstate dominates and that the different scalar vacuum expectation values
are comparable, Eqs. 49 or 52 of Ref. [8] then imply,

|AB| ≤
1√
2
. (14)

4

O1 = ε(pt, pt̄, pb, pb̄)
HC.M.−−−−→ ∝ "pt · ("pb × "pb̄)

CP−−→ −"pt̄ · (−"pb̄ ×−"pb) = −"pt · ("pb × "pb̄)
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A picture

The CP violating anomalous couplings, d̃ and f̃ sin φf , have been recently revisited vis-a-
vis the upcoming LHC experiments in Ref. [5] and Ref. [6]. In Ref. [5], general results were
derived for the T -odd correlations induced by these two couplings for both gluon fusion and
light qq̄ annihilation tt̄ production processes. In the appendix we specialize those general
results to the specific processes that are relevant for the Tevatron. In Ref. [6] a numerical
analysis was carried out for LHC concentrating on the dilepton signal, which is not viable
at the Tevatron due to the small number of events. The new signals we discuss in this paper
pertain to the lepton plus jets and all hadronic decay modes of the top-quark pairs and can
also be used at LHC.

II. OBSERVABLES

In Ref. [5] all the linearly independent T -odd correlations induced by anomalous top-
quark couplings were identified. From these we need to project out the ones that are most
suitable for the Tevatron and two considerations come into play. The first one, already
discussed in our application to the LHC in Ref. [6], is that we want to use only momenta
that can be reconstructed experimentally. The second one is that, due to the low statistics
at the Tevatron, we will be dealing with at least one hadronic decay of the W boson.

We will consider the following correlations 2:

• For the lepton (muon) plus jets process pp̄ → tt̄ → bb̄µj1j2 + /ET :

O1 = ε(pt, pt̄, pb, pb̄)
tt̄ CM−−−−→ ∝ #pt · (#pb × #pb̄)

O2 = ε(P, pb + pb̄, p!, pj1)
lab−→ ∝ (#pb + #pb̄) · (#p! × #pj1)

O3 = Q! ε(pb, pb̄, p!, pj1)
bb̄ CM−−−−→ ∝ Q! #pb · (#p! × #pj1)

O4 = Q! ε(P, pb − pb̄, p!, pj1)
lab−→ ∝ Q! (#pb − #pb̄) · (#p! × #pj1)

O7 = q̃ · (pb − pb̄) ε(P, q̃, pb, pb̄)
lab−→ ∝ #pbeam · (#pb − #pb̄) #pbeam · (#pb × #pb̄). (3)

• For the multi-jet process pp̄ → tt̄ → bb̄j1j2j1′j2′ :

O1 = ε(pt, pt̄, pb, pb̄)
tt̄ CM−−−−→ ∝ #pt · (#pb × #pb̄)

O5 = ε(pb, pb̄, pj1, pj1′)
bb̄ CM−−−−→ ∝ #pb · (#pj1 × #pj1′)

O6 = ε(pb, pb̄, pj1 + pj2, pj1′ + pj2′)
tt̄ CM−−−−→ ∝ (#pj1 + #pj2) · (#pb × #pb̄)

O7 = q̃ · (pb − pb̄) ε(P, q̃, pb, pb̄)
lab−→ ∝ #pbeam · (#pb − #pb̄) #pbeam · (#pb × #pb̄). (4)

In Eqs. 3 and 4 we have shown two expressions for each of the correlations. The first
one is valid in any frame and in particular can be used in the lab frame. The second one

2 Here we use the Levi-Civita tensor contracted with four vectors ε(a, b, c, d) ≡ εµναβaµbνcαdβ with the sign

convention ε0123 = 1. We also use s, t, u to refer to the parton level Mandelstam variables for qq̄ → tt̄.

3

!pb̄

!pb
!pt

!pb × !pb̄

θ

|!pt|cosθ

t

t̄

b̄

W−

W+

b

tt̄ event in the CM frame of tt̄ O1 is proportional to the triple product
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Ref. [8] also shows how to construct models that reach this bound 1. For our numerical
estimates of the CP-odd signal, ACP , we will choose A = B = 1/

√
2 in accordance with

Eq. 14.
Numerically this result is shown in Figure 2, The asymmetry can have either sign de-
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H
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FIG. 2: Normalized CP violating asymmetry in Higgs decay as given by Eq. 12. We use A = B =

1/
√

2 from Eq. 14.

pending on the relative sign of A and B. It could also be quite large at over 6%, and is
nearly independent of the Higgs mass (as long as the Higgs is sufficiently heavy to decay
into tt̄).

1 For comparison, the first paper in Ref. [6], also uses Eq. 14 and the papers in Ref. [7] use the equivalent

of AB ∼ 1

5
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For the intermediate t"t states we have used the narrow-
width approximation. We assume that the t decay occurs as
in the standard model and that Vtb ! 1, therefore
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To proceed we write the four body phase space choosing
as independent variables the t angles in the Higgs rest
frame, the b angles in the t rest frame and the "b angles in
the "t rest frame. The integration range for this choice of
angles is not constrained and we write

d! !
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jMj2
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4MH
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4mt
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dp2

t d2p"t; (8)

where ' denotes expressions evaluated in the rest frame of t
and '' expressions evaluated in the rest frame of "t.

In the Higgs rest frame the correlation can be simplified
further as illustrated in Fig. 1. We use the t-quark momen-
tum in this frame to define the z axis and the t ! bW&

decay plane to define the x-z plane. The "t ! "bW" decay
plane then forms an angle $''

"b with respect to the t-decay
plane. With these choices we find

"$pt; p"t; pb; p "b% ! MH ~p "b ( $ ~pb # ~pt% ! "MHj ~ptjpbxp "by:

(9)

We then note that pbx and p "by are invariant under a boost to
the t and "t rest frames, respectively, and use this to calcu-
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After this, the integration over phase space is straightfor-
ward. Defining an integrated CP odd observable !̂:
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we arrive at our normalized CP asymmetry,
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This normalized observable corresponds to the simple
counting asymmetry

ACP)
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(13)

in the Higgs rest frame.
Weinberg has shown that there are unitarity constraints

on the size of the CP violating couplings of the type of
Eq. (1). For example, in the models discussed by Weinberg
[8], the product AB from Eq. (1) corresponds to what he
calls ImZ2. Assuming that the lightest neutral Higgs eigen-
state dominates and that the different scalar vacuum ex-
pectation values are comparable, Eqs. (49) or (52) of
Ref. [8] then imply,

jABj * 1###
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p : (14)

Reference [8] also shows how to construct models that
reach this bound.1 For our numerical estimates of the
CP-odd signal, ACP, we will choose A ! B ! 1=
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p
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accordance with Eq. (14).
Numerically this result is shown in Fig. 2,
The asymmetry can have either sign depending on the

relative sign of A and B. It could also be quite large at over
6%, and is nearly independent of the Higgs mass (as long
as the Higgs is sufficiently heavy to decay into t"t).
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FIG. 1. Kinematics for the reaction H ! t"t ! b "bW&W". The
t-quark momentum, ~pt, defines the z axis. The t-quark decay
defines the x-z plane and the "t decay plane forms an angle $''

"b
with respect to the t decay plane.

