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Outline

• Single top production within SM: Vtb, Vts & Vtd ?

• Single top production BSM: resonant NP vs EFT, monotops

• Not covered in this talk: th, FCNC top production 

• Disclaimer I: down with a virus infection the past few days

• Disclaimer II: have not travelled to west-central Africa recently
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(see talks by Brod, Mawatari, Sakurai)



Single top production within SM

• Theoretical results for single top quark production are available at 
an ever increasing level of sophistication.
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Single top quark:  
production and motivation 

2 
Muhammad Alhroob 

t-channel 

Wt-channel 

s-channel 

!  Test of Standard Model predictions: 
•  cross section  |Vtb|2 

•  test of the unitarity of the CKM matrix:  
     hints for existence for a fourth generation 
•  test of the b-quark structure function  
 

!  Probe and prepare for search for new physics 

!   Measure all three processes independently: 
•  charged heavy boson W’, H+ 

•  access to anomalous couplings  

Theory prediction (NNLO) 
!  t-channel:  64.6 +3.2 

-2.6  pb 
!  Wt-channel: 15.7 ± 1.3 pb 
!  s-channel: 4.6 ± 0.3 pb 

"  Mtop = 173.1 ± 0.9 GeV 

"  Life-time ~ 10-25 s 

"  Decays to bW ~100%  



Single top production within SM

• Theoretical results for single top quark production are available at 
an ever increasing level of sophistication.

• NLO QCD & EW predictions 

• resummations 

• matching to parton showers

• most recently: partial NNLO QCD prediction for t-channel
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p⊥ σLO, pb σNLO, pb δNLO σNNLO, pb δNNLO

0 GeV 53.8+3.0
−4.3 55.1+1.6

−0.9 +2.4% 54.2+0.5
−0.2 −1.6%

20 GeV 46.6+2.5
−3.7 48.9+1.2

−0.5 +4.9% 48.3+0.3
−0.02 −1.2%

40 GeV 33.4+1.7
−2.5 36.5+0.6

−0.03 +9.3% 36.5+0.1
+0.1 −0.1%

60 GeV 22.0+1.0
−1.5 25.0+0.2

+0.3 +13.6% 25.4−0.1
+0.2 +1.6%

TABLE I: QCD corrections to t-channel single top quark production cross sections at 8 TeV LHC with a cut on the transverse
momentum of the top quark p⊥. Cross sections are shown at leading, next-to-leading and next-to-next-to-leading order in
dependence of the factorization and renormalization scale µ = mt (central value), µ = 2mt (upper value) and µ = mt/2 (lower
value). Corrections at NLO and at NNLO (relative to the NLO) are shown in percent for µ = mt.

las for the phase-space parametrization relevant for the
ub → dt, ub → dtg and ub → dtgg sub-processes, as well
as a discussion of an appropriate choices of variables rel-
evant for the extraction of singularities can be found in
that reference. Using the language of that paper, we only
need to consider “initial-state” sectors since there are no
collinear singularities associated with final state particles
due to the fact that top quarks are massive. All calcula-
tions required for initial-state sectors are documented in
Ref. [61] except that here we need soft and collinear lim-
its for incoming quarks, rather than gluons, and the soft
current for a massive particle. This, however, is a minor
difference that does not affect the principal features of
the computational method.

The above discussion of the NNLO QCD corrections
to the heavy quark line can be applied almost verba-
tim to corrections to the light quark line. The two-loop
corrections for the 0 → qq̄′W ∗ vertex are known since
long ago [62–64]. One-loop corrections to 0 → qq̄′gW ∗

scattering are also well-known; we implemented the re-
sult presented in [65] and again checked the implemen-
tation against an independent computation based on the
Passarino-Veltman reduction. Apart from different am-
plitudes, the only minor difference with respect to cor-
rections to the heavy quark line is that in this case there
are collinear singularities associated with both, the in-
coming and the outgoing quark lines. We deal with this
problem splitting the real-emission contribution into sec-
tors, see Ref. [61]. In the language of that paper, we
have to consider “initial-initial”, “final-final” and mixed
“initial-final” sectors. Finally, we briefly comment on the
contribution shown in Fig.1c. We note that, although
formally NNLO, it is effectively the product of NLO cor-
rections to the heavy and the light quark lines, so that
it can be dealt with using techniques familiar from NLO
computations.

