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We investigate the direct and indirect bounds on dipole operators involving the top quark. A
careful analysis shows that the experimental upper limit on the neutron electric dipole moment
strongly constrains the chromo-electric dipole of the top. We improve previous bounds by two
orders of magnitude. This has significant implications for new physics models and it also means
that CP violation in top pair production mediated by dipole operators will not be accessible at the
LHC. The CP conserving chromo-magnetic dipole moments are constrained by recent measurements
of the tt̄ spectrum by the ATLAS collaboration. We also update the indirect constraints on electric
and magnetic dipole moments from radiative b→ s transitions, finding that they can be considerably
larger than their colored counterparts.

Introduction

In many scenarios the top quark provides a preferred
window on physics beyond the Standard Model (SM),
given its large coupling to the physics responsible for the
Electro-Weak Symmetry Breaking (EWSB). Top quarks
will be copiously produced at the LHC – the average rate
in September 2011 - during which the nominal luminos-
ity at 7 TeV has been reached - has been of the order of
30 tops per minute, and is expected to reach 9 tops per
second at design luminosity 1034 cm−2s−1 and 14 TeV
center of mass energy. While the top quark has been
studied in some detail at the Tevatron, many of its prop-
erties besides the mass, spin and the color and electric
charges are still poorly constrained. Significant new in-
sights on top quark properties will therefore be one of
the tasks of the LHC.

A fascinating possibility is that the top quark shows de-
viations from its behavior predicted by the SM. The lead-
ing contributions are encoded in the (chromo)-electric
and (chromo)-magnetic dipole moments, (C)EDM and
(C)MDM in the following.

A particularly interesting scenario is realized if some
of the quarks are partially or fully composite [1]. The
top, being the most massive quark, is the most natural
candidate, as the mass and the amount of compositeness
are often related, see e.g. [2]. If the compositeness scale
is in its natural range, large CMDM and CEDM are ex-
pected [3].

Supersymmetric models on the other hand, can also
lead to enhanced dipole moments of the top. This hap-
pens if the supersymmetric partners of the top are not
too heavy, which is a requirement of naturalness and pos-
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sibly electro-weak baryogenesis, see e.g. [4]. The pres-
ence of sizable flavor-blind phases accessible to the third-
generation quarks can also explain the recent hints of CP
violation in Bs mixing in the context of Minimal Flavor
Violation [5].

We leave the implications of our results for specific
scenarios to future work. In this paper we investigate
the direct and indirect constraints on dipole operators
involving the top quark in a model independent way. In
particular we will critically reanalyze the phenomenolog-
ically relevant question whether CP violation in top pair
production can be mediated by dipole operators at a level
accessible for the LHC.

As it is well known, dipole moments before EWSB are
encoded in dimension-6 operators(

cLR,c gsQ̄H σµνT aU + h.c.
)
Gaµν ,(

cLR,w g Q̄ τaHσµνU + h.c.
)
W a
µν ,(

cLR,y g
′Q̄H σµνU + h.c.

)
Bµν , (1)

with dimensional couplings ci ∼ 1/Λ2
i . In particular,

Im (cLR,i) 6= 0 would signal CP violation.
In the following, we will employ a phenomenological

Hamiltonian which can be easily translated to the more
physical SU(2)× U(1) gauge invariant basis in Eq. (1),

Heff = −1

2
ψ̄q

[
(Fµνσ

µν)(µq + iγ5dq)

+gs (Gaµνt
aσµν)(µ̃q + iγ5d̃q)

]
ψq

− 1

6
wfabcεµνλρGaµσG

bσ
ν G

c
λρ , (2)

where q = u, d, s, c, b, t and ε0123 = 1. We denote dq and

d̃q as the EDM and the CEDM of the quark q, while
µq and µ̃q are the corresponding MDM and CMDM. We
have included the CP violating Weinberg operator [6]
(contributing with the Wilson coefficient w), which will
be crucial later. Correspondingly, we have omitted the
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3FIG. 1: Diagrams generating the contribution to the Wein-
berg operator at the top threshold. The grey blob denotes
the insertion of the chromo-electric dipole operator [9–11].

terms involving the charged gauge bosons, since they will
not play an important role in the following and have been
already investigated elsewhere [7]. In the following analy-
sis we will consider the contributions of a single operator
at a time. Consequently, the derived constraints will ap-
ply in absence of cancellations among several conspiring
operator contributions.