1For comparison, the first paper in Ref. [6], also uses Eq. (14)
and the papers in Ref. [7] use the equivalent of AB+ 1.

G. VALENCIA AND YILI WANG PHYSICAL REVIEW D 73, 053009 (2006)

053009-2

X
s
jMj2tpc ! Ncg6

m8
t

2M6
W

!
1" 2

M2
W

m2
t

"
2
AB

! !
mt!t

"
2

# "$pt;p"t; pb;p "b%#$p2
t "m2

t %#$p"t "m2
t % (6)

For the intermediate t"t states we have used the narrow-
width approximation. We assume that the t decay occurs as
in the standard model and that Vtb ! 1, therefore

!t !
g2m3

t

64!M2
W

!
1"M2

W

m2
t

"
2
!
1& 2

M2
W

m2
t

"
: (7)

To proceed we write the four body phase space choosing
as independent variables the t angles in the Higgs rest
frame, the b angles in the t rest frame and the "b angles in
the "t rest frame. The integration range for this choice of
angles is not constrained and we write

d! !

P
s
jMj2

$2!%8
1

2MH

j ~ptjd#t

4MH

j ~pbj'd#'
b

4mt

#
j ~p "bj''d#''

"b

4mt
dp2

t d2p"t; (8)

where ' denotes expressions evaluated in the rest frame of t
and '' expressions evaluated in the rest frame of "t.

In the Higgs rest frame the correlation can be simplified
further as illustrated in Fig. 1. We use the t-quark momen-
tum in this frame to define the z axis and the t ! bW&

decay plane to define the x-z plane. The "t ! "bW" decay
plane then forms an angle $''

"b with respect to the t-decay
plane. With these choices we find

"$pt; p"t; pb; p "b% ! MH ~p "b ( $ ~pb # ~pt% ! "MHj ~ptjpbxp "by:

(9)

We then note that pbx and p "by are invariant under a boost to
the t and "t rest frames, respectively, and use this to calcu-
late them in those frames. This leaves us with a correlation
of the form

"$pt; p"t; pb; p "b% ! MH

!
MH

2

##################
1" 4m2

t

M2
H

s "!
m2

t "M2
W

2mt

"
2

# sin%'b sin%
''
"b sin$''

"b : (10)

After this, the integration over phase space is straightfor-
ward. Defining an integrated CP odd observable !̂:

!̂ )
Z

d!$H ! t"t ! b "bW&W"% sign$"$pt; p"t; pb; p "b%%

!
Z

d!$H ! t"t ! b "bW&W"% sign$sin$''
"b % (11)

we arrive at our normalized CP asymmetry,

ACP ) !̂

!
! !

4

##################
1" 4m2

t

M2
H

s
AB

jAj2 & jBj2
$1" 2M2

W
m2

t
%2

$1& 2M2
W

m2
t
%2

#
0
@ 1

1" 2m2
t

M2
H
" 2 jAj2"jBj2

jAj2&jBj2
m2

t
M2

H

1
A (12)

This normalized observable corresponds to the simple
counting asymmetry

ACP)
Nevents$ ~p "b ( $ ~pb# ~pt%>0%"Nevents$ ~p "b ( $ ~pb# ~pt%<0%
Nevents$ ~p "b ( $ ~pb# ~pt%>0%&Nevents$ ~p "b ( $ ~pb# ~pt%<0%

(13)

in the Higgs rest frame.
Weinberg has shown that there are unitarity constraints

on the size of the CP violating couplings of the type of
Eq. (1). For example, in the models discussed by Weinberg
[8], the product AB from Eq. (1) corresponds to what he
calls ImZ2. Assuming that the lightest neutral Higgs eigen-
state dominates and that the different scalar vacuum ex-
pectation values are comparable, Eqs. (49) or (52) of
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jABj * 1###
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reach this bound.1 For our numerical estimates of the
CP-odd signal, ACP, we will choose A ! B ! 1=

###
2

p
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accordance with Eq. (14).
Numerically this result is shown in Fig. 2,
The asymmetry can have either sign depending on the

relative sign of A and B. It could also be quite large at over
6%, and is nearly independent of the Higgs mass (as long
as the Higgs is sufficiently heavy to decay into t"t).
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FIG. 1. Kinematics for the reaction H ! t"t ! b "bW&W". The
t-quark momentum, ~pt, defines the z axis. The t-quark decay
defines the x-z plane and the "t decay plane forms an angle $''

"b
with respect to the t decay plane.

1For comparison, the first paper in Ref. [6], also uses Eq. (14)
and the papers in Ref. [7] use the equivalent of AB+ 1.
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range (except very close to the Higgs resonance where the
two mechanisms are comparable). The light q !q production
mechanism is about an order of magnitude smaller for
Mtt & 750 GeV.

We first study the CP violating asymmetry generated by
the resonant production of a Higgs at the LHC. This

contribution to the total asymmetry is obtained from
Eq. (28) after we use the narrow-width approximation for
the Higgs propagator. In the lab frame the correlation
cannot be rewritten as the simpler triple product ~p !b ! " ~pb #
~pt$ of Eq. (2). Instead, the physical asymmetry is now
defined by

ACP % Nevents"!"pt; p!t; pb; p !b$> 0$ & Nevents"!"pt; p!t; pb; p !b$< 0$
Nevents"!"pt; p!t; pb; p !b$> 0$ ' Nevents"!"pt; p!t; pb; p !b$< 0$ ; (30)

and requires full reconstruction of four four-momenta.
It is possible to construct a different CP-odd correlation that generalizes the triple product of Eq. (2) to the lab frame and

that only requires the reconstruction of the directions of the relevant momenta. One such example is

Â CP % Nevents"" ~p!t & ~pt$ ! " ~pb # ~p !b$> 0$ & Nevents"" ~p!t & ~pt$ ! " ~pb # ~p !b$< 0$
Nevents"" ~p!t & ~pt$ ! " ~pb # ~p !b$> 0$ ' Nevents"" ~p!t & ~pt$ ! " ~pb # ~p !b$< 0$ : (31)

In Fig. 6 we show both ACP (solid line) and ÂCP (dotted
line) as a function of the Higgs mass. We see that the
production factors in Eq. (28) cancel out and ACP is the
same as calculated for Higgs decay (in the narrow-width s-
channel approximation) and shown in Fig. 2. On the other
hand, there is a dilution in the asymmetry of about 30%
when using the form ÂCP.