We will now comment on our treatment of γ5. For
perturbative calculations at higher orders the presence of
the Dirac matrix γ5 is a nuisance since it can not be con-
tinued to d-dimensions in a straightforward way. While
computationally-efficient ways to deal with γ5 in com-
putations, that employ dimensional regularization, exist
(see e.g. Ref. [66]), they are typically complex and un-
transparent. Fortunately, there is a simple way to solve
the γ5 problem in our case. Indeed, in the calculation of
virtual corrections to the tWb weak vertex, γ5 is taken

to be anti-commuting [40–43]. This enforces the left-
handed polarization of the b-quark and removes the issue
of γ5 altogether. Indeed, if we imagine that the weak
b → t transition is facilitated by the vector current but
we select the b-quark with left-handed polarization only,
we will obtain the same result as when the calculation is
performed with the anti-commuting γ5. Since the can-
cellation of infra-red and collinear divergences occurs for
each polarization of the incoming b-quark separately, this
approach completely eliminates the need to specify the
scheme for dealing with γ5 and automatically enforces
simultaneous conservation of vector and axial currents –
a must-have feature if quantum anomalies are neglected.
Of course, this requires that we deal with the γ5 appear-
ing in real emission diagrams in the same way as in the
virtual correction and this is, indeed, what we do by us-
ing helicity amplitudes, as described in [39].

We have performed several checks to ensure that our
calculation of NNLO QCD corrections to single top quark
production is correct. For example, we have compared all
the tree-level matrix elements that are used in this com-
putation, e.g. ub → dt+ng, with 0 ≤ n ≤ 2, ub → dt+qq̄,
ug → db̄t+mg, 0 ≤ m ≤ 1, against MadGraph [67] and
found complete agreement. We have extracted one-loop
amplitudes for 0 → Wtb̄g from MCFM [45] and checked
them against our own implementation of the Passarino-
Veltman reduction, for both the W ∗b → tg and the
W ∗g → tb̄ processes. We have cross-checked one-loop
amplitudes for W ∗u → dg and related channels against
MadLoop [68]. In the intermediate stages of the compu-
tation, we also require reduced tree and one-loop ampli-
tudes computed to higher orders in ε, as explained e.g. in
Ref. [61]. We checked that their contributions drop out
from the final results, in accord with the general conclu-
sion of Ref. [69].

One of the most important checks is provided by the
cancellation of infra-red and collinear divergences. In-
deed, the technique for NNLO QCD computations de-
scribed in Refs. [47–49] leads to a Laurent expansion
of different contributions to differential cross sections in
the dimensional regularization parameter ε; coefficients
of this expansion are computed by numerical integra-
tion. Independence of physical cross sections on the reg-
ularization parameter is therefore achieved numerically,
when different contributions to such cross sections (two-
loop virtual corrections, one-loop corrections to single

smallness of NLO effects appears accidental
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p⊥ σLO, pb σNLO, pb δNLO σNNLO, pb δNNLO

0 GeV 53.8+3.0
−4.3 55.1+1.6

−0.9 +2.4% 54.2+0.5
−0.2 −1.6%

20 GeV 46.6+2.5
−3.7 48.9+1.2

−0.5 +4.9% 48.3+0.3
−0.02 −1.2%

40 GeV 33.4+1.7
−2.5 36.5+0.6

−0.03 +9.3% 36.5+0.1
+0.1 −0.1%

60 GeV 22.0+1.0
−1.5 25.0+0.2

+0.3 +13.6% 25.4−0.1
+0.2 +1.6%

TABLE I: QCD corrections to t-channel single top quark production cross sections at 8 TeV LHC with a cut on the transverse
momentum of the top quark p⊥. Cross sections are shown at leading, next-to-leading and next-to-next-to-leading order in
dependence of the factorization and renormalization scale µ = mt (central value), µ = 2mt (upper value) and µ = mt/2 (lower
value). Corrections at NLO and at NNLO (relative to the NLO) are shown in percent for µ = mt.

las for the phase-space parametrization relevant for the
ub → dt, ub → dtg and ub → dtgg sub-processes, as well
as a discussion of an appropriate choices of variables rel-
evant for the extraction of singularities can be found in
that reference. Using the language of that paper, we only
need to consider “initial-state” sectors since there are no
collinear singularities associated with final state particles
due to the fact that top quarks are massive. All calcula-
tions required for initial-state sectors are documented in
Ref. [61] except that here we need soft and collinear lim-
its for incoming quarks, rather than gluons, and the soft
current for a massive particle. This, however, is a minor
difference that does not affect the principal features of
the computational method.

