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New physics in top production



Forward-backward asymmetry in tt production

• Charge (a)symmetric cross-section

Forward-backward asymmetry in tt̄ production

Charge-(a)symmetric cross section
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Measurement at Tevatron: inclusive and in bins of invariant mass Mtt̄
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Here the angle ! is defined as the angle between the direction of motion of the top quark

and the direction of motion of the incoming quark (e.g., the u-quark) in the tt̄ c.m. system.

The subscripts “SM”, “INT” and “NPS” denote the contribution from the SM, the interfer-

ence between the SM and NP, and the NP amplitude squared. For the G! model, the SM

contribution is from the gluon-mediated s-channel diagram, the NPS contribution from the

exotic gluon G!-mediated diagram, and the INT contribution from the interference between

the two. The squared c.m. energy of the tt̄ system is ŝ = (pq + pq̄)
2, and " =

!

1! 4m2
t/ŝ

is the top quark velocity in the tt̄ c.m. system.

The forward-backward asymmetry of the top quark in the tt̄ c.m. frame is defined as
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We further parameterize the di!erential cross section d#/d cos ! as follows:

d#i

d cos !
= Ai +Bi cos ! + Ci cos

2 !, (25)

where the subindex i denotes “SM”, “INT” and “NPS”. Hence, after integrating over the

angle !, we obtain the asymmetry and total cross section
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where the sums are over the SM, INT and NPS terms. In reality the incoming quark could

originate from either a proton or an anti-proton, but it predominantly comes from a proton

due to large valence quark parton distribution functions. Taking the quark from the anti-

proton and the anti-quark from the proton contributes less than 1% of the total tt̄ cross

section. Therefore, in p̄p collisions at the Tevatron one can choose the direction of the

proton to define the forward direction.

Now let us comment on a few interesting features of the asymmetry and cross section

generated by the INT and NPS e!ects individually, because both e!ects are sensitive to

di!erent new physics scales: the former to a higher NP scale and the latter to a lower scale.

First, we note that the asymmetry is sensitive to the ratio of coupling (squared) di!erences

and sums for the INT (NPS) e!ects, e.g.,

AINT
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(fL ! fR)(gL ! gR)
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2 %"&
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2, and " =

!

1! 4m2
t/ŝ
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Forward-backward asymmetry in tt production

• Non-zero AFB requires u- or t-odd contributions to σ 

• In QCD induced at order αs3

_

ASM
FB = 0.058± 0.009

t̂ = m2
t −

ŝ

2
[1− βt cos θ]

2 The QCD induced charge asymmetry

The QCD induced charge asymmetry in the reaction qq̄ ! tt̄(g) is generated by the interference of final-
state with initial-state gluon radiation [Fig. 1, (a)"(b)] and by the interference of virtual box diagrams
with the Born process [Fig. 1, (c)"(d)]. The asymmetric contribution of the virtual corrections exhibit
soft singularities that are canceled by the real contribution, but do not exhibit collinear light quark mass
singularities which would have to be absorbed by the lowest order process which however is symmetric.
Ultraviolet divergences are absent for the same reason. The virtual plus soft radiation on one hand and
the real hard radiation on the other contribute with opposite signs, with the former always larger that the
latter such that the inclusive asymmetry becomes positive. Top quarks are thus preferentially emitted in
the direction of the incoming quark at the partonic level, which translates to a preference in the direction
of the incoming proton in pp̄ collisions. Flavour excitation gq(q̄) ! tt̄X generates already at tree-level
a forward–backward asymmetry which at Tevatron is also positive although one order of magnitude
smaller than the asymmetry from qq̄ annihilation.

(c) (d)

(b)(a)

q

q

Q

Q

Figure 1: Origin of the QCD charge asymmetry in hadroproduction of heavy quarks: interference of
final-state (a) with initial-state (b) gluon bremsstrahlung, plus interference of the double virtual gluon
exchange (c) with the Born diagram (d). Only representative diagrams are shown.

The differential charge asymmetry of the single quark rapidity distribution is defined through

A(y) =
Nt(y) # Nt̄(y)

Nt(y) + Nt̄(y)
, (4)

where y denotes the rapidity of the top (antitop) quark in the laboratory frame andN(y) = d!/dy. Since
Nt̄(y) = Nt(#y) as a consequence of charge conjugation symmetry, A(y) can also be interpreted as a
forward–backward asymmetry of the top quark. We have updated our previous analysis [2] by using the
new value of the top quark mass, mt = 170.9 ± 1.1 (stat) ± 1.5 (sys) GeV [21], and the new set of
MSRT2004 [22] structure functions. For the total charge asymmetry at

$
s = 1.96 TeV we predict

A =
Nt(y % 0) # Nt̄(y % 0)

Nt(y % 0) + Nt̄(y % 0)
= 0.051(6) , (5)
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Almeida et al., 0805.1885



• Measurements at the Tevatron

Forward-backward asymmetry in tt production
_
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• Measurements at the Tevatron

• High mtt region less sensitive to threshold effects
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• Measurements at the Tevatron

Forward-backward asymmetry in tt production
_
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New Physics Interpretation(s)
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FIG. 1: σNP
F and σNP

B (normalized to the SM values) needed
to explain the measured Att̄

FB, while at the same time be-
ing compatible with σ(t t̄). The contours correspond to 1-σ
(solid), 2-σ (dashed) and 3-σ (dotted) allowed regions.

General analysis. First, we study in a model inde-
pendent way if NP contributions need to interfere with
the SM in order to obtain the observed Att̄

FB. Let σSM
F,B

and σNP
F,B be the SM and NP forward and backward cross

sections, respectively [7]. The latter contain the contri-
butions from NP interfering with the SM and from the
NP-matrix elements squared. If interference dominates,
σNP
F,B can have either sign, if interference is negligible,

these terms have to be positive.
We use the measured and predicted values of Att̄

FB =
0.475 ± 0.114, and 0.088 ± 0.013 respectively, for Mtt̄ >
450GeV, together with the measured total cross section
σ(tt̄)(Mtt̄ > 450GeV) = 1.9±0.5 pb [5] and the predicted
value σSM (Mtt̄ > 450GeV) = 2.26± 0.18 pb (using [18])
to derive the constraints on σNP

F , σNP
B shown in Fig.

1. We find a preference for σNP
F > 0, while σNP

B < 0,
which points to an interference effect. If the s channel
contribution dominates, this means that the exchanged
particle has to be a colour octet vector. The other options
are large t channel interference, or a combination of both
channels.

Models. There are 22 (14) possible quantum number
assignments for vector (scalar) fields that couple to quark
bi-linears through marginal interactions and conserve GF

[19, 20] without the insertion of YU , YD. In this letter,
we discuss two of the models that are consistent with the
general analysis. The first model contains a scalar field,
S, transforming as (6̄, 1)−4/3 under the SM gauge group
SU(3) × SUL(2) × UY(1) [19] and as (6̄, 1, 1) under GF.
The second model contains a vector field, V , that is an
(8, 1)0 under the SM gauge group, and (8, 1, 1) under GF.

Sextet scalar. The scalar fields are in the anti-sextet
of colour and the anti-sextet of SU(3)U such that Sαβ

kl =

Sβα
kl = Sαβ

lk where α,β are colour indices and generation

indices are k, l. Consider the GF symmetric Lagrangian

LS = η1 U
k
Rα U l

Rβ
Sαβ
kl + h.c., (4)

with UR = (uR, cR, tR). The large top Yukawa yt =√
2mt/v breaks SU(3)U so that LS gets corrections for

couplings involving the top quark. In MFV, the correc-
tions are

∆LS = η2 U
k
Rα [∆UURβ ]

l Sαβ
kl + h.c., (5)

with additional corrections from higher insertions of
∆U = YUY

†
U . The couplings of S to the first two gen-

erations are given by ηij = η1, while the t − u and t − c
couplings are ηi3 = η1 + y2t η2. (Here and below i, j run
over 1, 2 while k, l run over 1, 2, 3.) The FV also splits
the masses of Skl, so that m2

S3k
−m2

Sij
∝ y2tm

2
Sij

.
Octet vector. For the vector field we use the notation

V ≡ VA,B(T A)βα(T
B)lk, with T A and TB the colour and

flavour Gell-Mann matrices. The flavour symmetric in-
teraction Lagrangian is then

LV = η1 ŪR /V UR, (6)

where η1 is real. The FV corrections from yt are

∆LV = [η2 ŪR /V ∆U UR+h.c.]+η3 ŪR∆U /V ∆U UR, (7)

up to higher insertions of ∆U . The couplings of the first
two generation quarks with the vector are given by ηij =
η1, the ū − t and c̄ − t couplings to the vector are given
by ηi3 = η1 + y2t η2, while the t̄ − t coupling is given by
η33 = η1+2y2tRe [η2]+y4t η3. Note that η2 can be complex.

Phenomenology. We use MSTW2008 PDF’s [21]
and work to NLO for the SM tt̄ cross section, while we
work to LO for the NP corrections to it (including the
interference with the SM). A challenge for any model
that seeks to explain the anomalous Att̄

FB measurement
is the agreement of the SM prediction and measure-
ment for the dσ(t t̄)/dMtt̄ differential cross section [5].
The integrated cross section from this measurement is
σ̂(tt̄) = 6.9 ± 1.0 pb, which should be compared to the
NLO prediction with NNLL summation of threshold log-
arithms, which gives σ(tt̄) = 6.30±0.19+0.31

−0.23 pb [18]. The
agreement between the SM prediction and this measure-
ment is the most important constraint on our models,
and limits the size of Att̄

FB. We collect the predictions
for the two models in Figs. 2, 3. Throughout we use
mt = 172.5GeV and use the prediction of [18].
Anti-Sextet scalar. In tt̄ production, the flavour anti-

sextet scalar can be exchanged in the t channel. The size
and the shape of the contribution is controlled by the
couplings to the top: ηk3 = η1+y2t η2, the mass of the ex-
changed scalars, mSk3 , and by their decay widths ΓSk3 .
In Fig. 2 we show two representative cases for a light
and heavy scalar. A larger value of Att̄

FB requires a larger
deviation from the measured dσ(t t̄)/dMtt̄ spectrum, so
that agreement within one σ of the central value of Att̄

FB
(for Mt̄ t ≥ 450GeV) without distorting the shape of the

asymmetry. In this sense the Tevatron plays a unique role for testing top quark interactions,

and it would provide more accurate measurements with future accumulated data. Projected

bounds on both AFB and !(tt̄) at the Tevatron with 10 fb!1 integrated luminosity are also

presented.

The paper is organized as follows. In Sec. II we examine the correlation between AFB

and !(tt̄) based on the recent Tevatron measurement, using the Markov Chain Monte Carlo

method. We then give examples of a few interesting NP models generating the asymmetry,

e.g., an exotic gluon G" (Sec. III), a model-independent e!ective field theory approach (Sec.

IV), a flavor-conserving Z " boson (Sec. V), a flavor-violating Z " or W " (Sec. VI), and a new

scalar S(S±) (Sec. VII). We then conclude in Sec. VIII.

II. CORRELATION OF AFB AND !(tt̄)

The asymmetry AFB in the top quark pair production can be parameterized as follows:

Atot
FB =

!SM
F ! !SM

B + !NP
F ! !NP

B

!SM
F + !SM

B + !NP
F + !NP

B

(3)

=
!NP
F ! !NP

B

!NP
F + !NP

B

"
!

1 +
!SM
F ! !SM

B

!NP
F ! !NP

B

"

"
!NP
tot

!SM
tot + !NP

tot

(4)

= ANP
FB "R + ASM

FB (1!R) (5)

where

ANP
FB #

!NP
F ! !NP

B

!NP
F + !NP

B

, ASM
FB #

!SM
F ! !SM

B

!SM
F + !SM

B

and R =
!NP
tot

!SM
tot + !NP

tot

(6)

is the asymmetry induced by the NP, the asymmetry in the SM, and the fraction of the NP

contribution to the total cross section, respectively. In this work we consider the case that

the NP contribution to AFB occurs in the process qq̄ $ tt̄, for which the SM contributions

do not generate any asymmetry at all at LO. However, at NLO a nonzero ASM
FB is generated.

It is worth while emphasizing the factorization of ANP
FB and R in Eq. (5), as it clearly

reveals the e!ects of NP on both the asymmetry and the top quark pair production cross

section. For example, when NP e!ects generate a negative forward-backward asymmetry,

they still produce a positive observed asymmetry as long as they give rise to a negative

contribution to !(tt̄). This is important when the e!ects of interference between the SM QCD

channel and the NP channel dominate. Moreover, the possibility of negative contributions

to !NP
F or !NP

B means that |ANP
FB | can exceed 1.

3

• NP interfering with the SM

• positive contributions to AFB

• interference in σ negative or vanishing

• NP not interfering with SM?

• saturate uncertainties in σ

• need very asymmetric incoherent contribution

Grinstein et al., 1102.3374

σNP
B � 0

σNP
B < σNP

F

Ah
FB = AFB(mtt̄ > 450GeV)

(                     )
Isidori & J.F.K. 1103.0016



• Light to moderate mass t(u)-channel resonances

• Z’, W’, scalar color triplets, sextets

New Physics Interpretation(s)
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Figure 1: Tree level tt̄ production diagram with mediator M exchange.

fully leptonic tt̄ events, which has recently been discussed in a CDF note [49]. Lastly, we

discuss the LHC reach for discovering such states, based on the analysis of [48].

II. MODELS

The Leading Order (LO) SM tree-level amplitude for tt̄ production does not generate a

forward-backward asymmetry. In the SM, a small positive top forward-backward asymmetry

is generated through interference between a one-loop box diagram and a LO tree level

diagram, AFB(Mtt̄ < 450GeV) = 0.040 ± 0.006, AFB(Mtt̄ > 450 GeV) = 0.088 ± 0.013.3

Since the SM contribution is generated at NLO, if there is an additional LO tree-level

contribution from new physics, it can easily dominate.

Such LO diagrams are of the form of those in Fig. (1). They can be either s-channel

(Fig. (1a) and (1b)) or t-channel (Fig. 1c). s-channel mediators couple directly to light

flavors and gluons, and therefore the mediator masses must be large enough to evade dijet

resonance search constraints [11, 17]. To maximize the contribution to AFB, such a model

must have a big axial coupling.

On the other hand, t-channel models should have large flavor violation between the light

and the top generations, as can be seen in Fig. (1c). Large flavor violation is experimentally

allowed even for low mass mediators, M , as long as new couplings between light generations

and left-handed quarks is suppressed; then strong limits on flavor violation and from dijet

3 Interference between initial state gluon radiation and final state gluon radiation makes a very small

negative contribution to the asymmetry.

5



• Light to moderate mass t(u)-channel resonances

• Z’, W’, scalar color triplets, sextets

• Need large FC (u-t, d-t) couplings

• potentially severe constraints from ΔF=2 and dijet searches

• requires non-trivial flavor structure of the underlying theory

• gauge symmetries

• flavor symmetries
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Name SU(3)c SU(2)L U(1)Y QQ Coupling LQ Coupling Tree-level !F = 2?
I 6 3 ! 1

3 (qLqL) - Yes
II 3 3 ! 1

3 [qLqL] qLlL No
III 6 1 ! 1

3 [qLqL], uRdR - No
IV 3 1 ! 1

3 (qLqL),uRdR qLlL, uReR No
V 6 1 ! 4

3 (uRuR) - Yes
VI 3 1 ! 4

3 [uRuR] dReR No
VII 6 1 2

3 (dRdR) - Yes
VIII 3 1 2

3 [dRdR] - No

TABLE I: Scalar diquarks and their couplings. The parentheses in the ‘QQ Coupling’ column indicate whether the relevant
coupling is symmetric () or antisymmetric [] in flavour indices.
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FIG. 1: Tree-level exchange of a diquark contributing to
!F = 2 FCNCs.

mixing between neutral mesons at tree-level, as illus-
trated in Fig. 1. For example, a canonically-normalized,
colour-triplet, electroweak-singlet diquark, !, of mass M ,
coupled to quarks "R ! {uR, dR}, has the Yukawa inter-
action

L " #
#!
ij

2
$abc!a"

iT
RbC"j

Rc + h.c., (8)

where a,b, and c are colour indices, and i and j are flavour
indices. This generates the dimension-six operator

Le! "
#!
ij#

!!
kl

4M2
"la
R %µ"j

Ra"
kb
R %µ"

i
Rb, (9)

where we have used the antisymmetry of the coupling
#!
ij .
Similarly, for a colour-sextet, electroweak-singlet di-

quark, !, we use a matrix notation in colour space, writ-
ing

! =

!

"

#

!1
"4"
2

"5"
2

"4"
2

!2
"6"
2

"5"
2

"6"
2

!3

$

%

&
; (10)

the Yukawa coupling

L " #
1$
2
#!
ij"

iT
R !C"j

R + h.c. (11)

then generates, via tree-level exchange of the diquark, the
same operator (9), where now #!

ij is symmetric. For any
diquark, tree-level "F = 2 processes can arise via such
diagrams only if the diquark can couple to two quarks

of the same generation and charge. As a result, five di-
quark states do not mediate such processes.6 They in-
clude the states VI and VIII, whose couplings are purely
antisymmetric in flavour indices in the mass basis. Two
more are III and IV, which can couple both to qLqL and
to uRdR, since both couplings only connect quarks of
di#erent charge. The fifth and final state is II, which
couples antisymmetrically to the SU(2)L triplet combi-
nation of qLqL, in the gauge basis. This has components
coupled to uLuL or dLdL, but these couplings retain an-
tisymmetry in flavour indices in the mass basis. It also
contains a third component which couples to quarks of
di#erent charges (but is no longer antisymmetric in the
mass basis).

We now wish to examine whether the three states
that mediate tree-level FCNCs are compatible with our
flavour paradigm, viz. a single, sizable coupling, together
with a hierarchical structure. Up until now, we have
been rather coy in specifying what we mean by a“sizable
coupling”. Since we are interested in the prospects for
flavourful production at hadron colliders, the most ap-
propriate definition of sizable would seem to be: large
enough to result in a statistically-significant sample of
signal events at the Tevatron or LHC, after cuts and in
the presence of backgrounds and finite experimental res-
olution. Without entering into a detailed discussion of
the experimental analysis, which depends on the specific
diquark interaction, we shall simply take the sizable cou-
pling to be unfixed, but of order unity. This will enable
readers to keep track in a simple way of the interdepen-
dent scaling of the various indirect bounds and direct
production cross-sections.

For states mediating tree-level FCNCs, the least dan-
gerous possibility would be to start with the extreme case
where all of the diquark couplings vanish in the gauge
basis [33], except for a single sizable coupling, #u

33. The
rotation that is required to go to the mass basis will then
generate a diquark coupling between the first and second
quark generations. The smallest this can be is in the case

6 This observation was previously made for state VI in [12] and for
states IV and VIII in [32].
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We show that the forward-backward asymmetry in top quark pair production can be enhanced
by fields that transform nontrivially under the flavour group and satisfy Minimal Flavour Violation,
while at the same time the constraints from associated effects on the dσ(t t̄)/dMtt̄ distribution, dijet
resonance searches, same sign top pair production and other phenomenology are satisfied. We work
out two examples in detail, one where a scalar colour anti-sextet field, that is also anti-sextet of
SU(3)U, enhances the forward-backward asymmetry, and one where the enhancement arises from a
vector colour octet field that is also an octet of SU(3)U.