The complete asymmetry at the LHC is obtained by
adding Eqs. (28) and (29) (and folding in the corresponding
parton distribution functions).3 The normalized asymmetry

is shown in Fig. 7. We present results for ACP (solid line)
and ÂCP (dotted line). Both of them are significantly
smaller than in Higgs decay because the total cross section
for t!t production [which appears in the denominator of
Eqs. (30) and (31) is much larger than the Higgs production
cross section. The asymmetry does not increase as much as
the cross section because the gluon fusion mechanism only
contributes to it through interference with the Higgs reso-
nance. We find once more that ÂCP is smaller than ACP by
about 30%.

Notice that the light q !q ! t!t process can only contribute
a very small amount to the asymmetry. This is because it
occurs dominantly through one gluon exchange which does
not interfere with the resonant Higgs production channel.
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FIG. 6. CP asymmetry for s-channel Higgs production and
subsequent decay at the LHC. The solid and dotted curves
correspond to the asymmetries ACP, Eq. (30), and ÂCP,
Eq. (31) respectively.
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FIG. 5. t!t production mechanisms at the LHC. The larger cross
section indicated by the dashed line corresponds to gluon fusion.
The dotted line indicates light q !q annihilation. We also show the
resonant Higgs production for two different values of the Higgs
mass.

3There is also a small contribution to the asymmetry from light
q !q Higgs production which we neglect in our discussion.
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FIG. 7: Normalized CP violating asymmetry at the LHC for A,B = 1/
√

2. The solid and dotted

curves correspond to the asymmetries ACP , Eq. 30, and ÂCP , Eq. 31 respectively. In this case

both contributions to the asymmetry are included and they are normalized to the total pp → tt̄

cross-section.

H → τ+τ− channel. Although this extension is straightforward, it is not clear that it will
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The complete asymmetry at the LHC is obtained by
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Eqs. (30) and (31) is much larger than the Higgs production
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the cross section because the gluon fusion mechanism only
contributes to it through interference with the Higgs reso-
nance. We find once more that ÂCP is smaller than ACP by
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Notice that the light q !q ! t!t process can only contribute
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• p p initial state is not a CP eigenstate 
– get good CP properties from final state:  view LHC 

as a Higgs (or more generally a t t) factory
– this works for g g or q q initial states after we 

sum over spin and color 
– won’t work for q q initial state, need to reject it.
– pick final states such that this is a small 

contamination

How did we get a CP test?

p p→ H → t t̄→ (bW+) (b̄W−)→ (bµ+νµ)(b̄µ−ν̄µ)
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• electric dipole moments indicate T violation 
(and thus CP violation) 

• experimental limits on electron edm and 
neutron edm; for example dn < 2.9 x 10-26 e-
cm

• one contribution to neutron edm is the light 
quark edm and also its cedm:

top-quark anomalous couplings

H ∼ 1
2

e dq q̄σµνγ5q Fµν +
1
2

gs d̃q q̄σµνγ5taq Gµν
a
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quark edm (cedm)

• beyond the SM these can be induced at one-
loop

• for example models with scalars generate 
contributions such as

• perhaps heavy quarks can have large (c)edms ?
• measure at a top-quark factory, LHC?

dq, d̃q ∼ m3
q
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CP violating top-quark couplings

• For CP violation in the production process: a 
(chromo)-edm of the top-quark:

• It modifies the         coupling and introduces  
a                                          ``seagull’’ termare well suited for implementation in simulations that use the narrow width approximation

for both the top-quark and W propagators.

II. MIXED HELICITY FRAMEWORK FOR gg → tt̄ → bb̄WW .

The dominant mechanism for production of tt̄ pairs at the LHC is gluon fusion and we

concentrate on it now. For this source of tt̄ pairs there are four relevant diagrams shown

in Figure 1 that we will consider. The first three diagrams are the usual s, t, u channels in

the SM. We will also consider the possibility of CP violation in the ttg vertex as described

below. In general, there is also a CP violating effective ttgg vertex, the fourth diagram. A

FIG. 1: Diagrams responsible for CP asymmetry in top-quark pair production via gluon fusion:

s-channel, t-channel, u-channel and seagull.
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ΓD,D̄. We will consider two cases: first, we treat the W as a final state, an approximation

useful to describe hadronic W decays where no correlations involving the decay products of

the W are observed; and second, we allow the W to decay into !ν with a standard model

vertex. The amplitude can then be written schematically as
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b and the b̄ polarizations are not observable, we sum over them immediately after squaring

the amplitude. Similarly, we sum over the W polarization for the case of W final states or

over the ! and ν polarizations for the case when the W decays leptonically. We thus write
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useful to describe hadronic W decays where no correlations involving the decay products of
the W are observed; and second, we allow the W to decay into !ν with a standard model
vertex. The amplitude can then be written schematically as

M = −
ūbΓD(/pt + mt)ΓP (−/pt̄ + mt)ΓD̄vb̄

(p2
t − m2

t )(p
2
t̄ − m2

t )
. (1)

We now split the production and decay processes using helicity amplitudes and replace the
numerator of the top-quark (and anti-top-quark) propagator with a sum over polarizations.
We work within the narrow-width approximation for the t and t̄ decays; and, therefore,
these polarization sums refer to on-shell tt̄ states. Notice, however, that this procedure
preserves the full spin correlations. As it turns out, the CP odd observable arises from the
interference of amplitudes in which the intermediate states have different helicities. Our
amplitude becomes after this replacement:

M =
(

π

mtΓt

)2

δ(p2
t − m2

t )δ(p
2
t̄ − m2

t )

(

ūbΓD(
∑

λ

utλūtλ)ΓP (
∑

σ

vt̄σv̄t̄σ)ΓD̄vb̄

)

. (2)

Since the b and the b̄ polarizations are not observable, we sum over them immediately after
squaring the amplitude. Similarly, we sum over the W polarization for the case of W final

3

Lcedm = −igs
d̃

2
t̄ σµνγ5 t Gµν

t t̄ g

with Oleg Antipin
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• The differential cross section now contains 
the following CP-odd correlations:

• where the sum and difference of parton 
momenta are denoted by P and q.
– for W as one jet:  lepton       b-jet momenta
– for more jets:  lepton       d-jet momenta

• Notice that they are quadratic in q

gg or qq̄ → tt̄→ (bµ+νµ)(b̄µ−ν̄µ)

O1 = ε(pt, pt̄, pµ+ , pµ−)
O2 = (t− u) ε(pµ+ , pµ− , P, q)
O3 = (t− u)

(
P · pµ+ ε(pµ− , pt, pt̄, q) + P · pµ− ε(pµ+ , pt, pt̄, q)

)