The above discussion of the NNLO QCD corrections
to the heavy quark line can be applied almost verba-
tim to corrections to the light quark line. The two-loop
corrections for the 0 → qq̄′W ∗ vertex are known since
long ago [62–64]. One-loop corrections to 0 → qq̄′gW ∗

scattering are also well-known; we implemented the re-
sult presented in [65] and again checked the implemen-
tation against an independent computation based on the
Passarino-Veltman reduction. Apart from different am-
plitudes, the only minor difference with respect to cor-
rections to the heavy quark line is that in this case there
are collinear singularities associated with both, the in-
coming and the outgoing quark lines. We deal with this
problem splitting the real-emission contribution into sec-
tors, see Ref. [61]. In the language of that paper, we
have to consider “initial-initial”, “final-final” and mixed
“initial-final” sectors. Finally, we briefly comment on the
contribution shown in Fig.1c. We note that, although
formally NNLO, it is effectively the product of NLO cor-
rections to the heavy and the light quark lines, so that
it can be dealt with using techniques familiar from NLO
computations.

We will now comment on our treatment of γ5. For
perturbative calculations at higher orders the presence of
the Dirac matrix γ5 is a nuisance since it can not be con-
tinued to d-dimensions in a straightforward way. While
computationally-efficient ways to deal with γ5 in com-
putations, that employ dimensional regularization, exist
(see e.g. Ref. [66]), they are typically complex and un-
transparent. Fortunately, there is a simple way to solve
the γ5 problem in our case. Indeed, in the calculation of
virtual corrections to the tWb weak vertex, γ5 is taken

to be anti-commuting [40–43]. This enforces the left-
handed polarization of the b-quark and removes the issue
of γ5 altogether. Indeed, if we imagine that the weak
b → t transition is facilitated by the vector current but
we select the b-quark with left-handed polarization only,
we will obtain the same result as when the calculation is
performed with the anti-commuting γ5. Since the can-
cellation of infra-red and collinear divergences occurs for
each polarization of the incoming b-quark separately, this
approach completely eliminates the need to specify the
scheme for dealing with γ5 and automatically enforces
simultaneous conservation of vector and axial currents –
a must-have feature if quantum anomalies are neglected.
Of course, this requires that we deal with the γ5 appear-
ing in real emission diagrams in the same way as in the
virtual correction and this is, indeed, what we do by us-
ing helicity amplitudes, as described in [39].

We have performed several checks to ensure that our
calculation of NNLO QCD corrections to single top quark
production is correct. For example, we have compared all
the tree-level matrix elements that are used in this com-
putation, e.g. ub → dt+ng, with 0 ≤ n ≤ 2, ub → dt+qq̄,
ug → db̄t+mg, 0 ≤ m ≤ 1, against MadGraph [67] and
found complete agreement. We have extracted one-loop
amplitudes for 0 → Wtb̄g from MCFM [45] and checked
them against our own implementation of the Passarino-
Veltman reduction, for both the W ∗b → tg and the
W ∗g → tb̄ processes. We have cross-checked one-loop
amplitudes for W ∗u → dg and related channels against
MadLoop [68]. In the intermediate stages of the compu-
tation, we also require reduced tree and one-loop ampli-
tudes computed to higher orders in ε, as explained e.g. in
Ref. [61]. We checked that their contributions drop out
from the final results, in accord with the general conclu-
sion of Ref. [69].

One of the most important checks is provided by the
cancellation of infra-red and collinear divergences. In-
deed, the technique for NNLO QCD computations de-
scribed in Refs. [47–49] leads to a Laurent expansion
of different contributions to differential cross sections in
the dimensional regularization parameter ε; coefficients
of this expansion are computed by numerical integra-
tion. Independence of physical cross sections on the reg-
ularization parameter is therefore achieved numerically,
when different contributions to such cross sections (two-
loop virtual corrections, one-loop corrections to single
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p⊥ σLO, pb σNLO, pb δNLO σNNLO, pb δNNLO