Introduction. In the Standard Model (SM) the only
quark that couples with O(1) strength to the electroweak
symmetry breaking sector – the SM Higgs boson – is
the top quark. Anomalous interactions of the top quark
could thus be our first window on the physics that sta-
bilizes the electroweak scale. The large coupling of the
top to the Higgs also breaks the SM quark flavour group
GF = SU(3)U × SU(3)D × SU(3)Q, which arises in the
limit where the SM Yukawas (YU , YD) vanish,

LY = (YU )
i
j ūiR Qj

L H + (YD)ij d̄iR Qj
L H† + h.c.. (1)

It is reasonable to expect that New Physics (NP) which
stabilizes the electroweak scale could have non trivial
flavour structure, and that measurements of top quark
properties could also improve our understanding of the
origin of flavour.

Recently, CDF announced that for the mass of the tt̄
pair Mt̄ t ≥ 450GeV, the measured asymmetry in top
quark pair production, Att̄

FB = 0.475±0.114 [1], differs by
3.4σ from the next-to-leading order (NLO) SM prediction
Att̄

FB = 0.088 ± 0.013. This reinforces anomalously large
past measurements of Att̄

FB by CDF and DO/ [2–4].
This discrepancy could be due to an additional NP

contribution to tt̄ production or a statistical fluctuation.
NP models that explain these anomalies generally have
new particles exchanged in the s or t channel, and each
case faces a number of challenges. For models with s
channel exchange, there is no evidence for a resonance in
the tt̄ invariant mass spectrum [5, 6], pushing the mass
of the particle to at least O(1TeV) [7]. Further, in order
to obtain a positive Att̄

FB, the NP vector field has to cou-
ple to light quarks with an opposite sign than to the top
[7, 8]. These couplings can lead to large flavour changing

∗Electronic address:bgrinstein@physics.ucsd.edu
†Electronic address:kaganalexander@gmail.com
‡Electronic address:mtrott@perimeterinstitute.ca
§Electronic address:jure.zupan@cern.ch; On leave of absence from

Josef Stefan Institute and U. of Ljubljana, Ljubljana, Slovenia.

neutral currents (FCNC’s), violating the observed agree-
ment between the SM and FCNC observables. In [9, 10]
SU(2)U symmetric quark couplings suppress dangerous
D meson mixing.
Models with t channel exchange require large inter-

generational couplings. It is possible to arrange that
despite such couplings no observable FCNC effects arise
[11–13]; however, it is challenging for such scenarios to be
incorporated into a realistic model of flavour. In concrete
models, nonzero c̄ − u couplings can lead to unaccept-
ably large contributions to D meson mixing. t channel
exchanges can also lead to same sign top-pair production,
which is tightly constrained [14].
This letter demonstrates that all of the above obsta-

cles, as well as dijet constraints, can be overcome, if the
NP particle exchanged in the t or s channel is in a non-
trivial representation of GF. For instance, an s channel
exchange of an SU(3)U octet vector field automatically
has couplings to light quarks of opposite sign than to the
top quark

1√
3
V 8
µ

�
ūRγ

µuR + c̄Rγ
µcR−2t̄Rγ

µtR) + · · · , (2)

where the ellipses denote the remaining field components
of the 8 representation. The same flavour octet vector
will also lead to u ↔ t transitions in the t channel

(ŪRT
AγµUR)V

A
µ =

�
V 4
µ − iV 5

µ

��
t̄Rγ

µuR

�
+ · · · , (3)

from the exchange of V 4,5
µ octet components, and simi-

larly to c ↔ t transitions from the exchange of V 6,7
µ . De-

spite the large intergenerational transitions, no FCNC’s
arise before flavour breaking. Integrating out the NP,
one matches onto 4-quark operators that are schemati-
cally of the form (q̄iqj)∆ij,kl(q̄kql). Before flavour break-
ing, ∆ij,kl has a form ∆ij,kl = . . . δij,kl + . . . δilδjk. One
generates four quark operators (ūc)(c̄u) but not (ūc)2.

For GF breaking we assume Minimal Flavour Violation
(MFV), where the flavour violation (FV) in the NP sector
is proportional to YU , YD [15–17]. As a result FCNC’s
are consistent with experiment even for NP mass scales
< TeV. We use the MFV formalism of [17].
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• Light to moderate mass t(u)-channel resonances

• Z’, W’, scalar color triplets, sextets

• Need large FC (u-t, d-t) couplings

• potentially severe constraints from ΔF=2 and dijet searches

• requires non-trivial flavor structure of the underlying theory 

• predict flavor violating (t-j) resonances in t-associated production

New Physics Interpretation(s)
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Figure 1: Tree level tt̄ production diagram with mediator M exchange.

fully leptonic tt̄ events, which has recently been discussed in a CDF note [49]. Lastly, we

discuss the LHC reach for discovering such states, based on the analysis of [48].

II. MODELS

The Leading Order (LO) SM tree-level amplitude for tt̄ production does not generate a

forward-backward asymmetry. In the SM, a small positive top forward-backward asymmetry

is generated through interference between a one-loop box diagram and a LO tree level

diagram, AFB(Mtt̄ < 450GeV) = 0.040 ± 0.006, AFB(Mtt̄ > 450 GeV) = 0.088 ± 0.013.3

Since the SM contribution is generated at NLO, if there is an additional LO tree-level

contribution from new physics, it can easily dominate.

Such LO diagrams are of the form of those in Fig. (1). They can be either s-channel

(Fig. (1a) and (1b)) or t-channel (Fig. 1c). s-channel mediators couple directly to light

flavors and gluons, and therefore the mediator masses must be large enough to evade dijet

resonance search constraints [11, 17]. To maximize the contribution to AFB, such a model

must have a big axial coupling.

On the other hand, t-channel models should have large flavor violation between the light

and the top generations, as can be seen in Fig. (1c). Large flavor violation is experimentally

allowed even for low mass mediators, M , as long as new couplings between light generations

and left-handed quarks is suppressed; then strong limits on flavor violation and from dijet

3 Interference between initial state gluon radiation and final state gluon radiation makes a very small

negative contribution to the asymmetry.
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Figure 1: Tree level tt̄ and single M production diagrams involving the mediatorM and the coupling

gM . The top quark, t̃, is t̃ = t when M = W �, Z �
H

, and t̃ = t̄ when M = φa (triplet or sextet).

• Top forward-backward asymmetry generating models of type (ii) discussed above have

interactions of the form gMt̄q where M is the mediator, q is a light quark, and g is

order 1. Thus the production of M through qg → Mt as in Fig. 1 is expected to be

substantial.

• For mediators with mass mM > mt, this implies M can decay through M → t̃q, where

t̃ = t or t̄. Therefore, a t̃j resonance should exists in t̃t̃j events, where j is a jet formed

from the light quark q.

• To avoid constraints from same sign top pair production, we assume that M is not

self-conjugate, and then the signature is a top-jet (tj) or anti-top-jet (t̄j) resonance in

tt̄ plus jet events.

• Due to baryon number conservation, the final state light quark baryon number must

match that of the initial state quark. In a pp machine (as opposed to pp̄), which has

quark collisions dominantly over anti-quark collisions, the resonance will be dominantly

either tj or t̄j, depending on the baryon number of the mediator, BM = ±2/3 or

BM = 0, respectively.

Therefore, in contrast to other LHC search studies for models related to the At

FB
anomaly,

which have focused on the tt̄ or dijet invariant mass distributions [30, 33, 34],
2
here we

2 For generic colored resonance search through QCD interations, see [35].

3
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Appendix A: Top Quark Reconstruction

To find the tj resonance, it is important to identify top and anti-top pairs out of the

multi-jet signature with missing ET . In the semi-leptonic decay mode of top quark pairs,

top quark momentum as well as neutrino momentum can be fully reconstructed since the
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• Light to moderate mass t(u)-channel resonances

• Z’, W’, scalar color triplets, sextets

• Need large FC (u-t, d-t) couplings

• Generically predict slow rise in mtt spectrum* 
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fully leptonic tt̄ events, which has recently been discussed in a CDF note [49]. Lastly, we

discuss the LHC reach for discovering such states, based on the analysis of [48].

II. MODELS

The Leading Order (LO) SM tree-level amplitude for tt̄ production does not generate a

forward-backward asymmetry. In the SM, a small positive top forward-backward asymmetry

is generated through interference between a one-loop box diagram and a LO tree level

diagram, AFB(Mtt̄ < 450GeV) = 0.040 ± 0.006, AFB(Mtt̄ > 450 GeV) = 0.088 ± 0.013.3

Since the SM contribution is generated at NLO, if there is an additional LO tree-level

contribution from new physics, it can easily dominate.

Such LO diagrams are of the form of those in Fig. (1). They can be either s-channel

(Fig. (1a) and (1b)) or t-channel (Fig. 1c). s-channel mediators couple directly to light

flavors and gluons, and therefore the mediator masses must be large enough to evade dijet

resonance search constraints [11, 17]. To maximize the contribution to AFB, such a model

must have a big axial coupling.

On the other hand, t-channel models should have large flavor violation between the light

and the top generations, as can be seen in Fig. (1c). Large flavor violation is experimentally

allowed even for low mass mediators, M , as long as new couplings between light generations

and left-handed quarks is suppressed; then strong limits on flavor violation and from dijet

3 Interference between initial state gluon radiation and final state gluon radiation makes a very small

negative contribution to the asymmetry.
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discuss the LHC reach for discovering such states, based on the analysis of [48].
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The Leading Order (LO) SM tree-level amplitude for tt̄ production does not generate a

forward-backward asymmetry. In the SM, a small positive top forward-backward asymmetry

is generated through interference between a one-loop box diagram and a LO tree level

diagram, AFB(Mtt̄ < 450GeV) = 0.040 ± 0.006, AFB(Mtt̄ > 450 GeV) = 0.088 ± 0.013.3

Since the SM contribution is generated at NLO, if there is an additional LO tree-level

contribution from new physics, it can easily dominate.

Such LO diagrams are of the form of those in Fig. (1). They can be either s-channel

(Fig. (1a) and (1b)) or t-channel (Fig. 1c). s-channel mediators couple directly to light

flavors and gluons, and therefore the mediator masses must be large enough to evade dijet

resonance search constraints [11, 17]. To maximize the contribution to AFB, such a model

must have a big axial coupling.

On the other hand, t-channel models should have large flavor violation between the light

and the top generations, as can be seen in Fig. (1c). Large flavor violation is experimentally

allowed even for low mass mediators, M , as long as new couplings between light generations

and left-handed quarks is suppressed; then strong limits on flavor violation and from dijet

3 Interference between initial state gluon radiation and final state gluon radiation makes a very small

negative contribution to the asymmetry.
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sign tt pairs, we show that the expected right-handed
top quark polarization could be measured. We further
consider same-sign tt pair production in association with
a jet, as depicted in Fig. 1(e) and (f), from which one
can obtain the invariant mass of the Z ! from the recon-
structed top quarks and the additional jet. Note that
there is no resonance in the tt invariant mass spectrum
since both top quarks are produced in the t-channel.
In Fig. 2(a) we display our inclusive cross sections

for tt (solid) and ttū (dashed) as a function of the Z !

mass (mZ!) at the LHC for fR = 1. The signal events
are generated with MadGraph/MadEvent [12], and the
CTEQ6L parton distribution functions [13] are used in
the calculation. We choose the renormalization and fac-
torization scales to be the top quark mass (mt). The ttū
rate is smaller because it relies on the gluon-quark lumi-
nosity, smaller than the large valence uu luminosity. The
much smaller rates for t̄t̄ and t̄t̄u are not shown; they
are suppressed by the ūū parton luminosity in a proton-
proton collision.
In order to trigger on same-sign tt events, we demand

that both top quarks decay leptonically and we further
concentrate on the µ+ as its charge can be better deter-
mined [14]. Needless to say, including the electrons would
improve the discovery potential. The sample of events
of interest to us is defined by µ+µ+ b b /ET , where the
missing transverse momentum /ET originates from two
unobserved neutrinos. Our procedure for simulating the
signal and background processes at the parton level, re-
taining all spin correlations, is similar to that described
in Refs. [15, 16], to which we refer readers for details.
The dominant SM backgrounds are:

pp ! W+(! !+")W+(! !+")jj, (2)

pp ! tt̄ ! bW+(! !+")b̄(! !+)W"(! jj), (3)

computed with ALPGEN [17]. Other SM backgrounds,
e.g. triple gauge boson production (WWW , ZWW , and
WZg(! bb̄)), occur at a negligible rate after kinematic
cuts. Since muon charge identification is not perfect,
we remark that tt̄ pair production could also be a back-
ground when µ" leptons from the antitop quark decay are
misidentified as µ+ leptons. However, this background is
negligible [16].
At the analysis level, all signal and background events

are required to pass the following acceptance cuts:

nj = 2, nµ+ = 2, pjT " 50GeV, |#j | # 2.5,

p!T " 50GeV, |#!| # 2.0, /ET > 20 GeV,

!Rjj,j!,!! > 0.4, (4)

where the separation !R in the azimuthal angle ($)-
pseudorapidity (#) plane between the objects k and l

is !Rkl $
!

(#k % #l)
2 + ($k % $l)

2. The two jets are
further required to be b-tagged. We also model detector
resolution e"ects as described in Ref. [16].
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FIG. 2: a) Inclusive production cross sections for tt and ttj
induced by Z! exchange, with fR = 1, at the LHC (7 TeV)
and Tevatron. (b) The shaded bands in the plane of mZ! and
fR are determined from our fit to AFB and !(tt̄); the inner
(outer) band corresponds to 1! (2!) C.L. Lines are drawn for
5! and 3! discovery of tt at the 7 TeV with an integrated
luminosity of 1 fb"1, after all cuts are imposed, as specified
in the text. A dashed line shows the expectation for 100
signal events. The Tevatron limit on fR from direct search
for same-sign top quark pairs is presented.

Table I shows the signal and background cross sections
(in fb units) for tt pair production before and after cuts,
with fR = 1, for nine values of mZ! . The rates for other
values of fR can be obtained from:

%(tt) = %fR=1(tt)& f4
R. (5)

The SM backgrounds are suppressed e#ciently such that
less than 1 background event survives after cuts with
an integrated luminosity of 1 fb"1. Based on Poisson
statistics, one needs 8 signal events in order to claim a
5% discovery significance on top of 1 background event.
The discovery potential is plotted in Fig. 2(b) with black-
solid (5%) and blue-dotted (3%) curves.
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the effectiveness of the signature.

A related observable is the single lepton charge asym-

metry, which also looks at top pair production, com-

paring the number of top decays producing a positive

charged lepton with the number producing a negatively

charged lepton,

A1� ≡
N(top pair → 1�+)−N(top pair → 1�−)

N(top pair → 1�+) +N(top pair → 1�−)
. (2)

Events containing two or more isolated leptons are ve-

toed
1
. It is aimed at like-sign top production, since tt̄

processes necessarily produce no asymmetry. It further

specializes to theories where the number of tt pairs is dif-

ferent from the number of t̄t̄ pairs, making use of the fact

that the LHC is a pp collider, with more valence quarks

than anti-quarks available in the initial state. The pri-

mary advantage is that it captures a larger fraction of the

like-sign top production, since one top decays hadroni-

cally, with a net branching ratio of 2(2/9)(2/3) ∼ 30%.

Thus, with limited statistics it may be able to show a

deviation which would not yet be significant in a tradi-

tional dilepton-based like-sign top reconstruction. Even

with enough statistics for the traditional like-sign top

search, it provides a separate handle with different sys-

tematics to help pin-down the like-sign top signal. For

example, it is less sensitive to the fake background from

a jet faking a lepton, assuming that the charge assigned

to the mis reconstructed lepton is roughly 50% positive

and 50% negative.

In this article, we examine the prospects to use the

single lepton charge asymmetry to make an early iden-

tification of physics beyond the Standard Model in the

form of an anomalous tt production. The technique itself

is general, but we apply it in particular to the model of

[7], which invokes a Z �
with flavor off-diagonal couplings

to explain the Tevatron top forward-backward measure-

ment. We find the single lepton charge asymmetry to be

a powerful test of such models, and that a significant por-

tion of the parameter space can be reached with modest

amounts of data.

1 Note also that similar charge asymmetries have been suggested

in the context of single top production [16].

AN ILLUSTRATIVE MODEL

To illustrate the utility of the single lepton charge

asymmetry measurement, we consider a model contain-

ing a neutral vector Z �
whose interactions are given by,

δL = Z �
µūRγ

µ
(gXtR + g�XuR) + c.c.. (3)

It was shown in [7] that this model can generate the ob-

served forward-backward asymmetry for viable choices of

the parameters; for example the parameter choices

MZ� = 160 GeV, αX = 0.024, α�
X ≈ 0.002, (4)

where α ≡ g2/4π, and so on. As shown in [7], α�
X can-

not be much larger without running into constraints from

dijet searches, and we will ignore it for the purposes of

our discussion. This assumption does have some impact

when we discuss sources of fake events which would con-

tribute to the tt̄ cross section measurement. Ref. [7] fur-

ther focuses on Z �
s lighter than the top itself, in order

to evade constraints from like-sign top production at the

Tevatron.

TOP PAIR PRODUCTION CROSS SECTION

Before examining the single lepton charge asymmetry,

we consider the ramifications of the Z �
model on the top

pair production rate at the LHC. The Z �
will contribute

to uū → tt̄, interfering with the uū-initiated SM pro-

cess, and will in addition result in the processes uu → tt

and ūū → t̄t̄ (the imbalance of which results in the sin-

gle lepton charge asymmetry). Whether these two lat-

ter processes contribute to a given measurement of top

pair production depends on the top decay modes under

consideration. “Dilepton” top pair events typically re-

quire that the leptons be of opposite charge to suppress

fake backgrounds, and will not register tt or t̄t̄ events.

The “lepton + jets” mode in which one top decays semi-

leptonically and the other hadronically, will measure the

sum of tt̄+ tt+ t̄t̄ production. Thus, the Z �
model could

reveal itself either through a discrepancy between the top

pair production cross section measured in the lepton +

jets mode and the SM expectation, or in tension between

measurements of the lepton + jets mode and the dilepton

mode.

At the current time, ATLAS [17] and CMS [19]

(which so far has only released dilepton-based measure-

J. A. Aguilar-Saavedra & M. Perez-Victoria,
1104.1385

Degrande et al.,1104.1798
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Figure 1: Tree level tt̄ production diagram with mediator M exchange.

fully leptonic tt̄ events, which has recently been discussed in a CDF note [49]. Lastly, we

discuss the LHC reach for discovering such states, based on the analysis of [48].

II. MODELS

The Leading Order (LO) SM tree-level amplitude for tt̄ production does not generate a

forward-backward asymmetry. In the SM, a small positive top forward-backward asymmetry

is generated through interference between a one-loop box diagram and a LO tree level

diagram, AFB(Mtt̄ < 450GeV) = 0.040 ± 0.006, AFB(Mtt̄ > 450 GeV) = 0.088 ± 0.013.3

Since the SM contribution is generated at NLO, if there is an additional LO tree-level

contribution from new physics, it can easily dominate.

Such LO diagrams are of the form of those in Fig. (1). They can be either s-channel

(Fig. (1a) and (1b)) or t-channel (Fig. 1c). s-channel mediators couple directly to light

flavors and gluons, and therefore the mediator masses must be large enough to evade dijet

resonance search constraints [11, 17]. To maximize the contribution to AFB, such a model

must have a big axial coupling.

On the other hand, t-channel models should have large flavor violation between the light

and the top generations, as can be seen in Fig. (1c). Large flavor violation is experimentally

allowed even for low mass mediators, M , as long as new couplings between light generations

and left-handed quarks is suppressed; then strong limits on flavor violation and from dijet

3 Interference between initial state gluon radiation and final state gluon radiation makes a very small

negative contribution to the asymmetry.
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Figure 2: Left panel: the fit for the phenomenological model of Eq. 1 with gqA > 0, gtA < 0, gq,tV = 0 and
a fixed ratio gtA/g

q
A = −1. The region above and to the left of the dark yellow solid line is excluded by

dijet contact interaction searches; limits from the dijet resonance searches are weaker. Right panel:
the same as on the left but now for gtA/g

q
A = −1.5. The two blue shaded regions correspond to a 90%

and 95% CL fit to the data.

an example, we show the fit results for Att̄
FB in Table 2 with MG� = 2 TeV, gqA = 2.2, gtA = −3.2 and

gq,tV = 0.