(t− u) = q · (pt̄ − pt)
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• The CP violating part of the differential 
cross section looks like

• where the form factors look like

• notice they are also even under t,u 
interchange (which proton is p1)

• this expression (3 f.f’s) appears to be the 
most general one

top cedm continued

dσ ∼ C1(s, t, u)O1 + C2(s, t, u)O2 + C3(s, t, u)O3,

C1 =
d̃ mt

6s2(s2 − (t− u)2)2
(
9(t− u)6 − 2s2(t− u)4 − 7s4(t− u)2

+32m4
t (7s4 + 9s2(t− u)2) + 4m2

t (7s5 + 7(t− u)2s3 + 18(t− u)4s)
)
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CP violation in the decay vertex

• For anomalous tbW couplings, there is only 
one that interferes with the SM amplitude in 
the limit of massless b quark:

• include absorptive phases also and take:

• no seagulls (with a gluon) are present

IV. CP VIOLATION IN THE DECAY VERTEX

We write the most general tbW+ and t̄b̄W− vertices as [4] (with complex form factors to
allow for CP violation),

Γµ
Wtb = − g√

2
V !

tb ū(pb)
[
γµ(fL

1 PL + fR
1 PR)− iσµν(pt − pb)ν(f

L
2 PL + fR

2 PR)
)
u(pt),

Γ̄µ
Wtb = − g√

2
Vtb v̄(pt̄)

[
γµ(f̄L

1 PL + f̄R
1 PR)− iσµν(pt̄ − pb̄)ν(f̄

L
2 PL + f̄R

2 PR)
)
v(pb̄), (26)

and for the remaining of the paper we will take Vtb ≡ 1. These vertices can be derived from
a dimension five effective Lagrangian as in Ref. [11], and no seagulls that contribute to the
T -odd asymmetries we study are present.

At tree-level within the SM the form factors fL
1 = f̄L

1 = 1, while the other ones vanish.
Under the assumption that the new CP violating interactions are smaller than the standard
model interactions, we are only interested in those terms that can interfere with the SM and
are therefore linear in the anomalous couplings. It is easy to see that only the term fR

2 (f̄L
2 )

generates triple product correlations via interference with the SM. To obtain signals that
are only linear in new physics, we thus take

fL
1 = f̄L

1 = 1,

fR
2 = fei(φf+δf ), f̄L

2 = fei(−φf+δf ). (27)

We have introduced two types of phases: a CP-odd phase φf , which can be introduced
directly at the Lagrangian level; and a CP-even absorptive phase δf . The latter arises from
absorptive contributions beyond tree level and is the same for t and t̄ decay.

At the top-quark decay level, with a polarized top-quark (anti-top) and with the W -boson
decaying leptonically (but summing over the b-quark and lepton spin), the vertices in Eq. 27,
generate T-odd triple products of the form

dΓ(t→ bW+) ∼ f sin(δf + φf )ε(pt, pb, p%+ , st) + · · ·
dΓ(t̄→ b̄W−) ∼ f sin(δf − φf )ε(pt̄, pt̄, p%− , st̄) + · · · (28)

When the top-quark (anti-top) decay is connected with the gluon fusion production of tt̄,
these correlations will give rise to ones in which the top-quark (anti-top) spin is analyzed
by a four vector from the production process or by one from the decay of the anti-top (top)
quark.

The helicity factors for the decay of t and t̄ of Eqs. 10, 19 become, for W final states:

Tt(λ
′, λ) =

g2

4
ūtλ′/pb

((

2− m2
t

M2
W

)

(1− γ5) + 2ifmt sin(φf + δf )

)

utλ

Tt̄(σ,σ′) =
g2

4
v̄t̄σ/pb̄

((

2− m2
t

M2
W

)

(1− γ5) + 2ifmt sin(φf − δf )

)

vt̄σ′ (29)

and for leptonic final states

Tt(λ
′, λ) = g4pb · pν ūtλ′/p%+ ((1− γ5)− 2if sin(φf + δf )/pν) utλ

Tt̄(σ,σ′) = g4pb̄ · pν̄ v̄t̄σ/p%− ((1− γ5) + 2if sin(φf − δf )/pν̄) vt̄σ′ (30)
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We write the most general tbW+ and t̄b̄W− vertices as [4] (with complex form factors to
allow for CP violation),

Γµ
Wtb = − g√

2
V !

tb ū(pb)
[
γµ(fL

1 PL + fR
1 PR)− iσµν(pt − pb)ν(f

L
2 PL + fR

2 PR)
)
u(pt),

Γ̄µ
Wtb = − g√

2
Vtb v̄(pt̄)

[
γµ(f̄L

1 PL + f̄R
1 PR)− iσµν(pt̄ − pb̄)ν(f̄

L
2 PL + f̄R

2 PR)
)
v(pb̄), (26)

and for the remaining of the paper we will take Vtb ≡ 1. These vertices can be derived from
a dimension five effective Lagrangian as in Ref. [11], and no seagulls that contribute to the
T -odd asymmetries we study are present.

At tree-level within the SM the form factors fL
1 = f̄L

1 = 1, while the other ones vanish.
Under the assumption that the new CP violating interactions are smaller than the standard
model interactions, we are only interested in those terms that can interfere with the SM and
are therefore linear in the anomalous couplings. It is easy to see that only the term fR

2 (f̄L
2 )

generates triple product correlations via interference with the SM. To obtain signals that
are only linear in new physics, we thus take

fL
1 = f̄L

1 = 1,

fR
2 = fei(φf+δf ), f̄L

2 = fei(−φf+δf ). (27)

We have introduced two types of phases: a CP-odd phase φf , which can be introduced
directly at the Lagrangian level; and a CP-even absorptive phase δf . The latter arises from
absorptive contributions beyond tree level and is the same for t and t̄ decay.

At the top-quark decay level, with a polarized top-quark (anti-top) and with the W -boson
decaying leptonically (but summing over the b-quark and lepton spin), the vertices in Eq. 27,
generate T-odd triple products of the form

dΓ(t→ bW+) ∼ f sin(δf + φf )ε(pt, pb, p%+ , st) + · · ·
dΓ(t̄→ b̄W−) ∼ f sin(δf − φf )ε(pt̄, pt̄, p%− , st̄) + · · · (28)

When the top-quark (anti-top) decay is connected with the gluon fusion production of tt̄,
these correlations will give rise to ones in which the top-quark (anti-top) spin is analyzed
by a four vector from the production process or by one from the decay of the anti-top (top)
quark.