0 GeV 29.1+1.7
−2.4 30.1+0.9

−0.5 +3.4% 29.7+0.3
−0.1 −1.3%

20 GeV 24.8+1.4
−2.0 26.3+0.7

−0.3 +6.0% 26.2−0.01
−0.1 −0.4%

40 GeV 17.1+0.9
−1.3 19.1+0.3

+0.1 +11.7% 19.3−0.2
+0.1 +1.0%

60 GeV 10.8+0.5
−0.7 12.7+0.03

+0.2 +17.6% 12.9−0.2
+0.2 +1.6%

TABLE II: QCD corrections to the t-channel single anti-top production cross sections at 8 TeV LHC with a cut on the transverse
momentum of the anti-top quark p⊥. Cross sections are shown at leading, next-to-leading and next-to-next-to-leading order in
dependence of the factorization and renormalization scale µ = mt (central value), µ = 2mt (upper value) and µ = mt/2 (lower
value). Corrections at NLO and at NNLO (relative to the NLO) are shown in percent for µ = mt.

real emission contributions, double real emission contri-
butions, renormalization, collinear subtractions of parton
distribution functions, etc.) are combined. The numeri-
cal cancellation of the O(εi) contributions, −4 ≤ i ≤ −1
is an important check of the calculation. We computed
partonic cross sections for the t-channel single-top pro-
duction at three different center of mass energies and
observed cancellation of 1/ε4, 1/ε3, 1/ε2 and 1/ε singu-
larities. For the 1/ε contributions to the cross section,
we find that the cancellation is at the per mill level,
independent of the center-of-mass collision energy. For
higher poles, cancellations improve by, roughly, an order
of magnitude per power of 1/ε. We have also checked that
similar degree of cancellations is achieved for hadronic
cross sections, which are computed by integrating par-
tonic cross sections with parton distribution functions.

III. RESULTS

We are now in position to present the results of our
calculation. We have chosen to consider the 8 TeV LHC.
We use the MSTW2008 set for parton distribution func-
tions and αs; when results for NkLO cross sections are
reported, the relevant PDF set and αs value are used.
We also set the CKM matrix to the identity matrix, the
top quark mass to mt = 173.2 GeV, the Fermi constant
to GF = 1.16639× 10−5 GeV−2 and the mass of the W
boson to 80.398 GeV. The factorization and renormaliza-
tion scales are by default set to the value of the top quark
mass mt and varied by a factor two to probe sensitivity
of the results to these unphysical scales.2 We account for
all partonic channels. At LO, this means that the light
quark transition is initiated either by an up-type quark or
by a down-type anti-quark, while the heavy quark tran-
sition can only be initiated by a b-quark. At NLO, the
gluon channel opens up, both for the light and the heavy
quark transitions. At NNLO, in addition to that, we

2 We note that by comparing NLO QCD corrections to single-top
production in four- and five-flavor schemes, it was suggested [25]
that choosing mt/2 as a central value is more appropriate. Given
reduced dependence on the renormalization/factorization scales
at NNLO, this issue is less relevant for our computation.

also have to take into account pure singlet contributions,
for example W ∗b → būd for the light quark line and
W ∗u → ub̄t for the heavy quark line. Although we in-
clude all partonic channels in our calculation, it turns
out that their contributions to single-top production dif-
fer significantly. Indeed, we find that it is important to
include bu → dt, gu → dtb̄, qu → dqtb̄ and gb → qq̄′t
in the computation of NLO and NNLO QCD corrections
while other channels can, in principle, be neglected.

The simplest observable to discuss is the total cross
section. Using the input parameters given in the previ-
ous paragraph, we find the leading order cross section for
single-top production at 8 TeV LHC to be σLO

t = 53.8 pb,
if we set the renormalization and factorization scales to
µ = mt. The next-to-leading order QCD cross section at
µ = mt is σNLO

t = 55.1 pb, corresponding to an increase
of the leading order cross section by 2.5 percent. It is
important to realize that this small increase is the re-
sult of significant cancellations between various sources
of QCD corrections. For example, NLO QCD correc-
tions in the bq partonic channel increase the leading or-
der cross section by 10%, which is more in line with the
expected size of NLO QCD corrections. However, this
positive correction is largely canceled by the quark-gluon
channel that appears at next-to-leading order for the first
time. The gluon-initiated channels have large and nega-
tive cross sections. Indeed, the qg → tb̄q′ and gb → qq̄′t
partonic processes change the leading order cross section
by −14%. When the leading order cross section is com-
puted with NLO PDFs, it increases by 8%. Finally, when
all the different contributions are combined, a small pos-
itive change in the single-top production cross section at
NLO is observed. The scale dependence of leading and
next-to-leading order cross sections is shown in Table I.
For the total single-top production cross section, we ob-
serve that the residual scale dependence at NLO is at a
few percent level. For µ = mt, the NNLO QCD cross
section is σNNLO