3 Axigluon Models

In this section we will discuss three specific axigluon models that can be described in the language

of dimensional deconstruction, or simply as coset models. The first and third are based on cosets

[SU(3) × SU(3)]/SU(3)c, while the second involves three SU(3) groups and two new color octet

vector bosons. The third model differs from the first by the introduction of new vector-like quarks.

These models have elementary motivations. The first is the simplest possible coset model that

produces an axigluon mediated tt̄ forward-backward asymmetry, but we find it is excluded by the

ATLAS dijet contact interaction search [30]. The second model improves on the first by allowing for

heavier and more strongly coupled axigluons, yet we will see that it is also excluded. The third model

makes it possible to avoid the powerful dijet contact interaction search [30] by reducing the axigluon

coupling to light quarks while increasing the axigluon coupling to tt̄, thereby keeping the asymmetry

8

chosen mass intervals 800 < mjj < 1200 GeV and mjj > 1200 GeV. Only the first four ATLAS bins

with 1 < χ < 3.32 are included in this analysis, which we base on the optimized sensitivity to quark

contact interactions given in Ref. [30]. As an example of this search in action, the constraints from

dijet contact interaction searches are shown as the solid dark yellow line of Fig. 2, which refers to the

effective field theory of section 2.

The reader will notice that the contact interaction search always provides a tighter constraint

on our models than the dijet resonance search. This follows because the narrow resonance analyses

only examine the shape difference without subtracting QCD background, while the contact inter-

action search has subtracted the QCD background and hence should constrain new physics more.

Our constraints from dijet contact interactions are conservative because we neglected the NLO QCD

correction. To have a more precise constraint, one should perform a NLO calculation as done in

Ref. [31].

2.4 Phenomenological Fit

We first perform a model independent fit to Att̄
FB with one axigluon field, with a cross section given by

Eq. (1). In this case, there are five parameters that describe the axigluon contributions to Att̄
FB and

the tt̄ production cross section. Instead of scanning all of this parameter space, we set gqV = gtV = 0

in this section and only consider three parameters: MG� , gqA and gtA, which are most crucial for Att̄
FB

when Mtt̄ � MG� . As discussed above, a negative value for the product gqAg
t
A provides a positive

contribution to Att̄
FB. Therefore, we restrict the parameter space to gqA > 0 and gtA < 0 (the opposite

choice would not change our discussion below).

In the contours displayed in Fig. 2 we fix the ratio gtA/g
q
A. In the left panel, we choose gtA = −gqA and

show the 90% and 95% C.L. fit with two shaded blue regions. The dark yellow solid line represents the

constraint from dijet contact interaction searches. All parameter regions above and to the left of this

line are excluded. The black dashed lines correspond to possible 20% and 40% axigluon contributions

to the top quark pair production cross section, relative to that of the LO SM, for Mtt̄ > 450 GeV,

as discussed in Section 2.1. The upper limit for gqA in this figure is chosen so that the G� width does

not exceed its mass. The right panel in this figure is similar to the left but now for gtA = −1.5gqA. As

one can see from this figure, the low mass region is mostly ruled out by the dijet contact interaction

searches, but a higher mass G� has plenty of parameter space. Concentrating on the high mass region,

we next fix the G� mass and show the fit contour regions in Fig. 3, where the left(right) panel is for

MG� = 1.8(2.0) TeV. Comparing those two panels, one can see that more parameter space survives

for a heavier G�, which also has larger couplings and hence a larger width in the best-fit region. As
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discuss the LHC reach for discovering such states, based on the analysis of [48].

II. MODELS

The Leading Order (LO) SM tree-level amplitude for tt̄ production does not generate a

forward-backward asymmetry. In the SM, a small positive top forward-backward asymmetry

is generated through interference between a one-loop box diagram and a LO tree level

diagram, AFB(Mtt̄ < 450GeV) = 0.040 ± 0.006, AFB(Mtt̄ > 450 GeV) = 0.088 ± 0.013.3

Since the SM contribution is generated at NLO, if there is an additional LO tree-level

contribution from new physics, it can easily dominate.

Such LO diagrams are of the form of those in Fig. (1). They can be either s-channel

(Fig. (1a) and (1b)) or t-channel (Fig. 1c). s-channel mediators couple directly to light

flavors and gluons, and therefore the mediator masses must be large enough to evade dijet

resonance search constraints [11, 17]. To maximize the contribution to AFB, such a model

must have a big axial coupling.

On the other hand, t-channel models should have large flavor violation between the light

and the top generations, as can be seen in Fig. (1c). Large flavor violation is experimentally

allowed even for low mass mediators, M , as long as new couplings between light generations

and left-handed quarks is suppressed; then strong limits on flavor violation and from dijet

3 Interference between initial state gluon radiation and final state gluon radiation makes a very small

negative contribution to the asymmetry.
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Figure 4: The distributions of the invariant mass Mtt̄ (in GeV) at the LHC assuming 100 GeV
bins with a luminosity of L = 1 fb−1. The SM at NNLO (µF = µR = mt = 173 GeV) [blue
histogram] is shown together with the RS contribution [in black : the crosses indicate the statistical
error]. The effect of smearing is only implemented in the right-hand side figure.

In the right-hand side of Fig. 4, we have taken into account the fact that there is

a finite experimental resolution in the measurement of the invariant mass Mtt̄. For this

purpose, we have convoluted the Mtt̄ distributions with a gaussian function whose width

is the resolution taken from Ref. [37, 38] : it is typically ∼ 150 GeV at Mtt̄ = 1.5 TeV.

This results in a smearing effect of the distribution visible in the figure.

Hence, future LHC data should show a clear excess of events with respect to the

SM. Because of the smearing and the large KK gluon width, this resonance effect is not

predicted to be a sharp peak in the Mtt̄ distribution but the realistic shape, shown in the

right-hand side of Fig. 4, still clearly differs from the SM behavior. Integrating the LHC

data e.g. over the bin [1050, 1750] GeV, one expects typically a statistical significance of

14σ for the excess, assuming L = 1 fb−1 which leads to hundred’s of events for the signal.

We note that by rescaling the KK gluon distributions in Fig. 4 to the present LHC

luminosity of L � 36 pb−1, we obtain tiny numbers of events which are compatible with

the available data [38] : few or no events in the region above Mtt̄ ∼ 1.1 TeV where there

is typically no background subtraction needed.

More challenging types of signals at LHC that could be manifestations of the present

RS model are KK gluon effects in the dijet production, a second KK gluon excitation

resonance – predicted around 3.5 TeV – in the top pair production channel and anomalies

in FB or charge asymmetries potentially measurable with a pp initial state [46].

6. Conclusion

We have presented a RS scenario which allows for a common explanation of the anomalies

observed at LEP and the Tevatron on the heavy quark forward-backward asymmetries,

while satisfying the various tight constraints from collider data, including LHC. Our main

conclusion is that such a scenario can be tested at the LHC with the sample of pair

produced top quarks that will be collected this year. This data sample should show a

clear excess of events for tt̄ invariant masses around 1.5 TeV, induced by a KK gluon.

Let us stress that while several alternative models can also explain the excess in

At
FB, like in the case of axigluons for instance, they generally do not account for the Ab

FB

anomaly. A possible way to discriminate at the LHC the scenarios with the present KK

gluon or an axigluon is to search for KK electroweak gauge bosons – e.g. via their decay

– 10 –

Djouadi et al., 1105.3158

__



•                                  :   QCD corrections to NP contributions important

• Especially relevant at high mtt

New Physics Interpretation(s) - Caveats

|σNP
i /σSM

i | � O(1)

0 200 400 600 800 1000 1200 1400
Unfolded Mtt [GeV/c2]

10-2

10-1

100

101

102

d!
/d

M
tt [f

b/
G

eV
/c

2 ]

!NLO

Kfac !LO

CDF Data

FIG. 1: The invariant mass spectrum measured by CDF assuming mt = 175 GeV. The solid

histogram is the CDF expectation taken from a LO calculation and Pythia. The solid band

indicates the full NLO SM prediction with a theoretical error due to scale uncertainty which we

use in our scans. The dashed line is K (d!LO/dMtt̄) with K = !NLO/!LO which shows a large

deviation from the data. The data are taken from Ref. [28].

work, though they are not preferred. Taking the SM theory prediction, we translate !(tt̄)

into R defined in Eq. (6). The correlation of Atot
FB and R is shown in Figs. 2(c) and (d).

Finally, using Eq. (5), we obtain the correlation between ANP
FB and R shown in Figs. 2(e)

and (f). Clearly, the smaller R the larger ANP
FB ; see the 1! contour (solid black).

Note that since the MCMC is sensitive to the relative likelihood change in going between

two points, it is sensitive to only the !"2 values. Therefore, the iso-contours of the p-values

for 1, 2, and 3! assume the given model. To obtain an overall indication of how well the

model in question fits the data, we quote !"2"chain, the "2 per degree of freedom values

averaged over the entire chain. In cases where we include the d!
dMtt̄

|bin constraint, Ndof = 3,

otherwise Ndof = 2. This quantity is an overall estimate of the model’s consistency with the

data. Generally, values of !"2"chain < 2 are considered fairly good fits, while values much

beyond that are not considered very good.

One might be tempted to search for the parameter set that yields the best fit to the given

data. However, this is doing so without regard to the level of fine-tuning required to find

such a point. Explicitly, this can be seen as a set of points in parameter space by which

the "2 value is minimized, ideally to zero. However, if a small deviation from these points

provides a large increase in "2, this particular set of points that provide a good fit can be

7
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•                                  :   QCD corrections to NP contributions important

• Experimental acceptances may be model dependent

Figure 4: Event distribution densities for benchmark models at the parton level. The vertical axis

is top quark pseudo-rapidity, and the horizonal axis it tt̄ invariant mass.

and by about a factor of 1.5 for the 800 GeV Z �
H

and the W � model. The reason for this

becomes clear after examining the distribution of events in top pseudorapidity, ηt, and and

tt̄ invariant mass, mtt̄, as shown in Fig. (4). In order to generate a large asymmetry, the ηt

distribution must be skewed significantly with respect to the SM distribution. To generate a

very large asymmetry in the high invariant mass bin, the distribution must be more skewed

at high invariant mass. The distributions for the Z �
H

and W � models are so skewed at high

invariant mass that the peak of the distribution lies close to the ηt = 1 line. Thus a cut on

lepton pseudorapidity of |η| ≤ 1 and jet rapidity of |η| ≤ 2 ends up cutting out a signifi-

cantly greater fraction of events at high invariant mass than in the SM case. Importantly, in

unfolding the differential tt̄ cross-section, assumptions about event selection efficiencies must

be made; the assumption is that actual event selection efficiencies do not differ substantially

from the Standard Model efficiencies [52, 53]. This assumption clearly breaks down in the
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Figure 3: Efficiencies after showering events with PYTHIA and making the cuts detailed in section IV

on final state leptons and jets, with the hatched regions corresponding to 1σ errors based on the

limited statistics of the sample. No detector effects have been taken into account here. Black bars

are for LO Standard Model. All samples are LO matched.

7.5 ± 0.31(stat) ± 0.34(syst) ± 0.15(lumi), assuming a top mass of mt = 172.5 GeV [50].

The predicted next-to-leading-order (NLO) SM cross-section at the value of the top mass

we assumed in simulations, mt = 174.3, is about 7.2 pb [51], whereas we find the LO SM

cross-section is 5.6 pb, implying a SM K-factor of about 7.2/5.6 ≈ 1.3. Of course, the NLO

corrections to the new physics have not been calculated, so any comparison between the

observed cross-section and the tt̄ production cross-section is subject to some uncertainty. We

do choose to show in Fig. (2), however, the central value of the combined CDF tt̄ production

cross-section (7.5 pb) divided by the SM K-factor when comparing to the leading-order (LO)

tt̄ production cross-section of SM plus new physics against the observed production cross-

section. From the figure it is clear that, in general, excepting the Z �
H

and axigluon models,

models with couplings that are small enough to be in accord with the observed cross-section

do not produce a large enough asymmetry in the high tt̄ invariant mass bin.

This statement requires a strong qualification, however, which we investigate in detail be-

low after carrying out a reconstruction of the top samples in these models. The qualification

is that the efficiency for a tt̄ event to pass cuts (the same as those used in the CDF analysis

and our detector level analysis below, see Sec. (IV)) is strongly model dependent for cases

where there is a large asymmetry. This is shown in Fig. (3), where we see that the efficiencies

to pass cuts (after showering and jet clustering but no detector simulation) is suppressed by

more than a factor of two relative to the Standard Model for the 400 GeV Z �
H
model shown
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•                                  :   QCD corrections to NP contributions important

• Experimental acceptances may be model dependent

• Limitations of EFT analyses

• Several models addressing FBA require mediator masses

• Role of Λ-4 terms in explaining AFBh 

• contributions of higher dimensional operators?

axigluon mass) obviously leads to a negative asymmetry. To generate a positive asymmetry
that could explain the Tevatron result, a flavour non-universal axigluon is needed. More
precisely, the coupling of the axigluon to the third generation and to the light quarks should
be of opposite sign [65, 71, 73]: cAa/!2 = !2gqAg

t
A/m

2
A is then positive and can potentially

explain the Tevatron data for a mass of the axigluon around 1.5 TeV provided that its
couplings are of the same order as the QCD coupling.3 We also note that models where a
flavour-violating Z ! is exchanged in the t-channel in qq̄ " tt̄ , have a chance to give a positive
asymmetry only if the Z ! is relatively light [63]. Indeed, in the heavy regime (mZ! # mt), the
contribution of the Z ! to the top pair production is fully captured in terms of our e"ective
Lagrangian with in particular cAa/!2 = !(gLq

2
+ gRq

2
)/m2

Z!, where giq denotes the coupling
of Z ! to the flavour-o" diagonal current t̄i!µqi. Therefore it leads to a negative asymmetry.

In Fig. 9, we plot the prediction for AFB from an axigluon with coupling gs to all fermions
and the prediction obtained with the corresponding e"ective operator (CAa = !2g2s , C

!
Aa = 0,

! = MA). This shows that our e"ective field theory approach is a good approximation at
the Tevatron for masses MA ! 1.5 TeV, comparably to the LHC (see Fig. 6).
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Figure 9: AFB prediction at the Tevatron due to an axigluon and comparison with the e!ective
field theory approach.

Finally, as an illustration of the simplicity of such an approach, we consider the forward-
backward asymmetry at LHC. In this case the symmetry of the pp collision and the domi-
nance of the gg channel for tt̄ make it particularly challenging. A possibility is to build the
so-called central rapidity asymmetry

AC(yC) $
"t (|y| < yC)! "t̄ (|y| < yC)

"t (|y| < yC) + "t̄ (|y| < yC)
(lab frame) , (54)

where yC is the rapidity cut defining the “centrality” of an event. The value yC = 1 has been
shown to be close to optimal in Ref. [57]. A straightforward calculation using cAa

!

1 TeV
!

"2
= 2

as a central extraction from the Tevatron data gives rise to very small asymmetries, AC " 1%,
at the LHC both at 14 TeV and 7 TeV. While the e"ects of new physics could be enhanced
by requiring, for instance, a minimal invariant tt̄ mass, it is also clear that measurements of
forward-backward asymmetries will be very challenging at the LHC.

3It has been noted [71] recently that concrete realizations of this axigluon idea [65] are endangered by
data on neutral Bd-meson mixing.
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region, the e!ect of the new physics should remain more or less of the same order excepted
of course if there is some huge cancellation. Moreover, the cross-section is expected to be
harder and harder as operators of higher dimensions are included in the e!ective Lagrangian.
Ultimately some resonance threshold will be reached, leading to a radically di!erent cross-
section than the one predicted by the Standard Model.

It was found recently in Ref. [25] that for the four-fermion operators, there are O(1/"4)
corrections from non-interfering contributions that can be almost as large as the O(1/"2)
interfering contributions at the LHC if " ! 1 TeV. However, at the LHC, these four-fermion
operators give small contributions compared to the chromomagnetic operator. So we can
conclude that including non-interfering four-fermion operators will not change much our
numerical analysis.

Finally, to have an idea on how heavy the particles associated with new physics should be
to allow an e!ective field theory treatment at the LHC, we compare in Fig. 6 the correction
to the SM cross-section at the LHC due to a W ! (whose coupling to d and t quarks is 1)
and the correction due to the corresponding e!ective operators (CV v = "1/2, C !

V v = "1,
" = MW !). This plot shows that for MW ! ! 1.5 TeV the e!ective operators are a very good
approximation (up to a few percents) at the LHC, although this depends on the coupling.
We will show in Fig. 9 that a similar conclusion is reached at the Tevatron. Consequently,
the resonance models cannot be constrained in our e!ective approach since the exclusion
regions in Fig. 5 correspond, for example, to a relatively light resonance (M " TeV) with a
coupling of order 1.

1000 1500 2000 2500 3000 3500 4000
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!2

!1

0

MW "

#
$
!pb
"

W '

Operators

Figure 6: Correction to the SM cross-section at the LHC due to a W ! and comparison with the
e!ective field theory approach.

3.3 tt̄ invariant-mass, pT and ! distributions

It was shown in Ref. [19] that the operators Ohg and ORv can modify the invariant mass
distribution at the Tevatron without drastically a!ecting the total cross section, although
no constraint was derived explicitly. We use in this section the latest CDF data [31] to
further constrain new physics. See also Ref. [51] for a similar study on the L̄LL̄L and
R̄RR̄R operators with the first data [56]. Since we have already used the measured total
cross section to constrain the parameter space here we only employ the shape information.
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• Complementarity of Tevatron and LHC measurements

• top pair production dominated by gg initial state at the LHC

Generic AFB implications for NP searches at LHCwhere the first uncertainty is statistical and the second systematic, it is worth

carrying out the same analysis again with all the data available here.!4

In this analysis, we need the absolute value of the cross section, for which we

cannot neglect the QCD radiative corrections. As for such corrected SM contribu-

tion, we took the NLO cross section

!NLO
SM = 157.5+23.2

!24.4 pb (60)

in [7], which was used by the CMS [17]. We here, however, take account of the

NNLO value

!NNLO
SM = 164.6+11.4

!15.7 pb (mt = 172.5 GeV) (61)

as in [18].

dA

dV
Figure 10: The dV,A region allowed by Tevatron and LHC data altogether (the
shaded part). The solid curves, the dashed curves and the dash-dotted curves are
respectively from CDF, D0 and CMS data, and the dash-dot-dotted curve is from
ATLAS data.

The result is shown in Fig.10, where the shaded part is the dV,A region allowed

by Tevatron and LHC data altogether. There does not seem to be any big di!erence

!4We do not repeat describing the detail of the calculations here and leave it to [6].

Z. Hioki & K. Ohkuma,
1104.1221

tR, !̃ ! i" 2!! with ! being the Higgs doublet, Ga
µ! is the SU(3) gauge-field (=gluon)

tensor.