The helicity factors for the decay of t and t̄ of Eqs. 10, 19 become, for W final states:

Tt(λ
′, λ) =

g2

4
ūtλ′/pb

((

2− m2
t

M2
W

)

(1− γ5) + 2ifmt sin(φf + δf )

)

utλ

Tt̄(σ,σ′) =
g2

4
v̄t̄σ/pb̄

((

2− m2
t

M2
W

)

(1− γ5) + 2ifmt sin(φf − δf )

)

vt̄σ′ (29)

and for leptonic final states

Tt(λ
′, λ) = g4pb · pν ūtλ′/p%+ ((1− γ5)− 2if sin(φf + δf )/pν) utλ

Tt̄(σ,σ′) = g4pb̄ · pν̄ v̄t̄σ/p%− ((1− γ5) + 2if sin(φf − δf )/pν̄) vt̄σ′ (30)
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• this time they appear in the differential cross 
section as:

– Q is a four momentum (spin analizer), it is a linear 
combination of other momenta in the process

– the correlations are NOT CP odd, they can be also 
signal  absorptive phases

– true CP odd observables can be constructed by 
comparing the top and anti-top decays

CP odd phaseabsorptive phaseWhen CP violation occurs in the decay vertex, the spin and color averaged matrix element
squared containing the T -odd correlations was written in Ref. [12] as 2

|M|2T = f sin(φf + δf) ε(pt, pb, p!+, Qt) + f sin(φf − δf) ε(pt̄, pb̄, p!−, Qt̄). (8)

All the terms in Eq. 8 contain three four-momenta from one of the decay vertices so the
correlations O1,2,3 defined previously may not be the best to measure these couplings. Guided
by the form of Eq. 8, we define the following three correlations for this purpose

O4 = ε(P, pb − pb̄, pµ+ , pµ−)

O5 = ε(pt, pt̄, pb + pb̄, pµ+ − pµ−)

O6 = (t − u) ε(P, pb + pb̄, pµ+ − pµ−, q). (9)

These three correlations explicitly show that in order to test for CP violation in the decay
vertex it is necessary to compare the decay of the top quark with that of the anti-top quark.
This is accomplished in Eq. 9 with the use of the linear combinations of pb ± pb̄ as well as
pµ+ − pµ− . These constructions are CP -odd, and as such they isolate the phase φf in Eq. 8.
Later on we discuss alternative constructions to isolate the phase δf . Interestingly, after we
use the substitutions of Eq. 6 to account for the fact that the top four-momenta cannot be
reconstructed completely, no new correlations are needed: both O4,5 become proportional
to Õ1 and O6 becomes proportional to Õ2.

III. NUMERICAL ANALYSIS

We start from the standard model process gg → tt̄ → bµ+νµb̄µ−ν̄µ implemented in Mad-
graph according to the decay chain feature described in Ref. [17]. This decay chain feature
is chosen for consistency with the approximations in the analytical calculation of the CP
violating interference term presented in Ref. [12], in which the narrow width approximation
is used for the intermediate top quark and W boson states. The expressions from Ref. [12]
are then added to the spin and color averaged matrix element squared for the SM (which
Madgraph calculates automatically) and the resulting code is used to generate events. This
code is then missing the terms that are completely due to new physics: those proportional
to the anomalous couplings squared. This approximation is justified because those terms
do not generate T -odd correlations. In addition, as long as the conditions that allow us to
write the new physics in terms of anomalous couplings remain valid, their contribution to
the total cross-section is small.

For event generation we use the default Madgraph cuts requiring the top quark and W
boson intermediate states to be within 15 widths of their mass shell, the pT of both muons
to be larger than 10 GeV and ηµ < 2.5. We also use SM parameter values as in Madgraph,
except for mb = 0; and we use the CTEQ-6L1 parton distribution functions. Furthermore,
we only include the gluon fusion initiated parton processes. This procedure leads to a
cross-section σ(pp → tt̄ → bµ+νµb̄µ−ν̄µ) ≈ 4.3 pb, that is independent of the anomalous

2 Note that there is a typo in Ref. [12] where φf and δf are reversed.

4

T-odd correlations
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Observables

• We have the `theoretical’ correlations. Need 
some that involve only observable momenta.
– for LHC we use the di-lepton (muon) channel, for 

Tevatron the lepton (muon) + jets, and multijet 
channels:

– any CP-blind ordering of the jets should work

pµ+ , pµ−

pb, pb̄, some observables require distinguishing them
q̃ ≡ P1 − P2, = difference of proton momenta
pj1, pj2 · · · non− b jets ordered by pT
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correlations for di-muon channel

Oa = q̃ · (pµ+ + pµ−) ε(pµ+ , pµ− , pb + pb̄, q̃)
Ob = q̃ · (pµ+ − pµ−) ε(pµ+ , pµ− , pb − pb̄, q̃).

• For CP violation in both production and decay

• J.Sjölin has done an Atlas study with an 
observable proportional to 

• For T-odd but CP even from the decay 
process 

Õ1 = ε(pb, pb̄, pµ+ , pµ−) bb̄ CM−−−−→ ∝ "pb · ("pµ+ × "pµ−)

Õ2 = q̃ · (pµ+ − pµ−) ε(pµ+ , pµ− , pb + pb̄, q̃)

Õ3 = q̃ · (pµ+ − pµ−) ε(pb, pb̄, pµ+ + pµ− , q̃)

quadratic 
in q̃

Õ1
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correlations for muon + jets 
• For CP violation in both production and decay  

• For T-odd but CP even from the decay 
process 

O1 = ε(pt, pt̄, pb, pb̄)
tt̄ CM−−−−→ ∝ "pt · ("pb × "pb̄)

O2 = ε(P, pb + pb̄, p!, pj1)
lab−−→ ∝ ("pb + "pb̄) · ("p! × "pj1)

O3 = Q! ε(pb, pb̄, p!, pj1)
bb̄ CM−−−−→ ∝ Q! "pb · ("p! × "pj1)

O4 = Q! ε(P, pb − pb̄, p!, pj1)
lab−−→ ∝ Q! ("pb − "pb̄) · ("p! × "pj1)

O7 = q̃ · (pb − pb̄) ε(P, q̃, pb, pb̄)
lab−−→ ∝ "pbeam · ("pb − "pb̄) "pbeam · ("pb × "pb̄).

Oa = ε(P, pb − pb̄, p!, pj1)
lab−−→ ∝ ("pb − "pb̄) · ("p! × "pj1)

Ob = Q! ε(P, pb + pb̄, p!, pj1)
lab−−→ ∝ Q! ("pb + "pb̄) · ("p! × "pj1)
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correlations for multi jet channel
• For CP violation in both production and decay

• For T-odd but CP even from the decay 
process 

O1 = ε(pt, pt̄, pb, pb̄)
tt̄ CM−−−−→ ∝ "pt · ("pb × "pb̄)

O5 = ε(pb, pb̄, pj1, pj1′) bb̄ CM−−−−→ ∝ "pb · ("pj1 × "pj1′)

O6 = ε(pb, pb̄, pj1 + pj2, pj1′ + pj2′) tt̄ CM−−−−→ ∝ ("pj1 + "pj2) · ("pb × "pb̄)

O7 = q̃ · (pb − pb̄) ε(P, q̃, pb, pb̄)
lab−−→ ∝ "pbeam · ("pb − "pb̄) "pbeam · ("pb × "pb̄).