Indirect constraints

We first consider the present indirect constraints on
the top CEDM d̃t. The operators in Eq. (2) run
and mix under QCD renormalization group (RG) evo-
lution. At present, these effects are known to NLL accu-
racy [8]. In particular the Weinberg operator mixes into
the (C)EDMs of quarks, but not vice versa. Nevertheless,
it has been known for some time [9, 10] that the CEDMs
induce a finite threshold correction to the Weinberg op-
erator when a heavy quark is integrated out, as shown in
Fig. 1,

δw(q) =
g3
s

32π2

d̃q
mq

, (3)

where gs and mq are evaluated at the heavy quark thresh-
old scale. In the case of the top quark, the combined
effects of the finite shift in w and the subsequent RG
evolution to the hadronic scale will induce non-zero con-
tributions also for the (C)EDMs of the light quarks.

Performing the QCD evolution of the Weinberg op-
erator at NLL accuracy down to the hadronic scale
µH ∼ 1 GeV, taking into account the relevant mb and
mc thresholds, we thus obtain du,d(µH), d̃u,d(µH) and

w(µH) in terms of d̃t(mt)

du = −3.1 · 10−9 e d̃t , dd = 3.5 · 10−9 e d̃t ,

d̃u = 8.9 · 10−9 d̃t , d̃d = 2.0 · 10−8 d̃t ,

w = 1.0 · 10−5 GeV−1 d̃t , (4)

where we have used mt = 173.3 GeV [12],

mMS
d (2 GeV) = (4.7 ± 0.1) MeV, mMS

u (2 GeV) =

(2.1± 0.1) MeV [13] and αMS
s (mZ) = 0.1184 [14].

Presently, the most sensitive observables are the
atomic EDMs of mercury (dHg < 3.1 · 10−29 e cm at
95% C.L. [15]) and of the neutron (dn < 2.9 · 10−26 e cm
at 95% C.L. [16]). Following [17], we evaluate the relevant
contributions as

dHg =− 1.8 · 10−4 GeV−1 e ḡ
(1)
πNN , (5a)

dn =(1± 0.5) [1.1 e (d̃d + 0.5 d̃u) + 1.4 (dd − 0.25 du)]

+ (22± 10) · 10−3 GeV ew , (5b)

where g
(1)
πNN = 4+8

−2 (d̃u−d̃d) GeV. All quantities are eval-
uated at the scale µH ∼ 1 GeV. The values and uncer-
tainty estimates for the relevant matrix elements, partic-
ularly for the Weinberg operator contribution to dn, have
been evaluated using QCD sum rule techniques [18].

Inserting (4) into the above expressions and treating all
the relevant theoretical uncertainties as flat distributions
within the stated errors, we find that the neutron EDM
constrains the top CEDM to be

|d̃t| < 2.3 · 10−19 cm (95% C.L.) , (6)

i.e. |d̃tmt| < 2.0 · 10−3. The constraint from the neutron
EDM is dominated by the contribution to the Weinberg
operator, which amounts to roughly 85% of the total ef-
fect of d̃t in dn, even though the light quark (C)EDM
contributions are not totally negligible. Furthermore, the
constraint from dHg provides a (two orders of magnitude)

weaker bound on d̃t, since it is not sensitive to the Wein-
berg operator and also comparatively weaker than dn for
the light quark CEDMs. We note in passing the a simi-
lar constraint on the EDM of the b quark has previously
been obtained [10].

The indirect constraints on the other top dipole mo-
ments in Eq. (2) are considerably weaker. The EDM
of the top, dt, induces light quark EDMs only through
weak interactions and is suppressed by flavor mixing fac-
tors [19] resulting in dd = 2.4 × 10−12 dt , and conse-
quently we find a weak bound of

|dt| < 1.7× 10−14 e cm (95% C.L.) . (7)

A stronger limit comes from b → sγ and b → s`+`−

processes, since the leading SM contribution carries the
same loop and flavor suppressions. Following [20], we
obtain