Now the top-gluon interaction Lagrangian including the above operator is given

by

L = LSM +
1

#2
(C33

uG"O
33
uG" + C33!

uG"O
33†
uG"), (2)

where LSM on the right-hand side means the standard-model QCD top-gluon cou-

plings and the coe!cient of the operator, C33
uG", represents the contribution of

O33
uG". In our framework this coe!cient (plus its complex conjugate) and #"2 are

combined and treated as parameters to be determined by experimental data. Since

O33
uG" contains Ga

µ! , the resultant nonstandard interaction has not only tt̄g but also

tt̄gg couplings. Let us therefore denote this Lagrangian by Ltt̄g,gg hereafter and

reexpress it as

Ltt̄g,gg = "
1

2
gs

!

a

"

$̄t(x)%
a&µ$t(x)G

a
µ(x)

" $̄t(x)%
a'

µ!

mt
(dV + idA&5)$t(x)G

a
µ!(x)

#

, (3)

where gs is the SU(3) coupling constant and dV,A are defined as

dV !
#
2vmt

gs#2
Re(C33

uG"), dA !
#
2vmt

gs#2
Im(C33

uG")

with v being the Higgs vacuum expectation value (= 246 GeV). Here we assume all

the other light-quarks and gluon couplings are properly described by the standard

QCD Lagrangian though in principle they could also receive nonstandard correc-

tions in our framework, because those couplings have so far been tested very well

based on a lot of experimental data.

On the other hand, dimension-6 operators which contribute to top-decay t $

bW are

O(3,33)
"q = i

!

I

[!†(x)" IDµ!(x) ][ q̄L3(x)&
µ" IqL3(x) ] (4)

O33
"" = i[ !̃†(x)Dµ!(x) ][ ūR3(x)&

µdR3(x) ] (5)

O33
uW =

!

I

q̄L3(x)'
µ!" IuR3(x)!̃(x)W

I

µ!(x) (6)

O33
dW =

!

I

q̄L3(x)'
µ!" IdR3(x)!(x)W

I

µ!(x), (7)

CDF & D0

ATLAS & CMS



• Complementarity of Tevatron and LHC measurements

• top pair production dominated by gg initial state at the LHC

• Spin correlations and polarization

• C≠0 signals top-pair spin correlations 

• bi≠0 would signal new chiral interactions in top pair production!

Generic AFB implications for NP searches at LHC

3.5 Spin correlations

We are here focussing on spin correlations which can provide further information on the cou-
pling structure of the production mechanism (for alternative approaches see Ref. [74]). Spin
correlations are good observables to disentangle the contributions from the two operators
ORv and OLv since at high energy OR/Lv should produce mainly right/left-handed tops and
left/right-handed antitops.

In fact, there is only one dimension-six operator a!ecting the top decay,
!

HQ̄
"

!µ!!ItW I
µ! ,

which however does not modify the maximal spin-correlation in the leptonic decays of the
top quark [24, 75, 76], i.e.,

"!

"
=

1 + cos "

2
,

""

"
=

1! cos "

2
, (55)

where " is the angle between the charged lepton and the spin of the top quark and the
arrows denote the di!erent projections of the top spin. Consequently, the general form of
the normalized di!erential tt̄ cross section is given by

1

!

d!

d cos "+d cos "#
=

1

4
(1 + C cos "+ cos "# + b+ cos "+ + b# cos "#) , (56)

where "+ ("#) is the angle between the charged lepton l+ (l#) resulting from the top (antitop)
decay and some reference direction #a (#b). For this study, we chose the helicity basis, #a =
!#b = #p1 where #p1 is the top momentum in the tt̄ rest frame4. There is a one-to-one relation
between the parameters C and b± and the helicity cross sections,

C =
1

!
(!RL + !LR ! !RR ! !LL) , (57)

b+ =
1

!
(!RL ! !LR + !RR ! !LL) , (58)

b# =
1

!
(!RL ! !LR ! !RR + !LL) . (59)

The explicit formulas for the helicity cross sections are given in App. C and lead to (neglect-
ing the contributions from the isospin-1 sector):

C " !/pb = 2.82+1.06
#0.72 +

#!

0.37+0.10
#0.08

"

chg +
!

0.50+0.13
#0.10

"

cV v

$

"
%

1 TeV

#

&2

, (60)

b" !/pb =
!

0.45+0.12
#0.09

"

cAv "
%

1 TeV

#

&2

, (61)

at the Tevatron, and

C " !/pb = !166+52
#37 +

#!

!69+17
#13

"

chg +
!

11+1
#1

"

cV v

$

"
%

1 TeV

#

&2

, (62)

b" !/pb =
!

10+1
#1

"

cAv "
%

1 TeV

#

&2

, (63)

4It has been shown [77] that spin correlation e!ects in the SM are more important at the Tevatron in the
beam basis. However, it appears that the deviations from the SM values due to the operators Ohg, ORv and
OLv are on the contrary smaller in the beam basis.
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• Complementarity of Tevatron and LHC measurements

• top pair production dominated by gg initial state at the LHC

• Spin correlations and polarization

• 3σ NP effects possible already at Tevatron or ~5fb-1 LHC data

Generic AFB implications for NP searches at LHC

3.5 Spin correlations

We are here focussing on spin correlations which can provide further information on the cou-
pling structure of the production mechanism (for alternative approaches see Ref. [74]). Spin
correlations are good observables to disentangle the contributions from the two operators
ORv and OLv since at high energy OR/Lv should produce mainly right/left-handed tops and
left/right-handed antitops.

In fact, there is only one dimension-six operator a!ecting the top decay,
!

HQ̄
"

!µ!!ItW I
µ! ,

which however does not modify the maximal spin-correlation in the leptonic decays of the
top quark [24, 75, 76], i.e.,

"!

"
=

1 + cos "

2
,

""

"
=

1! cos "

2
, (55)

where " is the angle between the charged lepton and the spin of the top quark and the
arrows denote the di!erent projections of the top spin. Consequently, the general form of
the normalized di!erential tt̄ cross section is given by

1

!

d!

d cos "+d cos "#
=

1

4
(1 + C cos "+ cos "# + b+ cos "+ + b# cos "#) , (56)

where "+ ("#) is the angle between the charged lepton l+ (l#) resulting from the top (antitop)
decay and some reference direction #a (#b). For this study, we chose the helicity basis, #a =
!#b = #p1 where #p1 is the top momentum in the tt̄ rest frame4. There is a one-to-one relation
between the parameters C and b± and the helicity cross sections,

C =
1

!
(!RL + !LR ! !RR ! !LL) , (57)

b+ =
1

!
(!RL ! !LR + !RR ! !LL) , (58)

b# =
1

!
(!RL ! !LR ! !RR + !LL) . (59)

The explicit formulas for the helicity cross sections are given in App. C and lead to (neglect-
ing the contributions from the isospin-1 sector):

C " !/pb = 2.82+1.06
#0.72 +

#!

0.37+0.10
#0.08

"

chg +
!

0.50+0.13
#0.10

"

cV v

$

"
%

1 TeV

#

&2

, (60)

b" !/pb =
!

0.45+0.12
#0.09

"

cAv "
%

1 TeV

#

&2

, (61)

at the Tevatron, and

C " !/pb = !166+52
#37 +

#!

!69+17
#13

"

chg +
!

11+1
#1

"

cV v

$

"
%

1 TeV

#

&2

, (62)

b" !/pb =
!

10+1
#1

"

cAv "
%

1 TeV

#

&2

, (63)

4It has been shown [77] that spin correlation e!ects in the SM are more important at the Tevatron in the
beam basis. However, it appears that the deviations from the SM values due to the operators Ohg, ORv and
OLv are on the contrary smaller in the beam basis.
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• Cross-check of Tevatron AFB measurements at a pp collider?

• initial state valence quarks dominate large x

• result in rapidity dependent charge asymmetry

Generic AFB implications for NP searches at LHC

For a given y0, we define both a forward charge asymmetry,

AF (y0) =
Nt(y0 < |y| < 2.5)−Nt̄(y0 < |y| < 2.5)

Nt(y0 < |y| < 2.5) +Nt̄(y0 < |y| < 2.5)
, (1)

and a central charge asymmetry,

AC(y0) =
Nt(|y| < y0)−Nt̄(|y| < y0)

Nt(|y| < y0) +Nt̄(|y| < y0)
. (2)

Both definitions exploit the fact that the quark parton distribution functions (PDF) have

more support at large parton x than either the gluon or anti-quark PDFs, resulting in

an event-by-event correlation between the rapidity of the tt̄ pair and the incoming quark

direction. As a result, a positive forward-backward asymmetry implies that the number of

anti-top quarks in the central region is larger than the the number of top quarks, while the

total number of top and anti-top quarks integrated over the whole rapidity region is the

same (up to finite η acceptance, which we find to be a negligibly small effect). Thus, AF

and AC will have opposite signs. Note that in a given event both the top and the anti-top

can be either central or forward; with the definitions of Eq.(1) and Eq.(2), a single event can

thus contribute to both AF and AC , and the two observables are not independent. Since the

central region contains a larger proportion of symmetric gg initiated tt̄ events, the forward

charge asymmetry AF (y0) is a more sensitive probe of the underlying asymmetry in the tt̄

cross-section.

To estimate the potential to measure a charge asymmetry with a specific significance we

define the significance of an asymmetry observable as,

σA(y) =
|A(y)|
∆A(y)

, (3)

where ∆A(y) is the statistical uncertainty on A(y)

∆A(y) =

�
[∆Nt]2 + [∆Nt̄]2

Nt +Nt̄
. (4)

In this study we confine ourselves to estimates including statistical uncertainties. Systemat-

ics may prove important as well, but require detailed detector simulations which are beyond

the scope of this work.

A. Simulations

To generate the Standard Model signal we use MC@NLO [27] and shower those events

with Herwig. We normalize the tt̄ production cross section for
√
s = 14 TeV to its SM NNLO

4
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For other sensitive observables see also
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AC =
N(∆|η| > 0)−N(∆|η| < 0)
N(∆|η| > 0) + N(∆|η| < 0)

Inclusive (first results by CMS! see talk by Tosi)

∆|η| = |ηt|− |ηt̄|



• Cross-check of Tevatron AFB measurements at a pp collider?

• initial state valence quarks dominate large x

• result in rapidity dependent charge asymmetry

• t-channel contributions exhibit a forward (Rutherford) scattering peak in σ

• expect sizable σ excess in the forward region: top quarks at LHCb?

Generic AFB implications for NP searches at LHC

For a given y0, we define both a forward charge asymmetry,

AF (y0) =
Nt(y0 < |y| < 2.5)−Nt̄(y0 < |y| < 2.5)

Nt(y0 < |y| < 2.5) +Nt̄(y0 < |y| < 2.5)
, (1)

and a central charge asymmetry,

AC(y0) =
Nt(|y| < y0)−Nt̄(|y| < y0)

Nt(|y| < y0) +Nt̄(|y| < y0)
. (2)

Both definitions exploit the fact that the quark parton distribution functions (PDF) have

more support at large parton x than either the gluon or anti-quark PDFs, resulting in

an event-by-event correlation between the rapidity of the tt̄ pair and the incoming quark

direction. As a result, a positive forward-backward asymmetry implies that the number of

anti-top quarks in the central region is larger than the the number of top quarks, while the

total number of top and anti-top quarks integrated over the whole rapidity region is the

same (up to finite η acceptance, which we find to be a negligibly small effect). Thus, AF

and AC will have opposite signs. Note that in a given event both the top and the anti-top

can be either central or forward; with the definitions of Eq.(1) and Eq.(2), a single event can

thus contribute to both AF and AC , and the two observables are not independent. Since the

central region contains a larger proportion of symmetric gg initiated tt̄ events, the forward

charge asymmetry AF (y0) is a more sensitive probe of the underlying asymmetry in the tt̄

cross-section.

To estimate the potential to measure a charge asymmetry with a specific significance we

define the significance of an asymmetry observable as,

σA(y) =
|A(y)|
∆A(y)

, (3)

where ∆A(y) is the statistical uncertainty on A(y)

∆A(y) =
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Nt +Nt̄
. (4)

In this study we confine ourselves to estimates including statistical uncertainties. Systemat-

ics may prove important as well, but require detailed detector simulations which are beyond

the scope of this work.

A. Simulations

To generate the Standard Model signal we use MC@NLO [27] and shower those events

with Herwig. We normalize the tt̄ production cross section for
√
s = 14 TeV to its SM NNLO

4

For a given y0, we define both a forward charge asymmetry,

AF (y0) =
Nt(y0 < |y| < 2.5)−Nt̄(y0 < |y| < 2.5)

Nt(y0 < |y| < 2.5) +Nt̄(y0 < |y| < 2.5)
, (1)

and a central charge asymmetry,

AC(y0) =
Nt(|y| < y0)−Nt̄(|y| < y0)
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more support at large parton x than either the gluon or anti-quark PDFs, resulting in
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direction. As a result, a positive forward-backward asymmetry implies that the number of
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total number of top and anti-top quarks integrated over the whole rapidity region is the

same (up to finite η acceptance, which we find to be a negligibly small effect). Thus, AF

and AC will have opposite signs. Note that in a given event both the top and the anti-top

can be either central or forward; with the definitions of Eq.(1) and Eq.(2), a single event can

thus contribute to both AF and AC , and the two observables are not independent. Since the

central region contains a larger proportion of symmetric gg initiated tt̄ events, the forward

charge asymmetry AF (y0) is a more sensitive probe of the underlying asymmetry in the tt̄

cross-section.

To estimate the potential to measure a charge asymmetry with a specific significance we
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3

the difference between the top and anti-top cross sections
(numerator of Att̄

η ) as well as the rate asymmetry, are
plotted as functions of the muon pseudorapidity, ηµ (al-
ternatively, one could also study the dependence on the
b pseudorapidity). For illustration, the NP signal (drawn
in thick full black line) is due to t-channel Z � exchange,
see Jung et al. in [19], with parameters chosen to yield a
sizable forward-backward asymmetry in the forward re-
gion (Att̄

∆y>1 = 0.43 at leading order in QCD). The SM
leading order contribution is symmetric, consistent with
no rate asymmetry.
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FIG. 2: The signal and background top anti-top cross section
differences (upper pannel) and individual rate asymmetries
(lower pannel), as functions of ηµ. See text for details.

The Wj, Wb, and single top backgrounds also yield
a rate asymmetry. Their impact is included in Fig. 2
(in thin full purple, dashed orange and thick dashed blue
lines respectively), where the actual rate differences and
the individual asymmetries are shown in the upper and
lower panel, respectively. The largest background to the
top anti-top cross section difference is due to Wj (again
we have assumed a j → b mistag rate of 1 : 100). How-
ever, the underlying Wj cross section asymmetry should
be be well measured by LHCb, due to the large statistics

that will be available in Wj. Thus, precise knowledge
of the j → b mistag rate would accurately determine
this background for Att̄

η . Sizable contributions to Att̄
η are

also expected to arise from single top production, see
Fig. 2. Our single top simulation corresponds to inclu-
sive cross sections of 41 pb (t) and 21 pb (t̄), consistent
with [12, 13]. Note that precise ATLAS and CMS mea-
surements of the Wj and single top cross section asym-
metries at lower pseudorapidities will again be useful for
calibrating the relevant Monte Carlo tools.

We emphasize that our analysis does not aim to re-
place a state of the art experimental effort, including op-
timization of cuts and detector effects. We merely wish
to point out that such an analysis may be feasible and
worthwhile, especially if the NP leads to anomalous top
kinematics in the forward direction. Finally, we note that
the pT and pseudorapidty distributions of the muon [20],
which is known to be a perfect top-spin analyzer, may
provide LHCb with sensitivity to differences between the
polarization of the top produced in the SM and in its
extensions.
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• Top quarks at LHCb identified via single muon and b-tagged high-pT jet

• Backgrounds for tt:

• Real muons, jets: W+bb, W+jets

• Fake muons, jets: bb, jj 

• Prospects for top charge asymmetry measurement

• top rest-frame cannot be reconstructed

• use μ, b pseudorapidity distribution instead

2

the mistag rates found by ATLAS and CMS [10, 11] (for
a b-tagging efficiency of 50%) is encouraging. For charm
jets, the Wc background can be brought to a level at or
below the top signal with a far more modest mistag rate
(consistent with [10, 11]). The a priori worrisome Wb
irreducible background lies well below the signal.

Single top production, due to its forward nature, is
another relevant irreducible background for the tt̄ signal.
As shown in Fig. 1 (in thick dashed blue line), within
the SM and with the cuts described above, a signal to
background ratio of a few is expected. Our leading order
curve for the sum of single top and anti-top production
corresponds to an inclusive cross section of 62 pb, consis-
tent with a recent approximate NNLO analysis [12], and
a prior NLO analysis [13]. Note that single top measure-
ments at ATLAS and CMS, particularly at the high end
of their pseudorapidity reach, η ∼ 2, will be useful for
calibrating single top production in the various Monte
Carlo tools. A detailed study of the differences between
single top and tt̄ events, e.g. the presence of a second
b jet in the forward direction, may allow a further re-
duction of the single top background. It is important to
note that the LHCb is sensitive to models in which sin-
gle top production receives a large forward enhancement
(see [14] for a recent discussion).
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FIG. 1: The tt̄ signal and background distributions as a func-
tion of the invariant mass of the candidate b and muon, mbµ,
see text for details. The curves from top to bottom (at
mbµ = 100 GeV) are for tt̄, Wj, single top, Wb, bb, and
jj.