Oc = ε(P, pb + pb̄, pj1, pj1′) lab−−→ ∝ ("pb + "pb̄) · ("pj1 × "pj1′)
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Observables

• For each correlation define a counting 
asymmetry:

• Can also try to extract terms linear in a 
given correlation     from the distribution

t− u between the form factors and the correlations to ensure that both the form factor and
the correlation are even under the interchange of the two initial protons. We concentrate
initially on W decaying into muons, for which the T -odd correlations are1:

O1 = ε(pt, pt̄, pµ+ , pµ−)

O2 = (t − u) ε(pµ+ , pµ−, P, q)

O3 = (t − u) (P · pµ+ ε(pµ− , pt, pt̄, q) + P · pµ− ε(pµ+ , pt, pt̄, q)) (3)

with q = p1 − p2 and P = p1 + p2 being the difference and sum of the incoming parton mo-
menta. The spin and color averaged matrix element squared that contains these correlations
is given by,

|M|2CP = C1(s, t, u)O1 + C2(s, t, u)O2 + C3(s, t, u)O3, (4)

where the form factors C1,2,3 were computed in Ref. [12] and we reproduce them in the
appendix for convenience.

We begin by studying each of the three terms in Eq. 4 separately, considering the lab
frame distributions dσ/dOi for the three correlations. In each case we isolate the CP odd
form factor Ci by constructing the integrated counting asymmetry

Ai ≡
Nevents(Oi > 0) − Nevents(Oi < 0)

Nevents(Oi > 0) + Nevents(Oi < 0)
. (5)

The observables used to construct the Ai are not realistic in that not all the momenta
appearing in them can be reconstructed. To address this issue we replace those observables
assuming that for each event it is only possible to reconstruct the momenta of the two muons
µ±, the two b, b̄ jets, and the beam direction. The correlations under this assumption can
be obtained from Eq. 3 with the substitutions

pt → pb + pµ+ pt̄ → pb̄ + pµ−

P → pb + pµ+ + pb̄ + pµ− q → q̃ ≡ P1 − P2. (6)

We have defined a four-vector q̃, as the difference between the two beam four-momenta. The
factor t− u could get modified by writing it as (t− u) = q · (pt̄ − pt) with the substitutions
implied by Eq. 6. However, all one needs is a factor linear in q̃ so we choose the simpler
form (t − u) → q̃ · (pµ− − pµ+).

All this results in the correlations Õ,

Õ1 = ε(pb, pb̄, pµ+ , pµ−)

Õ2 = q̃ · (pµ+ − pµ−) ε(pµ+ , pµ−, pb + pb̄, q̃)

Õ3 = q̃ · (pµ+ − pµ−) ε(pb, pb̄, pµ+ + pµ− , q̃), (7)

and their associated counting asymmetries Ãi. It is easy to see that the correlation O3 gives
rise to both Õ2 and Õ3. From the experimental perspective, Õ2 is most desirable as it is
the only one that does not require distinguishing between the b and b̄ jets.

1 Here we use the Levi-Civita tensor contracted with four vectors ε(a, b, c, d) ≡ εµναβaµbνcαdβ with the sign

convention ε0123 = 1. We also use s, t, u to refer to the parton level Mandelstam variables for gg → tt̄.

3

Oi

dσ

dOi
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Event generation and background

• We use MadGraph for all signals and background.
– The signal is calculated separately and `hacked’ into MadGraph

– Several checks were made to satisfy ourselves that the 
procedure works but is not ideal

– Ideally the anomalous couplings will be directly implemented in 
MadGraph... 

• There are no background issues beyond those already there for top-
pair selection 

– Known backgrounds                                                              are CP 
symmetric (in SM) and with CP-blind cuts cannot mimic the signal

– use some `typical’ selection cuts for our analysis
– residual background simply dilutes the statistical sensitivity by 

factors 

QCD, V bb̄, V cc̄, V V, (V = W±, Z) · · ·

√
(B + S)/S
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Numerical Results I: dimuon events 
at LHC   

• signal:
• background:                         (by MadGraph)
• cuts completely remove the bck. in this 

exercise, but it did not fake CP violation

• left with a (LO) 2.3 pb cross section at 14 
TeV, 23k events per 10 fb-1

• Or 5σ(stat) sensitivity to 3% asymmetries

pp→ tt̄→ (bµ+ν)(b̄µ−ν̄)

pT (µ±) > 20 GeV, pT (b, b̄) > 25 GeV,

|η(b, b̄, µ±)| < 2.5, ∆R > 0.4, ET > 30 GeV/

with Gupta, Mete

pp→ bb̄µ+µ−
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Ã1 Ã2 Ã3 cuts

d̃ 5.6 × 10−2 −4.1 × 10−3 1.8 × 10−2 Eq. 10

5.5 × 10−2 −3.5 × 10−3 1.8 × 10−2 Eqs. 10, 11

f sin φf −5.4 × 10−3 −2.6 × 10−2 5.6 × 10−3 Eq. 11

−6.2 × 10−3 −2.7 × 10−2 4.0 × 10−3 Eqs. 10, 11

TABLE III: Integrated asymmetries without full top momentum reconstruction for d̃ or f sin φf

= 5 × 10−4 GeV−1 with the cuts defined in Eqs. 10, 11.
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FIG. 1: dσ/dO1 and dσ/dÕ1 distributions for the cases d̃ = 0 (SM) and d̃ = 5 × 10−4 GeV−1 as

well as dσ/dÕ2 for f sin φf = 5 × 10−4 GeV−1.

distinguishing between the b and b̄ jets. Interestingly the most promising asymmetry for
probing CP violation in the decay vertex is Ã2, which does not require distinguishing the b
and b̄ jets. To gain more insight into these asymmetries we show the differential distributions
dσ/dO1 and dσ/dÕ1 for d̃ = 5×10−4 GeV−1 as well as dσ/dÕ2 for f sin φf = 5×10−4 GeV−1

in Figure 1.
The distributions shown in Figure 1 can also be used to estimate the sensitivity of LHC

to the anomalous couplings as was done for the case of d̃ and Õ1 in Ref. [13]. In this paper
we rely exclusively on the counting asymmetries since we are ignoring detector and other
issues that are more important for the distributions. We summarize our results for the most
promising asymmetries in terms of the dimensionless anomalous couplings

dt ≡ d̃ mt, ft ≡ f mt (12)

for mt = 171.2 GeV as follows. The largest asymmetry is

A1 = 1.17 dt. (13)
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Measurement of this asymmetry requires reconstruction of the top pair four-momenta. As-
suming that only muon and b four-momenta can be reconstructed, our asymmetries are