t = 54.2 pb, corresponding to a decrease
of the NLO cross section by −1.5%. The magnitude of
NNLO corrections is similar to the NLO corrections, il-
lustrating the accidental smallness of the latter. As can
be seen from Table I, the residual scale dependence of the
NNLO result is very small, of the order of one percent.

The simplest observable, beyond the total cross sec-
tion that one can study, is the cross section with a cut on
the transverse momentum of the top quark. The corre-
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p⊥ σLO, pb σNLO, pb δNLO σNNLO, pb δNNLO

0 GeV 53.8+3.0
−4.3 55.1+1.6

−0.9 +2.4% 54.2+0.5
−0.2 −1.6%

20 GeV 46.6+2.5
−3.7 48.9+1.2

−0.5 +4.9% 48.3+0.3
−0.02 −1.2%

40 GeV 33.4+1.7
−2.5 36.5+0.6

−0.03 +9.3% 36.5+0.1
+0.1 −0.1%

60 GeV 22.0+1.0
−1.5 25.0+0.2

+0.3 +13.6% 25.4−0.1
+0.2 +1.6%

TABLE I: QCD corrections to t-channel single top quark production cross sections at 8 TeV LHC with a cut on the transverse
momentum of the top quark p⊥. Cross sections are shown at leading, next-to-leading and next-to-next-to-leading order in
dependence of the factorization and renormalization scale µ = mt (central value), µ = 2mt (upper value) and µ = mt/2 (lower
value). Corrections at NLO and at NNLO (relative to the NLO) are shown in percent for µ = mt.

las for the phase-space parametrization relevant for the
ub → dt, ub → dtg and ub → dtgg sub-processes, as well
as a discussion of an appropriate choices of variables rel-
evant for the extraction of singularities can be found in
that reference. Using the language of that paper, we only
need to consider “initial-state” sectors since there are no
collinear singularities associated with final state particles
due to the fact that top quarks are massive. All calcula-
tions required for initial-state sectors are documented in
Ref. [61] except that here we need soft and collinear lim-
its for incoming quarks, rather than gluons, and the soft
current for a massive particle. This, however, is a minor
difference that does not affect the principal features of
the computational method.

The above discussion of the NNLO QCD corrections
to the heavy quark line can be applied almost verba-
tim to corrections to the light quark line. The two-loop
corrections for the 0 → qq̄′W ∗ vertex are known since
long ago [62–64]. One-loop corrections to 0 → qq̄′gW ∗

scattering are also well-known; we implemented the re-
sult presented in [65] and again checked the implemen-
tation against an independent computation based on the
Passarino-Veltman reduction. Apart from different am-
plitudes, the only minor difference with respect to cor-
rections to the heavy quark line is that in this case there
are collinear singularities associated with both, the in-
coming and the outgoing quark lines. We deal with this
problem splitting the real-emission contribution into sec-
tors, see Ref. [61]. In the language of that paper, we
have to consider “initial-initial”, “final-final” and mixed
“initial-final” sectors. Finally, we briefly comment on the
contribution shown in Fig.1c. We note that, although
formally NNLO, it is effectively the product of NLO cor-
rections to the heavy and the light quark lines, so that
it can be dealt with using techniques familiar from NLO
computations.