Backgrounds in the second category consist of QCD
production of bb̄ as well as light jets, where one jet in-
side the detector is mistagged as an isolated muon and
the other one is identified with a b quark. We have simu-
lated these backgrounds using MadGraph interfaced with
Pythia 6.4.14 [15] for showering and hadronization. Fast-
Jet [16] has been employed for jet clustering using the
anti-kt [17] algorithm with R = 0.4. Cuts of pT > 50GeV
are imposed on the leading b or light jet. For the jj

background we assume a j → b mistag rate of 1 : 100,
as discussed above. Fake j → µ muons originate from
calorimeter punch through and also from early leptonic
decays of pions and kaons. The former can be removed
with a cut on the maximum energy deposited in the
hadronic calorimeters [18]. The muons originating from
decay in flight can be efficiently rejected by requiring an
isolation cut. We estimate the rejection power by requir-
ing that the subleading jet in pT contains only a single
particle (pion or kaon). In addition, we employ an early
leptonic decay rate of 10−3, as obtained with a full de-
tector simulation in [18]. Combining the two yields a
rejection power of 1 : 106. For the b → µ fake rate we
require that one b decays (semi)leptonically and apply a
∆R = 0.4 isolation cut on the emitted muon, resulting in
a rejection power of 1 : 105. In Fig. 1, the raw jj and bb
backgrounds (drawn in thick dot-dashed green and dot-
ted red lines respectively) are multiplied by 10−8 and
10−5, respectively, demonstrating that they are reduced
to levels well below the signal using our estimates.
As Fig. 1 shows, after the cuts described above and

with a j → b mistag rate of 1 : 100, a signal to back-
ground ratio near one is expected. However, the largest
background, due to Wj, could be well measured given a
precise determination of the j → b mistag rate at LHCb.
Consequently, with enough statistics the tt̄ signal can be
extracted. For instance, with the above cuts more than
one hundred tt̄ events are expected for one fb−1.
Forward-backward asymmetry. At the LHC there

is a priori no preferred direction of collisions due to the
symmetric nature of the initial state. In principle, one
can measure a forward backward asymmetry based on the
fact that on average the proton’s valence quarks carry
larger momentum fractions. Hence, the event boost is
correlated with the initial quark direction, leading to a
physical axis with respect to which an asymmetry could
be measured. Unfortunately, full reconstruction of the
event and its boost is not possible at LHCb due to the
detector’s limited angular coverage. Instead, we propose
a way to indirectly measure the forward-backward asym-
metry. In the absence of an asymmetry, the tt̄ pseudora-
pidity distribution is symmetric, i.e., there is no differ-
ence between the top and anti-top distributions as func-
tions of η. However, a positive forward-backward asym-
metry would imply that the top direction is correlated
with the u or d parton direction from the hard part of
the interaction. Hence it is expected to be more boosted
and forward on average, compared to the anti-top. Thus,
one would expect the forward-backward asymmetry to
generate a tt̄ rate asymmetry at given pseudorapidity,

Att̄
η =

�
dσt/dη − dσt̄/dη

dσt/dη + dσt̄/dη

�

η∈2−5

, (2)

resulting in a different number of tops vs. anti-tops in
the LHCb detector. This is demonstrated in Fig. 2, where
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Backgrounds in the second category consist of QCD
production of bb̄ as well as light jets, where one jet in-
side the detector is mistagged as an isolated muon and
the other one is identified with a b quark. We have simu-
lated these backgrounds using MadGraph interfaced with
Pythia 6.4.14 [15] for showering and hadronization. Fast-
Jet [16] has been employed for jet clustering using the
anti-kt [17] algorithm with R = 0.4. Cuts of pT > 50GeV
are imposed on the leading b or light jet. For the jj
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as discussed above. Fake j → µ muons originate from
calorimeter punch through and also from early leptonic
decays of pions and kaons. The former can be removed
with a cut on the maximum energy deposited in the
hadronic calorimeters [18]. The muons originating from
decay in flight can be efficiently rejected by requiring an
isolation cut. We estimate the rejection power by requir-
ing that the subleading jet in pT contains only a single
particle (pion or kaon). In addition, we employ an early
leptonic decay rate of 10−3, as obtained with a full de-
tector simulation in [18]. Combining the two yields a
rejection power of 1 : 106. For the b → µ fake rate we
require that one b decays (semi)leptonically and apply a
∆R = 0.4 isolation cut on the emitted muon, resulting in
a rejection power of 1 : 105. In Fig. 1, the raw jj and bb
backgrounds (drawn in thick dot-dashed green and dot-
ted red lines respectively) are multiplied by 10−8 and
10−5, respectively, demonstrating that they are reduced
to levels well below the signal using our estimates.
As Fig. 1 shows, after the cuts described above and

with a j → b mistag rate of 1 : 100, a signal to back-
ground ratio near one is expected. However, the largest
background, due to Wj, could be well measured given a
precise determination of the j → b mistag rate at LHCb.
Consequently, with enough statistics the tt̄ signal can be
extracted. For instance, with the above cuts more than
one hundred tt̄ events are expected for one fb−1.
Forward-backward asymmetry. At the LHC there

is a priori no preferred direction of collisions due to the
symmetric nature of the initial state. In principle, one
can measure a forward backward asymmetry based on the
fact that on average the proton’s valence quarks carry
larger momentum fractions. Hence, the event boost is
correlated with the initial quark direction, leading to a
physical axis with respect to which an asymmetry could
be measured. Unfortunately, full reconstruction of the
event and its boost is not possible at LHCb due to the
detector’s limited angular coverage. Instead, we propose
a way to indirectly measure the forward-backward asym-
metry. In the absence of an asymmetry, the tt̄ pseudora-
pidity distribution is symmetric, i.e., there is no differ-
ence between the top and anti-top distributions as func-
tions of η. However, a positive forward-backward asym-
metry would imply that the top direction is correlated
with the u or d parton direction from the hard part of
the interaction. Hence it is expected to be more boosted
and forward on average, compared to the anti-top. Thus,
one would expect the forward-backward asymmetry to
generate a tt̄ rate asymmetry at given pseudorapidity,
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New physics in top decay



New physics in t→bW?

• The branching ratio is sensitive to the values of Vtx CKM elements

BSM � |Vtb|2

|Vtb|2 + |Vts|2 + |Vtd|2
J. Alwall et al.
hep-ph/0607115



New physics in t→bW?

• The branching ratio is sensitive to the values of Vtx CKM elements

• Helicity fractions of the final state W provide additional information on the 
structure of the tWb coupling

2

t b

W

= ig√
2
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aLγµPL − bLR
2iσµν

mt
qνPR + (L↔ R)

�

Wµ

Figure 1: Feynman rule for the effective tbW vertex.

bW can be written as a sum of decay widths distinguished
by different helicities of the W boson

Γt→Wb =
mt

16π

g2

2

�

i

Γi , (6)

where i = L,+,− stands for longitudinal, transverse-plus
and transverse-minus.

The Γi decay rates have already been studied to quite
some extent in the existing literature. The tree-level
analysis of the effective interactions in (3) has been con-
ducted in Ref. [8]. QCD corrections, however, have been
studied only for the SM operator (OL). In [9] the au-
thors give O(αs) results including mb �= 0 effects, while
O(α2

s), mb = 0 corrections can be found in [10]. The
hard gluon emission corrections are especially important
for the observable F+ since they allow to lift the helic-
ity suppression present in the SM. Helicity suppression
in this observable is also exhibited in the presence of the
NP operator OLR, which is especially interesting since it
is least constrained by indirect bounds coming from the
B → Xsγ decay rate [5] and thus has the potential to
modify the t → bW decay properties in an observable
way.

III. RESULTS

We compute the O(αs) corrections to the polarized
rates Γi in the mb = 0 limit including both operators
given in eq. (4) (and their chirality flipped counterparts).
The appropriate Feynman diagrams are presented in Fig-
ure 2. We regulate UV and IR divergences by working
in d = 4 + � dimensions. To avoid conceivable problems
regarding γ5 in d-dimensions, we use the prescription of
Ref. [11]. To project out the desired helicities of the W
boson we use the technique of covariant projectors as de-
scribed by Fisher et al. in Ref. [4].

t b

W

g

Figure 2: One-loop and gluon bremsstrahlung diagrams.

Cross marks the additional points from which the gluon can

be emitted.

A. The decay rates

In the mb = 0 limit there is no mixing between chirality
flipped operators and the decay rates can be written as

Γ(L,+,−) = |aL|
2Γ(L,+,−)

a + |bLR|
2Γ(L,+,−)

b (7)

+ 2Re{aLb∗LR}Γ
(L,+,−)
ab + �L↔R,+↔−� .

Analytical formulae for Γi
a,b,ab functions are given in the

appendix. We have crosschecked Γi
a with the correspond-

ing expressions given in [4] and found agreement between
the results. The tree-level decay rates given in Table I
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Table I: Tree-level decay widths in the mb = 0 limit.

coincide with the results given in [8], if the mass mb is set
to zero. The change of Γi

a,b,ab going form leading order
(LO) to next-to-leading order (NLO) in αs is presented
in Table II. Since in the mb = 0 limit Γ+

a,b,ab vanish, we
use the full mb dependence of the LO rate when deal-
ing with W transverse-plus helicity. Effectively we ne-
glect the O(αsmb) contributions. In Ref. [9] it has been
shown, that these subleading contributions can scale as
αs(mb/mW )2 log(mb/mt)2 leading to a relative effect of
a couple of percent compared to the size of O(αs) cor-
rections in the mb = 0 limit.

B. Effects on F+

We have analyzed the effects on F+ when going from
LO to NLO in QCD. Assuming the NP coupling param-
eters to be real, we consider contributions of a single
NP operator at a time. Present 95% C.L. constrains on
δaL, aR, bLR, bRL come from the weak radiative B-meson
decays (b → sγ) analyzed in Ref. [5]. Translated to our
definition of parameters these bounds read

−0.13 ≤ δaL ≤ 0.03 ,− 0.0007 ≤ aR ≤ 0.0025 , (8)
−0.61 ≤ bLR ≤ 0.16 ,− 0.0004 ≤ bRL ≤ 0.0016 .

ΓNLO/ΓLO
L + -

a 0.90 3.48 0.93

b 0.96 5.16 0.91

ab 0.93 3.84 0.92

Table II: Numerical values for ΓNLO/ΓLO
with the following

input parameters mt = 172 GeV, mW = 80.4 GeV, αs(mt) =

0.107, µ = mt. In addition mb = 4.0 GeV. These values are

used throughout the paper for all numerical analysis.

FL ≡ ΓL/Γ
F± ≡ Γ±/Γ

�

i

Fi = 1

BSM � |Vtb|2

|Vtb|2 + |Vts|2 + |Vtd|2
J. Alwall et al.
hep-ph/0607115



New physics in t→bW?

• The branching ratio is sensitive to the values of Vtx CKM elements

• Helicity fractions of the final state W provide additional information on the 
structure of the tWb coupling

• Can be determined using angular distribution                                                  
of charged leptons in W decay
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12 2. THE TOP QUARK AND THE Wtb VERTEX
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with xW = mW /mt, xb = mb/mt and
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(2.7)

being the modulus of the W-boson momentum in the top quark rest frame.

The total top quark width is given by

Γ = g2|�q |
32π
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The different polarisation states of the W-boson determine the angular distribu-

tion of its decay products, namely the angle between the charged lepton momentum

in the W rest frame and the W momentum in the t-quark rest frame (θ∗� ). The

normalised differential decay rate for unpolarised top quarks can be written as

1

Γ

dΓ
d cosθ∗�

= 3

8
(1+cosθ∗� )

2 FR + 3

8
(1−cosθ∗� )

2 FL + 3

4
sin

2θ∗� F0 , (2.9)

with Fi ≡ Γi/Γ being the W-boson helicity fractions. The three terms correspond

to the three helicity states, and the interference terms vanish [58]. Within the

SM, at the leading order (LO), the values of these helicity fractions are F0 = 0.703,

FL = 0.297, FR = 3.6×10
−4

, for mt = 175 GeV, mW = 80.39 GeV, mb = 4.8 GeV (the

values at NLO are F0 = 0.694, FL = 0.304 and FR = 1.5×10
−3

[50]). The resulting

distribution is shown in figure 2.5, which was obtained from the analytical expres-

sions in equations (2.6)–(2.9) and also from a Monte Carlo simulation. The latter

is performed using the Protos generator [41], which uses the full resonant matrix

element for gg, qq̄ → tt̄ → W+bW−b̄ → f1 f̄ �
1
b f̄2 f �

2
b̄, and hence takes into account

the top and W widths, as well as their polarisations. It can be seen that the finite

width corrections have a negligible influence in the distribution, and hence equa-

tions (2.6)–(2.9) can be used to make precise predictions for the distributions. The

effect of the Wtb anomalous couplings (VL,VR ,gL,gr) on the cosθ∗� distribution is

shown is figure 2.6.
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New physics in t→bW?

• The branching ratio is sensitive to the values of Vtx CKM elements

• Helicity fractions of the final state W provide additional information on the 
structure of the tWb coupling

• Recently measured at the Tevatron

• SM predictions at NNLO in QCD & NLO in EW

FL = 0.88(13)
F+ = −0.15(9)

FL = 0.67(10)
F+ = 0.023(53)

CDF [1003.0224] D0 [1011.6549]

BSM � |Vtb|2

|Vtb|2 + |Vts|2 + |Vtd|2

2

t b

W

= ig√
2

�

aLγµPL − bLR
2iσµν

mt
qνPR + (L↔ R)

�

Wµ

Figure 1: Feynman rule for the effective tbW vertex.

bW can be written as a sum of decay widths distinguished
by different helicities of the W boson

Γt→Wb =
mt

16π

g2

2

�

i

Γi , (6)

where i = L,+,− stands for longitudinal, transverse-plus
and transverse-minus.

The Γi decay rates have already been studied to quite
some extent in the existing literature. The tree-level
analysis of the effective interactions in (3) has been con-
ducted in Ref. [8]. QCD corrections, however, have been
studied only for the SM operator (OL). In [9] the au-
thors give O(αs) results including mb �= 0 effects, while
O(α2

s), mb = 0 corrections can be found in [10]. The
hard gluon emission corrections are especially important
for the observable F+ since they allow to lift the helic-
ity suppression present in the SM. Helicity suppression
in this observable is also exhibited in the presence of the
NP operator OLR, which is especially interesting since it
is least constrained by indirect bounds coming from the
B → Xsγ decay rate [5] and thus has the potential to
modify the t → bW decay properties in an observable
way.

III. RESULTS

We compute the O(αs) corrections to the polarized
rates Γi in the mb = 0 limit including both operators
given in eq. (4) (and their chirality flipped counterparts).
The appropriate Feynman diagrams are presented in Fig-
ure 2. We regulate UV and IR divergences by working
in d = 4 + � dimensions. To avoid conceivable problems
regarding γ5 in d-dimensions, we use the prescription of
Ref. [11]. To project out the desired helicities of the W
boson we use the technique of covariant projectors as de-
scribed by Fisher et al. in Ref. [4].

t b

W

g

Figure 2: One-loop and gluon bremsstrahlung diagrams.

Cross marks the additional points from which the gluon can

be emitted.

A. The decay rates

In the mb = 0 limit there is no mixing between chirality
flipped operators and the decay rates can be written as

Γ(L,+,−) = |aL|
2Γ(L,+,−)

a + |bLR|
2Γ(L,+,−)

b (7)

+ 2Re{aLb∗LR}Γ
(L,+,−)
ab + �L↔R,+↔−� .

Analytical formulae for Γi
a,b,ab functions are given in the

appendix. We have crosschecked Γi
a with the correspond-

ing expressions given in [4] and found agreement between
the results. The tree-level decay rates given in Table I

unpolarized L + −
Γ(0)i

a
(1−x2

)
2
(1+2x2

)

2x2
(1−x2

)
2

2x2 0 (1− x2
)
2

Γ(0)i
b 2(1− x2

)
2
(2 + x2

) 2x2
(1− x2

)
2

0 4(1− x2
)
2

Γ(0)i
ab 3(1− x2

)
2

(1− x2
)
2

0 2(1− x2
)
2

Table I: Tree-level decay widths in the mb = 0 limit.

coincide with the results given in [8], if the mass mb is set
to zero. The change of Γi

a,b,ab going form leading order
(LO) to next-to-leading order (NLO) in αs is presented
in Table II. Since in the mb = 0 limit Γ+

a,b,ab vanish, we
use the full mb dependence of the LO rate when deal-
ing with W transverse-plus helicity. Effectively we ne-
glect the O(αsmb) contributions. In Ref. [9] it has been
shown, that these subleading contributions can scale as
αs(mb/mW )2 log(mb/mt)2 leading to a relative effect of
a couple of percent compared to the size of O(αs) cor-
rections in the mb = 0 limit.

B. Effects on F+

We have analyzed the effects on F+ when going from
LO to NLO in QCD. Assuming the NP coupling param-
eters to be real, we consider contributions of a single
NP operator at a time. Present 95% C.L. constrains on
δaL, aR, bLR, bRL come from the weak radiative B-meson
decays (b → sγ) analyzed in Ref. [5]. Translated to our
definition of parameters these bounds read

−0.13 ≤ δaL ≤ 0.03 ,− 0.0007 ≤ aR ≤ 0.0025 , (8)
−0.61 ≤ bLR ≤ 0.16 ,− 0.0004 ≤ bRL ≤ 0.0016 .

ΓNLO/ΓLO
L + -

a 0.90 3.48 0.93

b 0.96 5.16 0.91

ab 0.93 3.84 0.92

Table II: Numerical values for ΓNLO/ΓLO
with the following

input parameters mt = 172 GeV, mW = 80.4 GeV, αs(mt) =

0.107, µ = mt. In addition mb = 4.0 GeV. These values are

used throughout the paper for all numerical analysis.

FL ≡ ΓL/Γ
F± ≡ Γ±/Γ

�

i

Fi = 1
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We consider contributions of non-standard tbW effective operators to the decay of an unpolarized

top quark into a bottom quark and a W gauge boson at next-to-leading order in QCD. We find that

OLR ≡ b̄LσµνtRW µν
contribution to the transverse-plus W helicity fraction (F+) is significantly

enhanced compared to the leading order result at non-vanishing bottom quark mass. Nonetheless,

presently the most sensitive observable to direct OLR contributions is the longitudinal W helicity

fraction FL. In particular, the most recent CDF measurement of FL already provides the most

stringent upper bound on OLR contributions, even when compared with indirect bounds from the

rare decay B → Xsγ.

I. INTRODUCTION

There has been a continuing interest in the measure-
ment of helicity fractions of the W boson from top quark
decays by the CDF and D0 collaborations at the Teva-
tron. Presently, the most precise values are provided by
the CDF collaboration [1]

FL ≡ ΓL/Γ = 0.88± 0.11(stat.)± 0.06(sys.) , (1a)
F+ ≡ Γ+/Γ = −0.15± 0.07(stat.)± 0.06(sys.) , (1b)

where ΓL and Γ+ denote the rates into the longitudinal
and transverse-plus polarization state of the W -boson,
while Γ is the total rate. Note that the central CDF
value of F+ lies outside of the physical region. In the
near future, the large tt̄ production cross section at the
LHC is expected to provide an opportunity to study Wtb
interactions at the percent level accuracy [2]. It is there-
fore important to carefully evaluate and understand the
implications of such measurements within the Standard
Model (SM) and beyond.

In the SM, simple helicity considerations show that
F+ vanishes at the Born term level in the mb = 0 limit.
A non-vanishing transverse-plus rate could arise from i)
mb �= 0 effects, ii) O(αs) radiative corrections due to
gluon emission1, or from iii) non-SM tbW interactions.
The O(αs) and the mb �= 0 corrections to the transverse-
plus rate have been shown to occur only at the per-mille
level in the SM [4]. Specifically, one obtains

F
SM
L = 0.687(5) , (2a)
F

SM
+ = 0.0017(1) . (2b)

One could therefore conclude that measured values of F+

exceeding 0.2% level, would signal the presence of new
physics (NP) beyond the SM.

∗Electronic address:jure.drobnak@ijs.si
†Electronic address:svjetlana.fajfer@ijs.si
‡Electronic address:jernej.kamenik@ijs.si
1 Electroweak corrections also contribute, but turn out to be much

smaller [3].

When studying non-standard tbW interactions, con-
straints from flavor changing neutral current processes
involving virtual top quarks within loops play a crucial
role. In particular, the inclusive decay B → Xsγ provides
stringent bounds on the structure of Wtb vertices [5].
One needs to take these constraints into account when
evaluating the sensitivity of top decay rate measurements
to potential NP contributions.

In the present paper, we study contributions of the
non-SM tbW interactions to the W gauge boson helicity
fractions in top quark decays at next-to-leading order in
QCD. We study the impact of QCD radiative corrections
on NP constraints as extracted from top quark decay rate
measurements and compare those with indirect bounds
from inclusive radiative B decays.

II. FRAMEWORK

Following [6] we work with a general effective La-
grangian for the tbW interaction, which appears in the
presence of new physics (NP) heavy degrees of freedom,
integrated out at a scale above the top quark mass (see
also [7]). It can be written as

Leff =
v2

Λ2
CLOL +

v

Λ2
CLROLR + (L↔ R) + h.c. , (3)

with the operators defined as

OL =
g√
2
Wµ

�
b̄LγµtL

�
, (4)

OLR =
g√
2
Wµν

�
b̄LσµνtR

�
.

We adopt a more convenient parameterization

aL =
v2

Λ2
CL = aSM

L + δaL = Vtb + δaL , (5)

aR =
v2

Λ2
CR bLR,RL =

vmt

Λ2
CLR,RL ,

resulting in the Feynman rule for the effective tbW vertex
as shown in Figure 1. The complete decay width for t→

H.S. Do et al., hep-ph/0209185
M. Fischer et al., hep-ph/0011075, hep-ph/0101322
A. Czarnecki et al., 1005.2625



present in models with 
large bottom Yukawa

t-b-W interaction beyond the SM

• Analyze using EFT:

• Operators invariant under SM gauge group, free of tree-level FCNCs

• Flavor structure can be controlled within MFV

2

the flavor structure of the effective operators in the UV.
This is the case in the existing analysis of anomalous
tWs effects in Bs oscillations [7]. One possible solution
is to require the operators to be diagonal (aligned) in
the weak interaction basis as done for example in the
B → Xsγ analysis [4]. Then, EWSB generically in-
duces several uiWdj flavor transitions, whose relative
strengths are governed by the CKM matrix elements,
resulting effectively in minimal flavor violating (MFV)
scenarios [8]. This is also the approach we employ in
this work, paying however special attention to the possi-
ble controlled breaking of such flavor universality by large
bottom yukawa effects and their implications for new CP
violating effects in Bd,s − B̄d,s mixing as recently dis-
cussed in Ref. [9]. Finally, we focus our discussion on the
operators which can be probed directly in the t → bW
decay measurements, since this provides an exciting pos-
sibility to directly test the suggested origin of new CP
violating sources in the Bd,s systems at high energy col-
liders.