Ã1 = 0.64 dt − 0.072 ft sin φf

Ã2 = −0.041 dt − 0.32 ft sin φf

Ã3 = 0.21 dt + 0.047 ft sin φf . (14)

We now estimate the 5σ sensitivity of LHC with an integrated luminosity of 10 fb−1 to
the anomalous couplings. Using Eq. B1 with N = 23k events per year (corresponding to
σ = 2.3 pb) we see that 5σ sensitivity requires Ai ≥ 0.033. From Ã1 and Ã2 respectively,
we find setting only one anomalous coupling to be non-zero at a time,

|dt| ≥ 0.05, |d̃| ≥ 3.0 × 10−4 GeV−1 (15)

|ft sin φf | ≥ 0.10, |f sin φf | ≥ 6.0 × 10−4 GeV−1

The study of Ref. [13] found that the LHC with an integrated luminosity of 10 fb−1 could
achieve a 5σ sensitivity to dt > 0.05 by considering an observable proportional to Ã1. The
agreement with our estimate is very good although the analysis in Ref. [13] is much more
complete. The conclusion by Sjölin in Ref. [13] is reached by analyzing both the counting
asymmetry and the distribution proportional to dσ/dÕ1 including both di-lepton and lepton
plus jets channels from the W+ and the W− in the semileptonic t and t̄ decays. His study
also includes many background and reconstruction issues that we have completely ignored.
However, we can roughly compare the two results: we have used only the channel with µ+

and µ− from the W+ and W− decays and have looked only at the counting asymmetry. The
comparable 5σ sensitivity result of Ref. [13], from the counting asymmetry in the di-lepton
channel is based on 13k events that survive all the cuts. After our less restrictive cuts, our
5σ sensitivity result is based on 23k events resulting in about 30% more reach. We conclude
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IV. STRONG INTERACTION PHASES

In the previous sections we have constructed observables designed to isolate true CP
violation from the T -odd triple products. However in some cases it may be desirable to
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Measurement of this asymmetry requires reconstruction of the top pair four-momenta. As-
suming that only muon and b four-momenta can be reconstructed, our asymmetries are
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Our numerical results for counting asymmetries are:

This translates into a 5 σ sensitivity for 10 fb-1 of:

Similarly for (unitarity) CP conserving phases:

Aa Ab cuts

4.2 × 10−3 −3.1 × 10−2 Eq. 10

3.0 × 10−3 −2.7 × 10−2 Eqs. 10, 11

TABLE IV: Integrated CP -even asymmetries with f sin δf = 5×10−4 GeV−1 with the cuts defined

in Eqs. 10, 11.

Using the larger of these two asymmetries we can write

Ab = −0.32ft sin δf , (17)

from which we conclude that the LHC with 10 fb−1 will have a 5σ sensitivity to

|ft sin δf | ≥ 0.10 |f sin δf | ≥ 6.0 × 10−4. (18)

The magnetic transition factor f is induced by one-loop QCD corrections at the level f =
8×10−5 GeV−1 [18], and it has been claimed that this level can be reached at LHC [10]. The
1σ contraint for 10 fb−1 has been estimated at −2.6× 10−4 GeV−1 ≤ f ≤ 1.4× 10−4 GeV−1

by setting other anomalous couplings to zero in Ref. [14]. This constraint was obtained using
T -even observables and is somewhat better than what we find with the T -odd correlation
Oa. Of course, our T -odd observables require a non-zero absorptive phase δf , unlike the
observables used in the study of Ref. [14]. Although it is easy to see that QCD corrections
to the tree-level weak vertex can introduce such a phase, it has not been calculated yet to
our knowledge.

V. SUMMARY AND CONCLUSION

We have presented the results of a numerical implementation of the results in Ref. [12]
using Madgraph for event generation at the parton level. We have used these events to
estimate the sensitivity of the LHC to CP violating anomalous top quark couplings.

For the case of the coupling dt that parametrizes CP violation in the tt̄ production
process, we find that the LHC with 10 fb−1 can rule out values larger than 0.05 at the 5σ
level. We reach this conclusion by considering only counting asymmetries in the di-muon
channel. Specifically, our result follows from Ã1 which is the most sensitive asymmetry
that does not require complete reconstruction of the t and t̄ four-momenta. Our result is
consistent with the estimates of Sjölin in Ref. [13]. Further refinements to our study that
can be carried out by the experimental collaborations along the lines of Ref. [13] include:
going beyond the parton level to include detector effects; using lepton+jets channels; using
distribution shapes in addition to the counting asymmetries. Our paper has shown that there
are other asymmetries, beyond the one studied in Ref. [13], that can provide comparable
levels of sensitivity, and/or different handles on the analysis. For example the correlation
Ã1 used by Sjölin requires distinguishing between the b and b̄ jets. Although this may be

9
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example of a distribution

Ã1 Ã2 Ã3 cuts

d̃ 5.6 × 10−2 −4.1 × 10−3 1.8 × 10−2 Eq. 10

5.5 × 10−2 −3.5 × 10−3 1.8 × 10−2 Eqs. 10, 11

f sin φf −5.4 × 10−3 −2.6 × 10−2 5.6 × 10−3 Eq. 11

−6.2 × 10−3 −2.7 × 10−2 4.0 × 10−3 Eqs. 10, 11

TABLE III: Integrated asymmetries without full top momentum reconstruction for d̃ or f sin φf

= 5 × 10−4 GeV−1 with the cuts defined in Eqs. 10, 11.
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FIG. 1: dσ/dO1 and dσ/dÕ1 distributions for the cases d̃ = 0 (SM) and d̃ = 5 × 10−4 GeV−1 as

well as dσ/dÕ2 for f sin φf = 5 × 10−4 GeV−1.

to the two sets of cuts. The largest asymmetry for a d̃ coupling is Ã1 which requires
distinguishing between the b and b̄ jets. Interestingly the most promising asymmetry for
probing CP violation in the decay vertex is Ã2, which does not require distinguishing the b
and b̄ jets. To gain more insight into these asymmetries we show the differential distributions
dσ/dO1 and dσ/dÕ1 for d̃ = 5×10−4 GeV−1 as well as dσ/dÕ2 for f sin φf = 5×10−4 GeV−1

in Figure 1.
The distributions shown in Figure 1 can also be used to estimate the sensitivity of LHC

to the anomalous couplings as was done for the case of d̃ and Õ1 in Ref. [13]. In this paper
we rely exclusively on the counting asymmetries since we are ignoring detector and other
issues that are more important for the distributions. We summarize our results for the most
promising asymmetries in terms of the dimensionless anomalous couplings

dt ≡ d̃ mt, ft ≡ f mt (12)

7

d̃ = 0 (SM)

d̃ = 5× 10−4 GeV−1
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* David Atwood et. al. CP violation in top physics, Phys.Rept.347:1-222,2001.