We will now comment on our treatment of γ5. For
perturbative calculations at higher orders the presence of
the Dirac matrix γ5 is a nuisance since it can not be con-
tinued to d-dimensions in a straightforward way. While
computationally-efficient ways to deal with γ5 in com-
putations, that employ dimensional regularization, exist
(see e.g. Ref. [66]), they are typically complex and un-
transparent. Fortunately, there is a simple way to solve
the γ5 problem in our case. Indeed, in the calculation of
virtual corrections to the tWb weak vertex, γ5 is taken

to be anti-commuting [40–43]. This enforces the left-
handed polarization of the b-quark and removes the issue
of γ5 altogether. Indeed, if we imagine that the weak
b → t transition is facilitated by the vector current but
we select the b-quark with left-handed polarization only,
we will obtain the same result as when the calculation is
performed with the anti-commuting γ5. Since the can-
cellation of infra-red and collinear divergences occurs for
each polarization of the incoming b-quark separately, this
approach completely eliminates the need to specify the
scheme for dealing with γ5 and automatically enforces
simultaneous conservation of vector and axial currents –
a must-have feature if quantum anomalies are neglected.
Of course, this requires that we deal with the γ5 appear-
ing in real emission diagrams in the same way as in the
virtual correction and this is, indeed, what we do by us-
ing helicity amplitudes, as described in [39].

We have performed several checks to ensure that our
calculation of NNLO QCD corrections to single top quark
production is correct. For example, we have compared all
the tree-level matrix elements that are used in this com-
putation, e.g. ub → dt+ng, with 0 ≤ n ≤ 2, ub → dt+qq̄,
ug → db̄t+mg, 0 ≤ m ≤ 1, against MadGraph [67] and
found complete agreement. We have extracted one-loop
amplitudes for 0 → Wtb̄g from MCFM [45] and checked
them against our own implementation of the Passarino-
Veltman reduction, for both the W ∗b → tg and the
W ∗g → tb̄ processes. We have cross-checked one-loop
amplitudes for W ∗u → dg and related channels against
MadLoop [68]. In the intermediate stages of the compu-
tation, we also require reduced tree and one-loop ampli-
tudes computed to higher orders in ε, as explained e.g. in
Ref. [61]. We checked that their contributions drop out
from the final results, in accord with the general conclu-
sion of Ref. [69].

One of the most important checks is provided by the
cancellation of infra-red and collinear divergences. In-
deed, the technique for NNLO QCD computations de-
scribed in Refs. [47–49] leads to a Laurent expansion
of different contributions to differential cross sections in
the dimensional regularization parameter ε; coefficients
of this expansion are computed by numerical integra-
tion. Independence of physical cross sections on the reg-
ularization parameter is therefore achieved numerically,
when different contributions to such cross sections (two-
loop virtual corrections, one-loop corrections to single
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p⊥ σLO, pb σNLO, pb δNLO σNNLO, pb δNNLO

0 GeV 29.1+1.7
−2.4 30.1+0.9

−0.5 +3.4% 29.7+0.3
−0.1 −1.3%

20 GeV 24.8+1.4
−2.0 26.3+0.7

−0.3 +6.0% 26.2−0.01
−0.1 −0.4%

40 GeV 17.1+0.9
−1.3 19.1+0.3

+0.1 +11.7% 19.3−0.2
+0.1 +1.0%

60 GeV 10.8+0.5
−0.7 12.7+0.03

+0.2 +17.6% 12.9−0.2
+0.2 +1.6%

TABLE II: QCD corrections to the t-channel single anti-top production cross sections at 8 TeV LHC with a cut on the transverse
momentum of the anti-top quark p⊥. Cross sections are shown at leading, next-to-leading and next-to-next-to-leading order in
dependence of the factorization and renormalization scale µ = mt (central value), µ = 2mt (upper value) and µ = mt/2 (lower
value). Corrections at NLO and at NNLO (relative to the NLO) are shown in percent for µ = mt.

real emission contributions, double real emission contri-
butions, renormalization, collinear subtractions of parton
distribution functions, etc.) are combined. The numeri-
cal cancellation of the O(εi) contributions, −4 ≤ i ≤ −1
is an important check of the calculation. We computed
partonic cross sections for the t-channel single-top pro-
duction at three different center of mass energies and
observed cancellation of 1/ε4, 1/ε3, 1/ε2 and 1/ε singu-
larities. For the 1/ε contributions to the cross section,
we find that the cancellation is at the per mill level,
independent of the center-of-mass collision energy. For
higher poles, cancellations improve by, roughly, an order
of magnitude per power of 1/ε. We have also checked that
similar degree of cancellations is achieved for hadronic
cross sections, which are computed by integrating par-
tonic cross sections with parton distribution functions.