This paper is structured as follows. First we introduce
the model independent approach employed and define our
effective Lagrangian including the (MFV) flavor struc-
ture of the NP operators mediating t → bW transitions
above the EWSB scale. In the main part of the paper
we describe the matching computation for passing from
such effective theory to another low-energy effective the-
ory relevant for Bd,s meson mixing where the top quark
and the electroweak gauge bosons have already been in-
tegrated out. Our results are then combined with the
recent global CKM and Bd,s mixing fits to extract pre-
ferred ranges for the anomalous tWdj interactions and
give corresponding predictions for the W helicity frac-
tions in the t → bW decays. We conclude our work in
the last section.

II. FRAMEWORK

We work in the framework of an effective theory, de-
scribed by the Lagrangian

L = LSM +
1
Λ2

�

i

CiQi + h.c. +O(1/Λ3) , (1)

where LSM is the SM part, Λ is the scale of NP and Qi

are dimension-six operators, invariant under SM gauge
transformations and consisting of SM fields. Such an ap-
proach is appropriate to summarize weak scale effects of
NP at Λ � mt, where the new heavy degrees of freedom
have been integrated out.

Our operator basis consists of all dimension-six oper-
ators that generate charged current quark interactions
with the W . Since we restrict our discussion to MFV sce-
narios, Lagrangian (1) has to be formally invariant under
the SM flavor group GSM = U(3)Q×U(3)u×U(3)d where
Q, u, d stand for quark doublets and up and down type
quark singlets respectively. MFV requires that the only
GSM symmetry breaking spurionic fields in the theory are

the up and down quark Yukawa matrices Yu,d, formally
transforming as (3, 3̄, 1) and (3, 1, 3̄) respectively.

We identify four relevant quark bilinears with distinct
transformation properties under GSM: ūd, Q̄Q, Q̄u and
Q̄d transforming as (1, 3̄, 3), (1⊕ 8, 1, 1), (3̄, 3, 1) and
(3̄, 1, 3) respectively. Using these, we can construct the
most general GSM invariant quark bilinear flavor struc-
tures as

ūY †
uAudYdd , Q̄AQQQ , Q̄AQuYuu , Q̄AQdYdd , (2)

where Axy are arbitrary polynomials of YuY †
u and/or

YdY
†
d , transforming as (1⊕ 8, 1, 1).

In order to identify the relevant flavor structures in
terms of physical parameters, we can without the loss
of generality consider Yu,d condensate values in a basis
in which �Yd� is diagonal: �Yd� = diag(md, ms, mb)/vd

and �Yu� = V †diag(mu, mc, mt)/vu, where we have in-
troduced separate up- and down-type Higgs condensates
vu,d, while V is the SM CKM matrix. We also write
Q, u, d in this basis in terms of quark mass eigenstates
uLi, dLi, uRi, dRi as Qi = (V ∗

kiuLk, dLi), ui = uiR and
di = diR, where L, R subscripts denote chirality projec-
tors ψR,L = (1± γ5)ψ/2.

We consider first the simplest case of linear MFV where
within �Axy� higher powers of �YdY

†
d � � diag(0, 0, m2

b/v2
d)

can be neglected. Neglecting also contributions sup-
pressed by first and second generation quark masses, the
only relevant flavor contributions of the arbitrary Axy

structures in (2) are

t̄RVtbbR , Q̄iQi , Q̄iV
∗
tiVtjQj ,

Q̄iV
∗
titR , Q̄3bR , Q̄iV

∗
tiVtbbR , (3)

where summation over repeated (i, j) flavor indices is
understood. Notice that since Q̄iQi is completely fla-
vor universal, when coupled to the W it would modify
the effective Fermi constant as extracted from charged
quark currents compared to the muon lifetime. Existing
tight constraints on such deviations [10] do not allow for
significant effects in Bd,s or top quark phenomenology
and we do not consider this structure in our analysis.
On the other hand, Q̄iV ∗

tiVtjQj potentially leads to large
tree level flavor changing neutral currents (FCNCs) in the
down quark sector if coupled to the Z. This restricts the
SU(2)L structure of such an operator in order to con-
tribute significantly to charged current interactions [4].
Similarly, Q̄iV ∗

tiVtbbR if coupled to the photon or Z would
generate large tree level FCNC ∆B = 1 transitions,
which are already tightly constrained by B → Xsγ and
B → Xs�+�− [11]. Since all the charged current mediat-
ing SU(2)L invariant operators of dimension six or less
containing such a flavor structure do necessarily involve
either the Z or the photon, we drop this structure from
our subsequent analysis.

Taking these considerations into account, we finally
obtain the following relevant set of effective dimension
six SU(2)L invariant operators mediating charged quark

• Restricted set of 7 dominant charged current operators beyond SM
J. Drobnak, S. Fajfer & J.F.K., 1102.4347
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currents in linear MFV NP scenarios

QRR = Vtb[t̄RγµbR]
�
φ†

uiDµφd

�
,

QLL = [Q̄�
3τ

aγµQ�
3]

�
φ†

dτ
aiDµφd

�
−[Q̄�

3γ
µQ�

3]
�
φ†

diDµφd

�
,

QLRt = [Q̄�
3σ

µντatR]φuW a
µν ,

QLRb = [Q̄3σ
µντabR]φdW

a
µν , (4)

where we have introduced Q̄�
3 = Q̄iV ∗

ti = (t̄L, V ∗
ti d̄iL),

σµν = i[γµ, γν ]/2, W a
µν = ∂µW a

ν − ∂νW a
µ − g�abcW b

µW c
ν ,

and φu,d are the up- and down-type Higgs fields (in the
SM φu = iτ2φ∗

d). The final set of operators coincides with
those considered in the B → Xsγ analysis [4]. Notice
that starting with the most general MFV construction we
are led to a set of operators, where largest deviations in
charged quark currents are expected to involve the third
generation (a notable exception being the flavor universal
Q̄iQi structure present already in the SM).

Following [9], the generalization of the above discus-
sion to MFV scenarios where large bottom Yukawa effects
can be important is straight forward. Higher powers of
�YdY

†
d � within Axy effectively project to the third gener-

ation in the down sector yielding the following additional
flavor structures

Q̄3Q3 , Q̄3V
∗
tbVtjQj , Q̄3V

∗
tbtR . (5)

Among these, Q̄3V ∗
tbVtjQj now contains both a flavor uni-

versal charged current contribution as well as a FCNC
structure which we both project out using a suitable
SU(2)L assignment in the effective operator. Similarly,
Q̄3Q3 structure, coupled to the Z would contribute to the
Z → bb̄ decay branching ratio, which in excellent agree-
ment with the SM prediction at the 3� level [12]. Thus
we also project out such contributions leading altogether
to three distinctly new operators

Q
�
LL = [Q̄3τ

aγµQ3]
�
φ†

dτ
aiDµφd

�
−[Q̄3γ

µQ3]
�
φ†

diDµφd

�
,

Q
��
LL = [Q̄�

3τ
aγµQ3]

�
φ†

dτ
aiDµφd

�
−[Q̄�

3γ
µQ3]

�
φ†

diDµφd

�
,

Q
�
LRt = [Q̄3σ

µντatR]φuW a
µν . (6)

The most important effect of large bottom Yukawa con-
tributions (i.e. appearance of operators Q��

L and Q�
LRt) is

that modifications of tWb interactions with left-handed
t and/or b quarks (written in the physical (mass) quark
basis) can effectively be decoupled from those involving
the first two generations.

This completes our operator construction and after
EWSB we obtain Feynman rules with anomalous uiWdj

couplings relevant in MFV scenarios. These are pre-
sented in the Appendix A, where we have chosen the SM
normalization of the two Higgs condensates. Note also
that, contrary to [4], our operators are not Hermitian
and we allow the Wilson coefficients to be complex.

III. MATCHING

In order to study the effects of the anomalous uiWdj

interactions on the matrix elements relevant in Bd,s −

B̄d,s mixing, we normalize them to the SM values by
writing [5]

M (d,s)
12 = �B̄0

d,s|Heff |B
0
d,s�/2mBd,s = MSM(d,s)

12 ∆d,s , (7)

where ∆d,s �= 1 signals NP contributions. We match
our effective theory (1) at leading order (LO) in QCD to
a new low-energy effective theory relevant for ∆B = 2
transitions and governed by the Lagrangian

Leff = −G2
F m2

W

4π2

�
VtbV

∗
td,s

�2
3�

i=1

Ci(µ)Qd,s
i , (8)

where the relevant operators are

Q
d
1 = [d̄α

Lγµbα
L][d̄β

Lγµbβ
L] ,

Q
d
2 = [d̄α

Lbα
R][d̄β

Lγµbβ
R] ,

Q
d
3 = [d̄α

Lbβ
R][d̄β

Lγµbα
R] , (9)

and α,β are color indices. Operators Qs
i are obtained by

simple d → s change.
In the matching procedure the W boson and the top

quark are integrated out by computing the box diagrams
such as the one depicted in Fig. 1. Diagrams where the
anomalous couplings appear in the bottom-right corner
instead the top-left and the crossed diagrams with in-
ternal quark and boson lines exchanged are completely
symmetric and need not be computed separately.

The calculation is done in the limit of massless exter-
nal states and in a general Rξ gauge for the weak inter-
actions. This allows us to verify gauge invariance of our
final results. The drawback is the appearance of would-be
Goldstone contributions including their new interactions
generated by Q(�,��)

LL and QRR operators.

b

d, s

d , s

b

Figure 1. Box diagram for Bd,s − B̄d,s mixing. Square labels
an anomalous coupling originating from one of the operators
of Eq. (4,6). The zigzag lines represent W gauge bosons or
would-be Goldstone scalars φ. Quarks running in the loop are
up-type quarks.

The effective operators in (4, 6) in general generate
several interaction vertices relevant for Bd,s − B̄d,s os-
cillations: while QRR, Q�

LRt and Q��
LL only modify the

tWb vertex, QLL and QLRt also modify tWs and tWd.
Finally, QLRb and Q�

LL modify tWb , but also uWb and
cWb. Consequently, QLL and QLRt also contribute to
K0− K̄0 mixing at one-loop. In fact, their contributions
to neutral kaon and B meson oscillations turn out to be
universal and purely real (see discussion below Eq. (11)).
On the other, QLRb and Q�

LL could interfere with Vcb and
Vub extraction from semileptonic B decays. Since these

...
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µν , (4)
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and φu,d are the up- and down-type Higgs fields (in the
SM φu = iτ2φ∗

d). The final set of operators coincides with
those considered in the B → Xsγ analysis [4]. Notice
that starting with the most general MFV construction we
are led to a set of operators, where largest deviations in
charged quark currents are expected to involve the third
generation (a notable exception being the flavor universal
Q̄iQi structure present already in the SM).

Following [9], the generalization of the above discus-
sion to MFV scenarios where large bottom Yukawa effects
can be important is straight forward. Higher powers of
�YdY

†
d � within Axy effectively project to the third gener-

ation in the down sector yielding the following additional
flavor structures

Q̄3Q3 , Q̄3V
∗
tbVtjQj , Q̄3V

∗
tbtR . (5)

Among these, Q̄3V ∗
tbVtjQj now contains both a flavor uni-

versal charged current contribution as well as a FCNC
structure which we both project out using a suitable
SU(2)L assignment in the effective operator. Similarly,
Q̄3Q3 structure, coupled to the Z would contribute to the
Z → bb̄ decay branching ratio, which in excellent agree-
ment with the SM prediction at the 3� level [12]. Thus
we also project out such contributions leading altogether
to three distinctly new operators
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The most important effect of large bottom Yukawa con-
tributions (i.e. appearance of operators Q��

L and Q�
LRt) is

that modifications of tWb interactions with left-handed
t and/or b quarks (written in the physical (mass) quark
basis) can effectively be decoupled from those involving
the first two generations.

This completes our operator construction and after
EWSB we obtain Feynman rules with anomalous uiWdj

couplings relevant in MFV scenarios. These are pre-
sented in the Appendix A, where we have chosen the SM
normalization of the two Higgs condensates. Note also
that, contrary to [4], our operators are not Hermitian
and we allow the Wilson coefficients to be complex.

III. MATCHING

In order to study the effects of the anomalous uiWdj

interactions on the matrix elements relevant in Bd,s −

B̄d,s mixing, we normalize them to the SM values by
writing [5]

M (d,s)
12 = �B̄0

d,s|Heff |B
0
d,s�/2mBd,s = MSM(d,s)

12 ∆d,s , (7)

where ∆d,s �= 1 signals NP contributions. We match
our effective theory (1) at leading order (LO) in QCD to
a new low-energy effective theory relevant for ∆B = 2
transitions and governed by the Lagrangian

Leff = −G2
F m2

W

4π2

�
VtbV

∗
td,s

�2
3�

i=1

Ci(µ)Qd,s
i , (8)

where the relevant operators are

Q
d
1 = [d̄α

Lγµbα
L][d̄β

Lγµbβ
L] ,

Q
d
2 = [d̄α

Lbα
R][d̄β

Lγµbβ
R] ,

Q
d
3 = [d̄α

Lbβ
R][d̄β

Lγµbα
R] , (9)

and α,β are color indices. Operators Qs
i are obtained by

simple d → s change.
In the matching procedure the W boson and the top

quark are integrated out by computing the box diagrams
such as the one depicted in Fig. 1. Diagrams where the
anomalous couplings appear in the bottom-right corner
instead the top-left and the crossed diagrams with in-
ternal quark and boson lines exchanged are completely
symmetric and need not be computed separately.

The calculation is done in the limit of massless exter-
nal states and in a general Rξ gauge for the weak inter-
actions. This allows us to verify gauge invariance of our
final results. The drawback is the appearance of would-be
Goldstone contributions including their new interactions
generated by Q(�,��)

LL and QRR operators.
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b

Figure 1. Box diagram for Bd,s − B̄d,s mixing. Square labels
an anomalous coupling originating from one of the operators
of Eq. (4,6). The zigzag lines represent W gauge bosons or
would-be Goldstone scalars φ. Quarks running in the loop are
up-type quarks.

The effective operators in (4, 6) in general generate
several interaction vertices relevant for Bd,s − B̄d,s os-
cillations: while QRR, Q�

LRt and Q��
LL only modify the

tWb vertex, QLL and QLRt also modify tWs and tWd.
Finally, QLRb and Q�

LL modify tWb , but also uWb and
cWb. Consequently, QLL and QLRt also contribute to
K0− K̄0 mixing at one-loop. In fact, their contributions
to neutral kaon and B meson oscillations turn out to be
universal and purely real (see discussion below Eq. (11)).
On the other, QLRb and Q�

LL could interfere with Vcb and
Vub extraction from semileptonic B decays. Since these

3

currents in linear MFV NP scenarios
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i are obtained by
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such as the one depicted in Fig. 1. Diagrams where the
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instead the top-left and the crossed diagrams with in-
ternal quark and boson lines exchanged are completely
symmetric and need not be computed separately.
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• During the last three years increasing experimental hints of sizable CPV in Bs 
sector

• Hints of large (mixing-induced) CP Violation in  Bs → J/ψ ϕ decays

• Evidence for an anomalous like-sign dimuon charge asymmetry               
(b-inclusive)
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The DØ Collaboration reported a 3.2σ deviation from the standard model prediction in the like-
sign dimuon asymmetry. Assuming that new physics contributes only to Bd,s mixing, we show
that the data can be analyzed without using the theoretical calculation of ∆Γs, allowing for robust
interpretations. We find that this framework gives a good fit to all measurements, including the
recent CDF Sψφ result. The data allow universal new physics with similar contributions relative
to the SM in the Bd and Bs systems, but favors a larger deviation in Bs than in Bd mixing. The
general minimal flavor violation framework with flavor diagonal CP violating phases can account for
the former and remarkably even for the latter case. This observation makes it simpler to speculate
about which extensions with general flavor structure may also fit the data.

In the last decade an immense amount of measure-

ments determined that the standard model (SM) is re-

sponsible for the dominant part of flavor and CP vio-

lation in meson decays. However, in some processes,

mainly related to Bs decays, possible new physics (NP)

contributions are still poorly constrained, and motivated

NP scenarios predict sizable deviations from the SM. Re-

cently the DØ Collaboration reported a measurement of

the like-sign dimuon charge asymmetry in semileptonic b
decay with improved precision [1],

abSL ≡
N++

b
−N−−

b

N++
b

+N−−
b

= −(9.57±2.51±1.46)×10
−3, (1)

where N++
b

is the number of bb̄ → µ+µ+X events (and

similarly for N−−
b

). This result is 3.2σ from the quoted

SM prediction,
�
abSL

�SM
= (−2.3+0.5

−0.6)× 10
−4

[2]. At the

Tevatron both B0
d
and B0

s
are produced, and hence abSL

is a linear combination of the two asymmetries [1]

abSL = (0.506± 0.043) adSL + (0.494± 0.043) asSL . (2)

The above result should be interpreted in conjunc-

tion with three other measurements: (i) the Bd semilep-

tonic asymmetry, measured by the B factories, adSL =

−(4.7± 4.6)× 10
−3

[3]; (ii) the flavor specific asymmetry

measured from time dependence of B0
s
→ µ+D−

s
X decay

and its CP conjugate, asfs = −(1.7± 9.1± 1.5)× 10
−3

[4];

and (iii) the measurements of ∆Γs and Sψφ (the CP

asymmetry in the CP-even part of the ψφ final state in

Bs decay) [5–8]. Here ∆Γs = ΓL − ΓH , is the width

difference of the heavy and light Bs mass eigenstates. If

CP violation is negligible in the relevant tree-level decays,

then asfs = asSL. The SM predictions for the asymmetries

adSL and asSL are negligibly small, beyond the reach of the

Tevatron experiments [9–11]. If the evidence for the siz-

able dimuon charge asymmetry in Eq. (1) is confirmed,

it would unequivocally point to CP violation beyond the

CKM mechanism of the SM.

The present experimental uncertainties of adSL and asSL
seperately are larger than that of their combination, abSL.
Thus, from Eq. (1) alone it is not clear if the tension with

the SM is in the Bd or in the Bs system. Bounds from

other observables imply (see below) that new physics con-

tributions in Bd mixing with a generic weak phase cannot

exceed roughly 20% of the SM, while in Bs mixing much

larger NP contributions are still allowed.

We focus on interpreting the data assuming that the

above measurements are associated with new CP violat-

ing physics which contributes to Bd,s mixing, while its

contribution to CP violation in tree-level decay ampli-

tudes is negligible. Under this assumption the DØ result

in Eq. (1) is correlated with the Tevatron measurements

of Sψφ [12] (and∆Γs). These measurements provide non-

trivial tests of our hypothesis. Neglecting the small SM

contribution to Sψφ, the following relation holds between

experimentally measurable quantities [13]

asSL = − |∆Γs|

∆ms

Sψφ

��
1− S2

ψφ , (3)

where ∆ms ≡ mH −mL. Using the new measurement in

Eq. (1) together with Eq. (2), the above relation implies

|∆Γs| � −∆ms

�
2.0 abSL − 1.0 adSL

��
1− S2

ψφ

�
Sψφ . (4)

For simplicity we do not display the O (10%) uncertain-

ties of the two numerical factors. The CDF and DØ

time-dependent Bs → ψφ analyses provide a measure-

ment of ∆Γs vs. Sψφ. Hence all quantities in Eq. (4) are

constrained, and our analysis can be performed without

the theoretical prediction of ∆Γs [14], using its determi-

nation from data instead.