Numbers in Perspective

coupling

Theory 
Estimate

 <10-13   SM*

 ~10-6   H+*
 ~10-3  SUSY*

0.03 QCD& 
(CP conserving
and no phase)

with 10fb-1

at 5σ
0.05 ~ 0.10 (both CP  

and/or str.)

f

€ 

1
mt

 

 
 

 

 
 

~

€ 

1
mt

 

 
 

 

 
 d

&Chong Sheng Li, Robert J. Oakes, Tzu Chiang Yuan Phys.Rev.D43:3759-3762,1991.

3.0× 10−4 GeV−1 =
0.05
mt

↔ 5× 10−18gs · cmunits

http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Li%2C%20Chong%20Sheng%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Li%2C%20Chong%20Sheng%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Oakes%2C%20Robert%20J%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Oakes%2C%20Robert%20J%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Yuan%2C%20Tzu%20Chiang%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Yuan%2C%20Tzu%20Chiang%22


G. Valencia (Iowa State), TOP 2010, Brugge

Numerical Results II: lepton plus jets and 
multijets at Tevatron  

• signal:
• acceptance, separation cuts used

• with a sample of about 1000 top pair events the 
statistical sensitivity of the Tevatron is limited (at 3σ 

to  asymmetries around 10%) resulting in limits                        
on    of order 1 in units of [1/mt] at best

• but urge the experiments to try, at the very least to see 
if systematics creep in at this level

• Sehwook Lee DØ ISU student will work on it (I hope!) 

pp̄→ tt̄→ bb̄µj1j2 + ET or pp̄→ tt̄→ bb̄j1j2j
′
1j

′
2/

pT (µ±, j) > 20 GeV, pT (b, b̄) > 25 GeV,

|η(b, b̄, µ±, j)| < 2.5, ∆Rij > 0.4, ET > 30 GeV/

d̃



G. Valencia (Iowa State), TOP 2010, Brugge

Hardest jet
• Look a bit into the meaning of      (used for lepton 

plus jets events)

• the probability for a given jet originating from a quark q in a 2 jet W+ 
decay to be the hardest one, is equal to the probability for the 
corresponding jet originating from the anti-quark q in a 2 jet W- 
decay to be the hardest one.

• this is verified explicitly in the event generation and also indirectly 
because the results are proportional to CP violating couplings only

O2

O2 = ε(P, pb + pb̄, p!, pj1)
lab−−→

√
S

[
("pb + "pb̄) ·

(
("pµ+ × "pj1) + ("pµ− × "pj̄1)

)]

CP−−→ (−)
√

S
[
("pb + "pb̄) ·

(
("pµ− × "pj̄1) + ("pµ+ × "pj1)

)]
.

µ+ (W− → jets) or µ− (W+ → jets)

!pj̄1
CP−−→ −!pj1
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Hardest jet continued
• in this correlation, the hardest jet is acting to some 

extent as spin analyzer for the top-spin. How does it 
compare to the d-quark (or u-quark) jet?

• in the lab frame, the hardest jet is the better choice 
for this asymmetry

A2 = −0.045 dt

A′
2

j1→d−−−→ +0.017 dt

A′′
2

j1→u−−−→ −0.031 dt
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FIG. 2: Differential distributions of s, the numerator of Ã2d (or Ã2u) , with respect to r,

the ratio of d-quark transverse momentum to u-quark transverse momentum in t → bud̄ or

t̄ → b̄ūd decay.

3/
√

N A1 A5 A6 A7 Ac

d̃ 3.5 -61.2 -54.6 -61.2 38.8 1.1

f̃ sin φf 3.5 -7.1 -7.8 -7.1 5.8 -1.0

f̃ sin δf 3.5 -1.8 -1.5 -1.8 -0.5 9.6

SM 3.5 0.7 0.5 0.7 1.0 1.1

TABLE III: Integrated asymmetries for signal 2 with cuts given in Eq. 8 for d̃, f̃ sin(φ, δ)

= 5 × 10−3 GeV−1 in units of 10−3, and the SM.

events with a double b tag are of the order of 1000 events [15] and this leads to a 3σ
statistical sensitivity to dt and ft of order 1. To account for background, we notice that: a)
the experimental cuts to select the tt̄ events are the same that will be used for a CP violation
study , and b) all the known background processes are CP conserving. The net effect of the
background (apart from possible systematic errors that must be studied by the experiments)
is to dilute the asymmetries by a factor (B + S)/S. The numerator in Ai does not get
additional contributions from the background; but the denominator, which counts the total
number of events, does. Similarly, the statistical sensitivity decreases by a corresponding
factor

√

(B + S)/S. For samples with roughly the same number of background (B) and
signal (S) events this amounts to factors of two.

9
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Conclusions
• We have studied several T-odd correlations that illustrate 

the different possibilities in searching for CP violation in 
top physics

• We have estimated the asymmetries for the simple cases 
of anomalous top-quark couplings in both top production 
and decay, and a multi-Higgs model

• With these examples we have estimated the statistical 
sensitivity of the LHC and the Tevatron to the CP violating 
top-quark couplings

• The time is ripe for experimental studies of CP violation in 
top physics: any observation would signal new physics. We 
urge the collaborations to carry them out.
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Extras
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• We know that the asymmetries are linear in 
the anomalous coupling: 

• Pick a value for the anomalous coupling, say

• large enough to deal with statistical error 
with 106 events, small enough for linear 
approximation 

• compute the asymmetry and extract #, then 
calculate sensitivity

Ai = #1d̃ + #2f sinφf

d̃, f sinφf = 5× 10−4 GeV−1

Numerical Strategy   
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• Start from
• becomes in the (tt) center of mass frame:

• Under CP:

• Count with:

Generic asymmetry

ε(pt, pt̄, p!+ , p!−) ≡ εµναβpµ
t pν

t̄ pα
!+pβ

!−

√
s!pt · (!p!+ × !p!−)

tt̄!+!−X ↔ tt̄!+!−X̄
√

s"pt · ("p!+ × "p!−) ↔
√

s(−"pt̄) · (−"p!− × (−)"p!+)
= −

√
s"pt · ("p!+ × "p!−)

ACP =
N(!pt · (!p!+ × !p!−) > 0)−N(!pt · (!p!+ × !p!−) < 0)
N(!pt · (!p!+ × !p!−) > 0) + N(!pt · (!p!+ × !p!−) < 0)
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effect of (new physics)2

• For a simple case (     ) we check explicitly
– the extra terms do not produce an asymmetry
– they only affect the normalization as:

qq̄
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