III. RESULTS

We are now in position to present the results of our
calculation. We have chosen to consider the 8 TeV LHC.
We use the MSTW2008 set for parton distribution func-
tions and αs; when results for NkLO cross sections are
reported, the relevant PDF set and αs value are used.
We also set the CKM matrix to the identity matrix, the
top quark mass to mt = 173.2 GeV, the Fermi constant
to GF = 1.16639× 10−5 GeV−2 and the mass of the W
boson to 80.398 GeV. The factorization and renormaliza-
tion scales are by default set to the value of the top quark
mass mt and varied by a factor two to probe sensitivity
of the results to these unphysical scales.2 We account for
all partonic channels. At LO, this means that the light
quark transition is initiated either by an up-type quark or
by a down-type anti-quark, while the heavy quark tran-
sition can only be initiated by a b-quark. At NLO, the
gluon channel opens up, both for the light and the heavy
quark transitions. At NNLO, in addition to that, we

2 We note that by comparing NLO QCD corrections to single-top
production in four- and five-flavor schemes, it was suggested [25]
that choosing mt/2 as a central value is more appropriate. Given
reduced dependence on the renormalization/factorization scales
at NNLO, this issue is less relevant for our computation.

also have to take into account pure singlet contributions,
for example W ∗b → būd for the light quark line and
W ∗u → ub̄t for the heavy quark line. Although we in-
clude all partonic channels in our calculation, it turns
out that their contributions to single-top production dif-
fer significantly. Indeed, we find that it is important to
include bu → dt, gu → dtb̄, qu → dqtb̄ and gb → qq̄′t
in the computation of NLO and NNLO QCD corrections
while other channels can, in principle, be neglected.

The simplest observable to discuss is the total cross
section. Using the input parameters given in the previ-
ous paragraph, we find the leading order cross section for
single-top production at 8 TeV LHC to be σLO

t = 53.8 pb,
if we set the renormalization and factorization scales to
µ = mt. The next-to-leading order QCD cross section at
µ = mt is σNLO

t = 55.1 pb, corresponding to an increase
of the leading order cross section by 2.5 percent. It is
important to realize that this small increase is the re-
sult of significant cancellations between various sources
of QCD corrections. For example, NLO QCD correc-
tions in the bq partonic channel increase the leading or-
der cross section by 10%, which is more in line with the
expected size of NLO QCD corrections. However, this
positive correction is largely canceled by the quark-gluon
channel that appears at next-to-leading order for the first
time. The gluon-initiated channels have large and nega-
tive cross sections. Indeed, the qg → tb̄q′ and gb → qq̄′t
partonic processes change the leading order cross section
by −14%. When the leading order cross section is com-
puted with NLO PDFs, it increases by 8%. Finally, when
all the different contributions are combined, a small pos-
itive change in the single-top production cross section at
NLO is observed. The scale dependence of leading and
next-to-leading order cross sections is shown in Table I.
For the total single-top production cross section, we ob-
serve that the residual scale dependence at NLO is at a
few percent level. For µ = mt, the NNLO QCD cross
section is σNNLO

t = 54.2 pb, corresponding to a decrease
of the NLO cross section by −1.5%. The magnitude of
NNLO corrections is similar to the NLO corrections, il-
lustrating the accidental smallness of the latter. As can
be seen from Table I, the residual scale dependence of the
NNLO result is very small, of the order of one percent.

The simplest observable, beyond the total cross sec-
tion that one can study, is the cross section with a cut on
the transverse momentum of the top quark. The corre-



Vtx from Single Top Production

• t-channel production @ LHC predicted at few % level!

• proportional to |Vtx|2:

5

σNNLO

t& t̄ = 83.9+0.8
−0.3pb

4

p⊥ σLO, pb σNLO, pb δNLO σNNLO, pb δNNLO

0 GeV 53.8+3.0
−4.3 55.1+1.6

−0.9 +2.4% 54.2+0.5
−0.2 −1.6%

20 GeV 46.6+2.5
−3.7 48.9+1.2

−0.5 +4.9% 48.3+0.3
−0.02 −1.2%

40 GeV 33.4+1.7
−2.5 36.5+0.6

−0.03 +9.3% 36.5+0.1
+0.1 −0.1%

60 GeV 22.0+1.0
−1.5 25.0+0.2

+0.3 +13.6% 25.4−0.1
+0.2 +1.6%

TABLE I: QCD corrections to t-channel single top quark production cross sections at 8 TeV LHC with a cut on the transverse
momentum of the top quark p⊥. Cross sections are shown at leading, next-to-leading and next-to-next-to-leading order in
dependence of the factorization and renormalization scale µ = mt (central value), µ = 2mt (upper value) and µ = mt/2 (lower
value). Corrections at NLO and at NNLO (relative to the NLO) are shown in percent for µ = mt.