∆C7γ(mW ) = 6.5 · 10−2 (µt − 2.65 dt)mt , (8)

where we have included the effects of the top MDM which
is also constrained. ∆C7γ is the new contribution to the
Wilson coefficient of the magnetic operator mediating the
b→ s transition. Using the semi-analytic formulae of [21]
for the SM NNLO prediction of Br(B → Xsγ) [22] and
the NNLL result for Br(B → Xs`

+`−) for the low q2

region [23], we obtain

−1.83 < (µt − 2.65 dt)mt < 0.53 (95% C.L.) . (9)
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In the future, improved precision on the experimental
side (as expected from Super B Factories [24]) together
with theoretical refinements could lead to a slightly more
stingent bound. These processes are also sensitive to the
top CMDM, through the operator O8g. However, due
to the additional αs suppression, the indirect bound is
significantly weaker and will be superseded by the direct
one derived in the next section.

Collider constraints

The gluonic dipole couplings of the top directly affect
tt̄ production at hadron colliders [25]. The complemen-
tarity of the total production cross-section measurements
at the Tevatron and the LHC in constraining such con-
tributions has recently been pointed out in [26]. In [27],
the CMDM was constrained using Tevatron data in com-
bination with four fermi operators and spin correlations
were shown to be promising signatures at the LHC. In
addition, a number of T -odd correlation observables can
be constructed which are sensitive to the top CEDM
(c.f. [28]). We comment on the future prospects of these
observables at the end of the paper.

At present, the most sensitive observables available at
the Tevatron and the LHC are the total production cross-
sections and their differential spectrum as a function of
the invariant mass of the top pair (mtt̄).

At the Tevatron the recent combination of the CDF
analyses yields [29],

σTevatron
exp = (7.50± 0.48) pb , (10)

for an assumed top mass of mt = 172.5 GeV. We have
combined the estimated statistical and systematic errors
in quadrature. This is consistent with the most recent
theoretical SM prediction for this observable [30],

σTevatron
SM = (6.75+0.08

−0.42) pb , (11)

based on approximate NNLO QCD calculation using the
same top mass and the MSTW2008 PDFs [32]1. As
pointed out in [33], the most significant information in
the high mtt̄ region at the Tevatron is the one derived
from the next-to-highest measured bin [34],

σ(700 GeV < mtt̄ < 800 GeV)exp = (80± 37) fb , (12)

to be compared with the SM theory prediction of [35],

σ(700 GeV < mtt̄ < 800 GeV)SM = (80± 8) fb . (13)

1 Different approximations to the full NNLO QCD result employed
by the present calculations give mildly inconsistent results for
σTevatron

SM , while the agreement at high mtt̄ as well as for the
LHC observables is much better (see [31] for a recent review).
We have checked explicitly, that our bounds are not significantly
affected by using different approximate NNLO QCD results [31].
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FIG. 2: Combined current LHC and Tevatron 95% C.L.
constraints on the top CMDM (µ̃t) and the CEDM (d̃t)
(shaded in yellow). Individual constraints come from the to-
tal cross-section and mtt̄ spectrum measurements at the Teva-
tron (dashed blue and doted red), as well as the LHC (shaded
blue and red). The combination of only Tevatron constraints
is drawn in black. Finally the CEDM indirect constraint is
presented in green.

At the LHC at 7 TeV, presently the most precise mea-
surement [36] for the total production cross-section yields

σLHC
exp = (180± 18) pb, (14)

in agreement with the SM prediction of [37],

σLHC
SM = (165+11

−16) pb. (15)

Recently the ATLAS collaboration published a study [38]
of the mtt̄ spectrum using 200 pb−1 collected lumi-
nosity. In the high mtt̄ > 1 TeV region they report
N1TeV

exp = 77 ± 9 events. The results were not unfolded.
Among the systematic uncertainties, the b-tagging effi-
ciency (11%) dominates the total inclusive cross-section
measurement and stays almost constant with mtt̄. The
other important source of error is the jet energy scale
uncertainty. It is subleading in the total inclusive mea-
surement (9%), with a mild mtt̄ dependence. Since the
ATLAS result is not unfolded, one needs to take into ac-
count the invariant mass resolution, and the reconstruc-
tion efficiency and acceptance, (A · ε). We model the
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former by smearing our partonic mtt̄ distributions with
a Gaussian kernel. We estimate a O(0.25 · mtt̄) width
for this smearing by comparing to the reconstructed in-
variant mass resolutions of a sample of narrow Z ′ models
in the same ATLAS study. Finally, to estimate A · ε we
compare the smeared SM mtt̄ distribution, computed us-
ing known approximate NNLO QCD results [35], with
the reconstructed SM background distribution presented
in the ATLAS Note. Using Br(tt̄→ 4j+ `) = 0.3 (where
` = e, µ) we extract a constant A · ε ' 0.3 for the mtt̄

bins between 1 TeV < mtt̄ < 1.6 TeV, which can be now
used to compare the signal with the data.