Using the measured values of ∆ms and ab,dSL , we find

|∆Γs| ∼
�
(0.28± 0.15) ps−1

��
1− S2

ψφ

�
Sψφ . (5)
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The DØ Collaboration reported a 3.2σ deviation from the standard model prediction in the like-
sign dimuon asymmetry. Assuming that new physics contributes only to Bd,s mixing, we show
that the data can be analyzed without using the theoretical calculation of ∆Γs, allowing for robust
interpretations. We find that this framework gives a good fit to all measurements, including the
recent CDF Sψφ result. The data allow universal new physics with similar contributions relative
to the SM in the Bd and Bs systems, but favors a larger deviation in Bs than in Bd mixing. The
general minimal flavor violation framework with flavor diagonal CP violating phases can account for
the former and remarkably even for the latter case. This observation makes it simpler to speculate
about which extensions with general flavor structure may also fit the data.

In the last decade an immense amount of measure-

ments determined that the standard model (SM) is re-

sponsible for the dominant part of flavor and CP vio-

lation in meson decays. However, in some processes,

mainly related to Bs decays, possible new physics (NP)

contributions are still poorly constrained, and motivated

NP scenarios predict sizable deviations from the SM. Re-

cently the DØ Collaboration reported a measurement of

the like-sign dimuon charge asymmetry in semileptonic b
decay with improved precision [1],

abSL ≡
N++

b
−N−−

b

N++
b

+N−−
b

= −(9.57±2.51±1.46)×10
−3, (1)

where N++
b

is the number of bb̄ → µ+µ+X events (and

similarly for N−−
b

). This result is 3.2σ from the quoted

SM prediction,
�
abSL

�SM
= (−2.3+0.5

−0.6)× 10
−4

[2]. At the

Tevatron both B0
d
and B0

s
are produced, and hence abSL

is a linear combination of the two asymmetries [1]

abSL = (0.506± 0.043) adSL + (0.494± 0.043) asSL . (2)

The above result should be interpreted in conjunc-

tion with three other measurements: (i) the Bd semilep-

tonic asymmetry, measured by the B factories, adSL =

−(4.7± 4.6)× 10
−3

[3]; (ii) the flavor specific asymmetry

measured from time dependence of B0
s
→ µ+D−

s
X decay

and its CP conjugate, asfs = −(1.7± 9.1± 1.5)× 10
−3

[4];

and (iii) the measurements of ∆Γs and Sψφ (the CP

asymmetry in the CP-even part of the ψφ final state in

Bs decay) [5–8]. Here ∆Γs = ΓL − ΓH , is the width

difference of the heavy and light Bs mass eigenstates. If

CP violation is negligible in the relevant tree-level decays,

then asfs = asSL. The SM predictions for the asymmetries

adSL and asSL are negligibly small, beyond the reach of the

Tevatron experiments [9–11]. If the evidence for the siz-

able dimuon charge asymmetry in Eq. (1) is confirmed,

it would unequivocally point to CP violation beyond the

CKM mechanism of the SM.

The present experimental uncertainties of adSL and asSL
seperately are larger than that of their combination, abSL.
Thus, from Eq. (1) alone it is not clear if the tension with

the SM is in the Bd or in the Bs system. Bounds from

other observables imply (see below) that new physics con-

tributions in Bd mixing with a generic weak phase cannot

exceed roughly 20% of the SM, while in Bs mixing much

larger NP contributions are still allowed.

We focus on interpreting the data assuming that the

above measurements are associated with new CP violat-

ing physics which contributes to Bd,s mixing, while its

contribution to CP violation in tree-level decay ampli-

tudes is negligible. Under this assumption the DØ result

in Eq. (1) is correlated with the Tevatron measurements

of Sψφ [12] (and∆Γs). These measurements provide non-

trivial tests of our hypothesis. Neglecting the small SM

contribution to Sψφ, the following relation holds between

experimentally measurable quantities [13]

asSL = − |∆Γs|

∆ms

Sψφ

��
1− S2

ψφ , (3)

where ∆ms ≡ mH −mL. Using the new measurement in

Eq. (1) together with Eq. (2), the above relation implies

|∆Γs| � −∆ms

�
2.0 abSL − 1.0 adSL

��
1− S2

ψφ

�
Sψφ . (4)

For simplicity we do not display the O (10%) uncertain-

ties of the two numerical factors. The CDF and DØ

time-dependent Bs → ψφ analyses provide a measure-

ment of ∆Γs vs. Sψφ. Hence all quantities in Eq. (4) are

constrained, and our analysis can be performed without

the theoretical prediction of ∆Γs [14], using its determi-

nation from data instead.

Using the measured values of ∆ms and ab,dSL , we find

|∆Γs| ∼
�
(0.28± 0.15) ps−1

��
1− S2

ψφ

�
Sψφ . (5)
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The DØ Collaboration reported a 3.2σ deviation from the standard model prediction in the like-
sign dimuon asymmetry. Assuming that new physics contributes only to Bd,s mixing, we show
that the data can be analyzed without using the theoretical calculation of ∆Γs, allowing for robust
interpretations. We find that this framework gives a good fit to all measurements, including the
recent CDF Sψφ result. The data allow universal new physics with similar contributions relative
to the SM in the Bd and Bs systems, but favors a larger deviation in Bs than in Bd mixing. The
general minimal flavor violation framework with flavor diagonal CP violating phases can account for
the former and remarkably even for the latter case. This observation makes it simpler to speculate
about which extensions with general flavor structure may also fit the data.

In the last decade an immense amount of measure-

ments determined that the standard model (SM) is re-

sponsible for the dominant part of flavor and CP vio-

lation in meson decays. However, in some processes,

mainly related to Bs decays, possible new physics (NP)

contributions are still poorly constrained, and motivated

NP scenarios predict sizable deviations from the SM. Re-

cently the DØ Collaboration reported a measurement of

the like-sign dimuon charge asymmetry in semileptonic b
decay with improved precision [1],

abSL ≡
N++

b
−N−−

b

N++
b

+N−−
b

= −(9.57±2.51±1.46)×10
−3, (1)

where N++
b

is the number of bb̄ → µ+µ+X events (and

similarly for N−−
b

). This result is 3.2σ from the quoted

SM prediction,
�
abSL

�SM
= (−2.3+0.5

−0.6)× 10
−4

[2]. At the

Tevatron both B0
d
and B0

s
are produced, and hence abSL

is a linear combination of the two asymmetries [1]

abSL = (0.506± 0.043) adSL + (0.494± 0.043) asSL . (2)

The above result should be interpreted in conjunc-

tion with three other measurements: (i) the Bd semilep-

tonic asymmetry, measured by the B factories, adSL =

−(4.7± 4.6)× 10
−3

[3]; (ii) the flavor specific asymmetry

measured from time dependence of B0
s
→ µ+D−

s
X decay

and its CP conjugate, asfs = −(1.7± 9.1± 1.5)× 10
−3

[4];

and (iii) the measurements of ∆Γs and Sψφ (the CP

asymmetry in the CP-even part of the ψφ final state in

Bs decay) [5–8]. Here ∆Γs = ΓL − ΓH , is the width

difference of the heavy and light Bs mass eigenstates. If

CP violation is negligible in the relevant tree-level decays,

then asfs = asSL. The SM predictions for the asymmetries

adSL and asSL are negligibly small, beyond the reach of the

Tevatron experiments [9–11]. If the evidence for the siz-

able dimuon charge asymmetry in Eq. (1) is confirmed,

it would unequivocally point to CP violation beyond the

CKM mechanism of the SM.

The present experimental uncertainties of adSL and asSL
seperately are larger than that of their combination, abSL.
Thus, from Eq. (1) alone it is not clear if the tension with

the SM is in the Bd or in the Bs system. Bounds from

other observables imply (see below) that new physics con-

tributions in Bd mixing with a generic weak phase cannot

exceed roughly 20% of the SM, while in Bs mixing much

larger NP contributions are still allowed.

We focus on interpreting the data assuming that the

above measurements are associated with new CP violat-

ing physics which contributes to Bd,s mixing, while its

contribution to CP violation in tree-level decay ampli-

tudes is negligible. Under this assumption the DØ result

in Eq. (1) is correlated with the Tevatron measurements

of Sψφ [12] (and∆Γs). These measurements provide non-

trivial tests of our hypothesis. Neglecting the small SM

contribution to Sψφ, the following relation holds between

experimentally measurable quantities [13]

asSL = − |∆Γs|

∆ms

Sψφ

��
1− S2

ψφ , (3)

where ∆ms ≡ mH −mL. Using the new measurement in

Eq. (1) together with Eq. (2), the above relation implies

|∆Γs| � −∆ms

�
2.0 abSL − 1.0 adSL

��
1− S2

ψφ

�
Sψφ . (4)

For simplicity we do not display the O (10%) uncertain-

ties of the two numerical factors. The CDF and DØ

time-dependent Bs → ψφ analyses provide a measure-

ment of ∆Γs vs. Sψφ. Hence all quantities in Eq. (4) are

constrained, and our analysis can be performed without

the theoretical prediction of ∆Γs [14], using its determi-

nation from data instead.

Using the measured values of ∆ms and ab,dSL , we find

|∆Γs| ∼
�
(0.28± 0.15) ps−1

��
1− S2

ψφ

�
Sψφ . (5)
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The DØ Collaboration reported a 3.2σ deviation from the standard model prediction in the like-
sign dimuon asymmetry. Assuming that new physics contributes only to Bd,s mixing, we show
that the data can be analyzed without using the theoretical calculation of ∆Γs, allowing for robust
interpretations. We find that this framework gives a good fit to all measurements, including the
recent CDF Sψφ result. The data allow universal new physics with similar contributions relative
to the SM in the Bd and Bs systems, but favors a larger deviation in Bs than in Bd mixing. The
general minimal flavor violation framework with flavor diagonal CP violating phases can account for
the former and remarkably even for the latter case. This observation makes it simpler to speculate
about which extensions with general flavor structure may also fit the data.

In the last decade an immense amount of measure-

ments determined that the standard model (SM) is re-

sponsible for the dominant part of flavor and CP vio-

lation in meson decays. However, in some processes,

mainly related to Bs decays, possible new physics (NP)

contributions are still poorly constrained, and motivated

NP scenarios predict sizable deviations from the SM. Re-

cently the DØ Collaboration reported a measurement of

the like-sign dimuon charge asymmetry in semileptonic b
decay with improved precision [1],

abSL ≡
N++

b
−N−−

b

N++
b

+N−−
b

= −(9.57±2.51±1.46)×10
−3, (1)

where N++
b

is the number of bb̄ → µ+µ+X events (and

similarly for N−−
b

). This result is 3.2σ from the quoted

SM prediction,
�
abSL

�SM
= (−2.3+0.5

−0.6)× 10
−4

[2]. At the

Tevatron both B0
d
and B0

s
are produced, and hence abSL

is a linear combination of the two asymmetries [1]

abSL = (0.506± 0.043) adSL + (0.494± 0.043) asSL . (2)

The above result should be interpreted in conjunc-

tion with three other measurements: (i) the Bd semilep-

tonic asymmetry, measured by the B factories, adSL =

−(4.7± 4.6)× 10
−3

[3]; (ii) the flavor specific asymmetry

measured from time dependence of B0
s
→ µ+D−

s
X decay

and its CP conjugate, asfs = −(1.7± 9.1± 1.5)× 10
−3

[4];

and (iii) the measurements of ∆Γs and Sψφ (the CP

asymmetry in the CP-even part of the ψφ final state in

Bs decay) [5–8]. Here ∆Γs = ΓL − ΓH , is the width

difference of the heavy and light Bs mass eigenstates. If

CP violation is negligible in the relevant tree-level decays,

then asfs = asSL. The SM predictions for the asymmetries

adSL and asSL are negligibly small, beyond the reach of the

Tevatron experiments [9–11]. If the evidence for the siz-

able dimuon charge asymmetry in Eq. (1) is confirmed,

it would unequivocally point to CP violation beyond the

CKM mechanism of the SM.

The present experimental uncertainties of adSL and asSL
seperately are larger than that of their combination, abSL.
Thus, from Eq. (1) alone it is not clear if the tension with

the SM is in the Bd or in the Bs system. Bounds from

other observables imply (see below) that new physics con-

tributions in Bd mixing with a generic weak phase cannot

exceed roughly 20% of the SM, while in Bs mixing much

larger NP contributions are still allowed.

We focus on interpreting the data assuming that the

above measurements are associated with new CP violat-

ing physics which contributes to Bd,s mixing, while its

contribution to CP violation in tree-level decay ampli-

tudes is negligible. Under this assumption the DØ result

in Eq. (1) is correlated with the Tevatron measurements

of Sψφ [12] (and∆Γs). These measurements provide non-

trivial tests of our hypothesis. Neglecting the small SM

contribution to Sψφ, the following relation holds between

experimentally measurable quantities [13]

asSL = − |∆Γs|

∆ms

Sψφ

��
1− S2

ψφ , (3)

where ∆ms ≡ mH −mL. Using the new measurement in

Eq. (1) together with Eq. (2), the above relation implies

|∆Γs| � −∆ms

�
2.0 abSL − 1.0 adSL

��
1− S2

ψφ

�
Sψφ . (4)

For simplicity we do not display the O (10%) uncertain-

ties of the two numerical factors. The CDF and DØ

time-dependent Bs → ψφ analyses provide a measure-

ment of ∆Γs vs. Sψφ. Hence all quantities in Eq. (4) are

constrained, and our analysis can be performed without

the theoretical prediction of ∆Γs [14], using its determi-

nation from data instead.

Using the measured values of ∆ms and ab,dSL , we find

|∆Γs| ∼
�
(0.28± 0.15) ps−1

��
1− S2

ψφ

�
Sψφ . (5)
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• During the last three years increasing experimental hints of sizable CPV in Bs 
sector

• Hints of large (mixing-induced) CP Violation in  Bs → J/ψ ϕ decays

• Evidence for an anomalous like-sign dimuon charge asymmetry                
(b-inclusive)

• At the same time, tensions developed within the CKM UT fit in the Bd sector

• Leptonic B decay

• CPV in Bd mixing

• Bd mass difference

Recent developments in the B sector

4.1 Standard Model fit 39
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Figure 4: Constraint in the (sin 2!, B(B ! "#)) plane. The coloured constraint
represents the prediction for these quantities from the global fit when these inputs
are removed while the cross represents the measurements with a 1 $ uncertainty.

and fBd

!
B̂Bd

taken from LQCD calculations with their predictions from the fit. The

measured B(B ! !") value leads to the constraint on fBd
represented by the green band.

The orange band represents the constraint on fBd

!
B̂Bd

thanks to the !md measurement.

The combined prediction for both quantities (red and yellow regions) reveals that the

predicted value for fBd

!
B̂Bd

is in very good agreement with the LQCD input. Therefore,
if the discrepancy is driven by too small a fBd

value, the lattice artefact responsible for
this underestimation should not a"ect the more complicated determination of the !B = 2

matrix element proportional to fBd

!
B̂Bd

, as already demonstrated in Fig. 5 in order to

preserve the good agreement between the predicted and calculated values for fBd

!
B̂Bd

.

Another potential anomaly related to |#K | has been widely discussed in the literature [8,
9], but does not show up with our choice of inputs and statistical treatment. More details
can be found in the Appendix. Other interesting outcomes of the Standard Model global
fit concern the prediction of the recently measured CP-asymmetries by the TeVatron
experiments, namely in Bs ! J/$% and in dimuonic inclusive decays (see Sect. 3). The
discrepancy of these measurements with respect to their Standard Model fit prediction,
together with the B(B ! !") anomaly, are summarized in Table 10. It is worth noting
that the Standard Model does not correlate these anomalies between each other, because
the standard prediction for CP-violation ("2%!"

s and ASL) in the Bs system is essentially
zero, and hence at leading order has no common parameter with the B(B ! !") anomaly.
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• Effective operators coupling t-W-b enter BB mixing observables at one-loop

• Result in universal contributions to Bd and Bs oscillations

• Class (b) (                  )

Anomalous t-b-W interactions and B oscillations
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• not overly constrained by b→sγ

• contributions to BB at LO can be 
complex                                       
can accommodate CPV anomalies

• κ’LRt will affect Fi  measurements
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Re Im
κ�LL −0.062+0.063

−0.030 −0.110+0.029
−0.024

κ��LL 0.097+0.048
−0.098 0.180+0.037

−0.044

κ�LRt 0.160+0.079
−0.160 0.290+0.062

−0.074

κ2
RR −0.028+0.028

−0.014 −0.050+0.013
−0.011

κ2
LRb −0.030+0.030

−0.015 −0.054+0.014
−0.012

Table I. Best-fit values for real and imaginary parts of κi

parameters and 1σ C.L. intervals.

Using Eq. (13), we consider one κi(µ = mt) at the time
to be non-zero. The absence of a new CP violating phase
in QLL and QLRt contributions makes them fall under
the “scenario II” of [5] resulting in the following bounds

−0.082 <κLL < 0.078 , at 95% C.L. , (14)
−0.14 <κLRt < 0.13 , at 95% C.L. . (15)

Compared to existing B → Xsγ constraints given in
Ref. [4], we find our bounds on κLL to be comparable,
while bounds on κLRt are considerably improved.

Contributions of other operators can contain new CP
violating phases. Neglecting the small QRR and QLRb

matrix elements induced differences, all operators still
contribute universally to Bd and Bs systems and thus fall
under the “scenario III” of [5]. We present the resulting
best-fit values of the corresponding κ’s in Table I. These
ranges should again be compared against existing bounds
from the B → Xsγ analysis [4]. Although there the NP
contributions were assumed to be real, the resulting con-
straints on κRR and κLRb are very severe and seem to
preclude the operators QRR and QLRb from contributing
significantly to Bd,s mixing observables. The remaining
three operators were not considered in [4], however us-
ing their formulae it is straight forward to check that at
least for purely real contributions, κ�(��)

LL are not overly
constrained by the B → Xsγ decay rate measurement1.
A more conclusive comparison of all the different indirect
bounds on these effective operators and especially Q�

LRt
is beyond the scope of this paper but is in progress.

Finally, with these results at hand, we reconsider the
effects of our effective operators in (1) on the helicity
fractions of the W boson in the main decay channel of
the top quark, provided these same operators are respon-
sible for new CP violating contributions in Bd,s meson
mixing. Both Q�(��)

LL have the same chiral structure as
the SM contribution and thus cannot affect the helicity
fractions. They only yield small corrections to the total
t→ bW decay rate. On he other hand Q�

LRt contributes
in the same way as QLRt and using the results obtained
in Ref. [3] we compute its effect on the W boson he-
licity fractions (FL,+) in the t → bW decay when the

1 In particular, Q�
LL contributions are exactly proportional to the

LO SM calculation, while Q��
LL effects are just one half of those

by QLL.

corresponding κ�
LRt is varied within the 1σ C.L. region

in Table I. The results are shown in Fig. 3. Compared
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Figure 3. Contour plot of δL ≡ FL/FSM
L (black, solid) and

δ+ ≡ F+/FSM
+ (red, dashed) as a function of real and imagi-

nary part of κ�LRt varied within the 1σ C.L. interval given in
Table I. Dot marks the position of the best-fit value for κ�LRt.

to the SM predictions, FL,+ can deviate by as much as
15% and 30% respectively, although much smaller devi-
ations are perfectly consistent with the ranges of κ�

LRt,
preferred by Bd,s mixing analysis. A robust prediction
that can be made however is that at least one of the two
independent helicity fractions (FL,+) needs to deviate by
at least 5% from the corresponding SM prediction. While
this is clearly beyond the reach of the LHC experiments
for the F+, it is comparable to the expected precision for
FL [17].