We find for the measured tt̄ cross-sections including
statistical and our estimates for the systematic uncer-
tainties

σ(1 TeV < mtt̄ < 1.2 TeV) = (2.9± 0.6) pb , (16a)

σ(1.2 TeV < mtt̄ < 1.4 TeV) = (1.0± 0.3) pb , (16b)

σ(1.4 TeV < mtt̄ < 1.6 TeV) = (0.45± 0.19) pb ,(16c)

which corresponds to

σ(mtt̄ > 1 TeV) = (4.5± 0.79) pb . (17)

These results may be directly compared to partonic mtt̄

distributions smeared with 0.25 ·mtt̄-wide Gaussians.
We evaluate the effect of the top CMDM and CEDM

on the relevant Tevatron and LHC observables at LO
in QCD, using the known partonic cross-section formu-
lae [25] convolved with MSTW2008 PDFs [32] . We nor-
malize our SM values to respective approximate NNLO
results [30, 35, 37] including theoretical uncertainties.
Additionally we have checked the residual theoretical un-
certainty in the relative NP contributions by varying the
factorization and renormalization scales and finding neg-
ligible differences. We compare these estimates of the in-
clusive and high mtt̄ cross-sections with the correspond-
ing measurements both at the Tevatron and the LHC in
Fig. 2.

We observe that the new ATLAS result on the high
mtt̄ region at the LHC sizably shrinks the allowed region
in the (µ̃t, d̃t) plane relative to previous results [26] or
compared to using only Tevatron data. Marginalizing
over the CEDM values, we obtain a new best bound on
the top CMDM of

|µ̃t|mt < 0.05 (95% C.L.) . (18)

The CEDM of the top is constrained to

|d̃t|mt < 0.16 (95% C.L.) , (19)

or |d̃t| < 1.9 · 10−17 cm, which is almost two orders of
magnitude weaker than our new indirect bound (6). A
remark on the consistency of our EFT expansion is in
order here. The CP violating CEDM does not interfere
with the SM and its contribution to the cross section
starts at∼ 1/Λ4, and not at∼ 1/Λ2 as the CP conserving
CMDM. It is therefore of the same order as interfering
dimension eight operators, which in principle should have

been included. Fortunately the far dominant constraint
arises from indirect observables and we can safely ignore
this issue.

The bounds can be expressed in terms of the gauge-
invariant basis of Eq. (1). The minimum scale for new
physics contributing to the gluonic dipole moments has
to be

Re Λdirect
LR,c > 1.1 TeV ,

Im Λdirect
LR,c > 0.62 TeV ,

Im Λneutron
LR,c > 5.5 TeV ,

where we have separated the minimum scale for real and
imaginary contributions.

Let us now consider the prospects of probing a CEDM
at the LHC as small as required by the indirect bound (6)
in absence of large cancellations. In [39], it was estimated

that a 5σ detection for a value of d̃tmt = 0.05 would re-
quire 10 fb−1 at 14 TeV. We see that one would therefore
need at least O(1 ab−1) luminosity to detect CP violation
at 5σ from a top CEDM. This is likely beyond current
LHC capabilities, unless further collider studies can im-
prove the reach (c.f. [40]).

Conclusions

We have investigated the constraints on dipole opera-
tors involving the top quark. In absence of large cancella-
tions, the neutron EDM imposes a stringent bound on the
top CEDM. We have also derived a direct bound on the
CMDM of the top from the invariant mass distribution in
tt̄ events at the LHC. These two bounds have significant
implications for models of top compositeness and super-
symmetric models with light stops which we will address
in an upcoming paper. Finally, we have updated the con-
straints on the EDM/MDM of the top coming from b→ s
transitions with the most recent data.
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