V. CONCLUSIONS

Within the framework of a weak scale MFV effective
theory we have constructed a set of effective dimension
≤ 6 operators describing anomalous tWdj interactions.
In the limit where the effects of multiple bottom yukawa
insertions are neglected, we recover the set of operators
previously considered in the study of the B → Xsγ de-
cay. Taking into account possible large bottom Yukawa
effects introduces additional operators with distinct new
flavor structures. In particular, anomalous tWb interac-
tions with either t and/or b left-handed can effectively
be decoupled from those involving the first two quark
generations.

We have found that seven of the considered operators
can possibly give sizable contributions to the Bd,s− B̄d,s

mixing amplitudes. Of those, five can also provide new
sources of CP violation. Following the recent analysis of
the CKMFitter group we have derived preferred ranges
for the corresponding Wilson coefficients. Several of the
derived constraints improve upon previous bounds com-

4

quantities are crucial for the reconstruction of the CKM
matrix in MFV models, a consistent analysis of these
operators would require a modified CKM unitarity fit,
which is beyond the scope of this paper and we leave it
for a future study.

Finally, in the general Rξ gauge Q(��)
LL operators con-

tribute to Bd,s− B̄d,s mixing amplitude also through tri-
angle diagrams presented in Fig. 2.

b

d, s

d , s

b

Figure 2. Triangular diagram withQ(��)
LL insertion contributing

to Bd,s− B̄d,s mixing. Anomalous vertex couples two quarks,
W and a would-be Goldstone boson or two quarks and two
would-be Goldstone bosons.

By simple consideration of the chirality structure of
the diagrams we find that within the limit of massless ex-
ternal quarks, operators QRR and QLRb contribute only
upon two insertions, which we take into account. On the
other hand, we only consider single insertions of all other
operators. This is a good approximation given the small
size of observed deviations in the CP-conserving Bd,s

mixing observables from SM predictions. However, we
have also computed higher order insertions and checked
explicitly that they do not change our conclusions of the
numerical analysis presented in the next section. After
neglecting the masses of u and c quarks and enforcing
unitarity of the CKM matrix we obtain the LO Wilson
coefficients of effective Lagrangian in (8)

∆C1 = κ(�,��)
LL SLL(�,��)

0 (xt) + κ(�)
LRtS

LRt(�)
0 (xt) ,

C2 = κ2
RRSRR

0 (xt) + κ2
LRbS

LRb
0 (xt) ,

C3 = 0 , (10)

where xt = m2
t /m2

W , C1 = CSM
1 + ∆C1 (at LO CSM

1 =
SSM

0 (xt)) and κi are

κLL =
Re[CLL]
Λ2
√

2GF

, κLRt =
Re[CLRt]

Λ2GF
,

κRR =
CRR

Λ22
√

2GF

, κLRb =
CLRb

Λ2GF
,

κ�(��)
LL =

C �(��)
LL

Λ2
√

2GF

, κ�
LRt =

C �
LRt

Λ2GF
. (11)

The Si
0(xt) functions can be found in the Appendix B.

Their gauge independence has been checked by the can-
celation of all ξ-dependent terms. On the other hand,
SLL

0 , SLL��
0 and SRR

0 contributions turn out to be UV-
divergent. We renormalize them using the MS pre-
scription, leading to remnant log µ2/m2

W renormalization
scale dependent terms. In general, such scale dependen-
cies would cancel in the matching procedure of our effec-
tive theory in (1) to its UV completion by the introduc-
tion of the appropriate higher dimensional counterterms.

Note that κLL and κLRt only depend on the real parts
of the corresponding Wilson coefficients and thus cannot
introduce a new CP violating phase. On a computa-
tional level, this is due to the fact that these operators
always contribute to the mixing amplitudes in hermitian
conjugate pairs (affecting tWb and tWs/d respectively)
always preserving the CKM flavor and CP structure. It
can also be understood more generally already at the op-
erator level. Namely as shown in [13], a necessary con-
dition for new flavor violating structures Yx to introduce
new sources of CP violation in quark transitions is that
Tr(Yx[�YuY †

u �, �YdY
†
d �]) �= 0. In MFV models (where Yx

is built out of Yu and Yd ) this condition can only be met
if Yx contains products of both Yu and Yd. In our analysis
this is true for all operators except QLL and QLRt.

IV. NUMERICAL RESULTS

In order to evaluate the hadronic matrix elements of
the operators, we evolve the Wilson coefficients (10)
from the matching scale at the top quark MS mass
mt ≡ mt(mt) to the low energy scale at bottom quark
MS mass mb ≡ mb(mb). Using results given in Ref. [14]
we perform the next-to-leading log (NLL) running in the
MS(NDR) scheme and obtain

∆C1(mb) = 0.840 C1(mt) ,

C2(mb) = 1.641 C2(mt) ,

C3(mb) = −0.054 C2(mt) . (12)

We note that, since our weak scale matching is only
done at LO in QCD, there is an ambiguity of the or-
der αs(mt)/4π and a residual scheme dependence, when
performing the RGE evolution at NLL. However (αs) cor-
rections to the matching are in general model dependent
and thus beyond the scope of our effective theory ap-
proach (c.f. [15] for a more extensive discussion on this
point).

In order to be consistent with the normalization of the
SM contributions in Ref. [5], from where we take the al-
lowed ranges for ∆d,s, we use numerical values of mb,t and
the hadronic matrix elements of Qd,s

1 specified therein.
For the remaining Qd,s

2,3 operators’ matrix elements we
use the MS(NDR) results of Ref. [16]. We obtain

∆d,s = 1− 2.57 κLL + 2.00 κ�
LL − 1.29 κ��

LL

− 1.54 κLRt − 0.77 κ�
LRt + {4.48d, 4.46s}κ2

RR

+ {4.15d, 4.13s}κ2
LRb , (13)

where the subscripts d, s apply to Bd and Bs mixing am-
plitudes respectively. The subtile difference in the QRR

and QLRb contributions is due to the fact that these two
operators match onto effective ∆B = 2 operators Q2 and
Q3, which are not present in the SM. The normalization
to the SM therefore does not remove hadronic matrix el-
ement dependence, resulting in slightly different results
for Bd and Bs cases.
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Using Eq. (13), we consider one κi(µ = mt) at the time
to be non-zero. The absence of a new CP violating phase
in QLL and QLRt contributions makes them fall under
the “scenario II” of [5] resulting in the following bounds

−0.082 <κLL < 0.078 , at 95% C.L. , (14)
−0.14 <κLRt < 0.13 , at 95% C.L. . (15)

Compared to existing B → Xsγ constraints given in
Ref. [4], we find our bounds on κLL to be comparable,
while bounds on κLRt are considerably improved.

Contributions of other operators can contain new CP
violating phases. Neglecting the small QRR and QLRb

matrix elements induced differences, all operators still
contribute universally to Bd and Bs systems and thus fall
under the “scenario III” of [5]. We present the resulting
best-fit values of the corresponding κ’s in Table I. These
ranges should again be compared against existing bounds
from the B → Xsγ analysis [4]. Although there the NP
contributions were assumed to be real, the resulting con-
straints on κRR and κLRb are very severe and seem to
preclude the operators QRR and QLRb from contributing
significantly to Bd,s mixing observables. The remaining
three operators were not considered in [4], however us-
ing their formulae it is straight forward to check that at
least for purely real contributions, κ�(��)

LL are not overly
constrained by the B → Xsγ decay rate measurement1.
A more conclusive comparison of all the different indirect
bounds on these effective operators and especially Q�

LRt
is beyond the scope of this paper but is in progress.

Finally, with these results at hand, we reconsider the
effects of our effective operators in (1) on the helicity
fractions of the W boson in the main decay channel of
the top quark, provided these same operators are respon-
sible for new CP violating contributions in Bd,s meson
mixing. Both Q�(��)

LL have the same chiral structure as
the SM contribution and thus cannot affect the helicity
fractions. They only yield small corrections to the total
t→ bW decay rate. On he other hand Q�

LRt contributes
in the same way as QLRt and using the results obtained
in Ref. [3] we compute its effect on the W boson he-
licity fractions (FL,+) in the t → bW decay when the

1 In particular, Q�
LL contributions are exactly proportional to the

LO SM calculation, while Q��
LL effects are just one half of those

by QLL.

corresponding κ�
LRt is varied within the 1σ C.L. region

in Table I. The results are shown in Fig. 3. Compared
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Figure 3. Contour plot of δL ≡ FL/FSM
L (black, solid) and

δ+ ≡ F+/FSM
+ (red, dashed) as a function of real and imagi-

nary part of κ�LRt varied within the 1σ C.L. interval given in
Table I. Dot marks the position of the best-fit value for κ�LRt.

to the SM predictions, FL,+ can deviate by as much as
15% and 30% respectively, although much smaller devi-
ations are perfectly consistent with the ranges of κ�

LRt,
preferred by Bd,s mixing analysis. A robust prediction
that can be made however is that at least one of the two
independent helicity fractions (FL,+) needs to deviate by
at least 5% from the corresponding SM prediction. While
this is clearly beyond the reach of the LHC experiments
for the F+, it is comparable to the expected precision for
FL [17].

V. CONCLUSIONS

Within the framework of a weak scale MFV effective
theory we have constructed a set of effective dimension
≤ 6 operators describing anomalous tWdj interactions.
In the limit where the effects of multiple bottom yukawa
insertions are neglected, we recover the set of operators
previously considered in the study of the B → Xsγ de-
cay. Taking into account possible large bottom Yukawa
effects introduces additional operators with distinct new
flavor structures. In particular, anomalous tWb interac-
tions with either t and/or b left-handed can effectively
be decoupled from those involving the first two quark
generations.

We have found that seven of the considered operators
can possibly give sizable contributions to the Bd,s− B̄d,s

mixing amplitudes. Of those, five can also provide new
sources of CP violation. Following the recent analysis of
the CKMFitter group we have derived preferred ranges
for the corresponding Wilson coefficients. Several of the
derived constraints improve upon previous bounds com-
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straints on κRR and κLRb are very severe and seem to
preclude the operators QRR and QLRb from contributing
significantly to Bd,s mixing observables. The remaining
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ing their formulae it is straight forward to check that at
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constrained by the B → Xsγ decay rate measurement1.
A more conclusive comparison of all the different indirect
bounds on these effective operators and especially Q�
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is beyond the scope of this paper but is in progress.

Finally, with these results at hand, we reconsider the
effects of our effective operators in (1) on the helicity
fractions of the W boson in the main decay channel of
the top quark, provided these same operators are respon-
sible for new CP violating contributions in Bd,s meson
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the SM contribution and thus cannot affect the helicity
fractions. They only yield small corrections to the total
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δ+ ≡ F+/FSM
+ (red, dashed) as a function of real and imagi-

nary part of κ�LRt varied within the 1σ C.L. interval given in
Table I. Dot marks the position of the best-fit value for κ�LRt.

to the SM predictions, FL,+ can deviate by as much as
15% and 30% respectively, although much smaller devi-
ations are perfectly consistent with the ranges of κ�

LRt,
preferred by Bd,s mixing analysis. A robust prediction
that can be made however is that at least one of the two
independent helicity fractions (FL,+) needs to deviate by
at least 5% from the corresponding SM prediction. While
this is clearly beyond the reach of the LHC experiments
for the F+, it is comparable to the expected precision for
FL [17].

V. CONCLUSIONS

Within the framework of a weak scale MFV effective
theory we have constructed a set of effective dimension
≤ 6 operators describing anomalous tWdj interactions.
In the limit where the effects of multiple bottom yukawa
insertions are neglected, we recover the set of operators
previously considered in the study of the B → Xsγ de-
cay. Taking into account possible large bottom Yukawa
effects introduces additional operators with distinct new
flavor structures. In particular, anomalous tWb interac-
tions with either t and/or b left-handed can effectively
be decoupled from those involving the first two quark
generations.

We have found that seven of the considered operators
can possibly give sizable contributions to the Bd,s− B̄d,s

mixing amplitudes. Of those, five can also provide new
sources of CP violation. Following the recent analysis of
the CKMFitter group we have derived preferred ranges
for the corresponding Wilson coefficients. Several of the
derived constraints improve upon previous bounds com-

B. Grzadkowski and M. Misiak, 0802.1413

J. Drobnak, S. Fajfer & J.F.K., 1010.2402
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Ligeti et al.
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Lenz et al.
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CPV in top decay?

• In decays of polarized top quarks, define normal, transverse directions

• Asymmetries, sensitive to imaginary part of anomalous tWb vertex

• Sum over t and t is CPV, i.e.

• Accessible in single top production, complementary to spin correlations

J. A. Aguilar–Saavedra & J. Bernabéu, 1005.5382

imaginary part of anomalous couplings through the moduli squared, their measurement

cannot clearly signal the presence of complex phases in the Wtb vertex as the normal

polarisation can, through the linear interference term Im VLg!R.

The transverse and normal polarisation fractions F T
i , FN

i are defined by normalising

to the total width for t ! Wb. It is very interesting to observe that they obey a sum

rule,

F T
0 = FN

0 =
1

2
(F+ + F") , (12)

which can be obtained either from the explicit expressions of the partial widths or by

using the relations among polarisation vectors and the fact that M+" = 0. Additionally,

for a real Wtb vertex,

FN
+ = FN

" =
1

2
"

1

4
(F+ + F") . (13)

These equations constrain the possible variation of transverse and normal polarisation

fractions once that the helicity fractions are measured (see section 5). Their tree-level

values in the SM are F T
" = 0.1718, F T

0 = 0.1487, F T
+ = 0.6794, and FN

" = 0.4256,

FN
0 = 0.1487, FN

+ = 0.4256. For illustration, we show in Figs. 2 and 3 the variation

of all polarisation fractions for small values of the anomalous couplings, considering

only one non-zero anomalous coupling at a time and setting VL = 1 as in the SM.

We plot the dependence on the real part of anomalous couplings in Fig. 2, whereas

the dependence on the imaginary parts is displayed in Fig. 3. Comparing both sets

of plots we observe that helicity and transverse polarisation fractions are much more

sensitive to Re gR than to Im gR, while FN
± are also very sensitive to Im gR. Thus, we

can anticipate that the eventual measurement of normal W polarisation fractions will

significantly improve the constraints on the latter. For a given observable, it is also

seen that the dependence on the real and imaginary parts of VR is similar (but di!erent

from one observable to another). The same comment also applies to gL.

As the helicity fractions, the transverse and normal polarisation fractions can be

measured in top semileptonic decays. We define the angles !T! (!N! ) between the charged

lepton momentum in the W rest frame and the transverse (normal) directions in the

top quark rest frame, given by Eqs. (10). Then, the charged lepton distribution has

the same form as for the angle !!! in the helicity basis,

1

!

d!

dcos !T,N!

=
3

8
(1 + cos !T,N! )2 F T,N

+ +
3

8
(1" cos !T,N! )2 F T,N

" +
3

4
sin2 !T,N! F T,N

0 . (14)

The three cos !!! , cos !T! , cos !N! distributions are presented in Fig. 4 for the SM.

However, in most processes the top quarks are not produced with 100% polarisation

9

see also
O. Antipin & G. Valencia, 0807.1295

Gupta et al., 0905.1074
S.K.Gupta & G. Valencia, 0912.0707

that CP conservation implies

F̄0 = F0 , F̄± = F! ,

F̄ T
0 = F T

0 , F̄ T
± = F T

± ,

F̄N
0 = FN

0 , F̄N
± = FN

! . (18)

Then, as expected the longitudinal and transverse polarisation fractions cannot give

any information on possible CP-violating e!ects. On the other hand, for the normal

polarisation fractions the simultaneous fulfilment of Eqs. (17) and (18) implies FN
+ =

FN
" , as is the case for a CP-conserving Wtb vertex. These relations among polarisation

fractions imply that:

(i) The cos !#! distributions are the same for t and t̄ decays because, although the

helicity fractions are interchanged, F̄± = F!, the cos ! terms in Eqs. (9) and (14)

also change their sign for W" decays.

(ii) For the same reason, the cos !T! and cos !N! distributions are also the same pro-

vided that the antitop polarisation is the opposite as the one for the top for the

axis chosen, Pt̄ = !Pt.

4 Asymmetries and related observables

The introduction of the transverse and normal polarisation fractions and the cos !T! ,

cos !N! distributions opens the possibility of new angular asymmetries in top quark

decays, in complete analogy with the ones obtained for the cos !#! distribution [38].

One can define asymmetries around any fixed point z in the interval [!1, 1],

Az =
N(cos ! > z)!N(cos ! < z)

N(cos ! > z) +N(cos ! < z)
, (19)

for ! = !#! , !
T
! , !

N
! . The most obvious choice is z = 0, giving forward-backward (FB)

asymmetries

AFB =
3

4
[F+ ! F"] ,

AT,N
FB

=
3

4
[F̃ T,N

+ ! F̃ T,N
" ] =

3

4
P [F T,N

+ ! F T,N
" ] . (20)

The FB asymmetry in the cos !#! distribution AFB [43, 44] does not depend on the top

polarisation, while the two other ones are proportional to P . Their more relevant

dependence on anomalous couplings is shown in Fig. 5. The asymmetry AN
FB, which
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Figure 5: Left, middle: dependence of the FB asymmetries in the cos !!! , cos !
T
! , dis-

tributions on the real part of anomalous Wtb couplings in Eq. (1), respectively, taking

VL = 1 and the rest of anomalous couplings zero. Right: the same for the cos !N!
distribution and the imaginary parts.

vanishes for real anomalous couplings (in particular, within the SM), is very sensitive

to Im gR, as it can be seen in the right plot of this figure. For small gR, taking VL = 1,

VR = gL = 0, we obtain

AN
FB = 0.64P Im gR . (21)

The numerical coe!cient in this asymmetry has also been verified with the Monte Carlo

generator Protos. The dependence on VR is much weaker because it is suppressed by

mb/mt, and the asymmetry does not depend on gL if the other anomalous couplings

vanish. This asymmetry is the same (up to a minus sign) as the one based on the triple

product [18]

"st · ("pb ! "p!) , (22)

with the b quark and charged lepton momenta taken in the top quark rest frame. Both

asymmetries, although sensitive to CP-violating phases in the top decay vertex, are

not genuinely CP violating and could be faked by unitarity phases (not considered in

our work). The sum of asymmetries for t and t̄ decays,

ACP
FB = AN

FB(t) + AN
FB(t̄) (23)

is unambiguously CP violating.

It is worthwhile to remark here that AN
FB can be relatively large because it directly

probes the imaginary parts of the o"-diagonal density matrix elements for a polarised

top quark decay, namely D1 in Eqs. (5). Therefore, it is expected to be much larger than

CP-violating asymmetries based on triple-product spin correlations in tt̄ production [9–

14
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(Information equivalent to the triple product                    )
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Conclusions

• The most significant hints of BSM physics at the Tevatron in top sector

• Large measured AFB could still be due to O(TeV) (s-channel) resonances

• at LHC predict excess in di-jet & tt invariant mass spectra

• Interesting possibilities of sub TeV contributions in u- or t-channel

• predicted LHC signatures in tt+jets

• At LHC, AFB manifestation as rapidity dependent charge asymmetry

• Enhanced σt in forward region - opportunity for LHCb

• Also top polarization, spin correlations affected by NP addressing AFB

• W helicity fractions in t→bW decay probe the structure of tWb couplings

• anomalous contributions might be related to new CPV in B sector

• can be probed more directly in single top production
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