las for the phase-space parametrization relevant for the
ub → dt, ub → dtg and ub → dtgg sub-processes, as well
as a discussion of an appropriate choices of variables rel-
evant for the extraction of singularities can be found in
that reference. Using the language of that paper, we only
need to consider “initial-state” sectors since there are no
collinear singularities associated with final state particles
due to the fact that top quarks are massive. All calcula-
tions required for initial-state sectors are documented in
Ref. [61] except that here we need soft and collinear lim-
its for incoming quarks, rather than gluons, and the soft
current for a massive particle. This, however, is a minor
difference that does not affect the principal features of
the computational method.

The above discussion of the NNLO QCD corrections
to the heavy quark line can be applied almost verba-
tim to corrections to the light quark line. The two-loop
corrections for the 0 → qq̄′W ∗ vertex are known since
long ago [62–64]. One-loop corrections to 0 → qq̄′gW ∗

scattering are also well-known; we implemented the re-
sult presented in [65] and again checked the implemen-
tation against an independent computation based on the
Passarino-Veltman reduction. Apart from different am-
plitudes, the only minor difference with respect to cor-
rections to the heavy quark line is that in this case there
are collinear singularities associated with both, the in-
coming and the outgoing quark lines. We deal with this
problem splitting the real-emission contribution into sec-
tors, see Ref. [61]. In the language of that paper, we
have to consider “initial-initial”, “final-final” and mixed
“initial-final” sectors. Finally, we briefly comment on the
contribution shown in Fig.1c. We note that, although
formally NNLO, it is effectively the product of NLO cor-
rections to the heavy and the light quark lines, so that
it can be dealt with using techniques familiar from NLO
computations.

We will now comment on our treatment of γ5. For
perturbative calculations at higher orders the presence of
the Dirac matrix γ5 is a nuisance since it can not be con-
tinued to d-dimensions in a straightforward way. While
computationally-efficient ways to deal with γ5 in com-
putations, that employ dimensional regularization, exist
(see e.g. Ref. [66]), they are typically complex and un-
transparent. Fortunately, there is a simple way to solve
the γ5 problem in our case. Indeed, in the calculation of
virtual corrections to the tWb weak vertex, γ5 is taken

to be anti-commuting [40–43]. This enforces the left-
handed polarization of the b-quark and removes the issue
of γ5 altogether. Indeed, if we imagine that the weak
b → t transition is facilitated by the vector current but
we select the b-quark with left-handed polarization only,
we will obtain the same result as when the calculation is
performed with the anti-commuting γ5. Since the can-
cellation of infra-red and collinear divergences occurs for
each polarization of the incoming b-quark separately, this
approach completely eliminates the need to specify the
scheme for dealing with γ5 and automatically enforces
simultaneous conservation of vector and axial currents –
a must-have feature if quantum anomalies are neglected.
Of course, this requires that we deal with the γ5 appear-
ing in real emission diagrams in the same way as in the
virtual correction and this is, indeed, what we do by us-
ing helicity amplitudes, as described in [39].

We have performed several checks to ensure that our
calculation of NNLO QCD corrections to single top quark
production is correct. For example, we have compared all
the tree-level matrix elements that are used in this com-
putation, e.g. ub → dt+ng, with 0 ≤ n ≤ 2, ub → dt+qq̄,
ug → db̄t+mg, 0 ≤ m ≤ 1, against MadGraph [67] and
found complete agreement. We have extracted one-loop
amplitudes for 0 → Wtb̄g from MCFM [45] and checked
them against our own implementation of the Passarino-
Veltman reduction, for both the W ∗b → tg and the
W ∗g → tb̄ processes. We have cross-checked one-loop
amplitudes for W ∗u → dg and related channels against
MadLoop [68]. In the intermediate stages of the compu-
tation, we also require reduced tree and one-loop ampli-
tudes computed to higher orders in ε, as explained e.g. in
Ref. [61]. We checked that their contributions drop out
from the final results, in accord with the general conclu-
sion of Ref. [69].

One of the most important checks is provided by the
cancellation of infra-red and collinear divergences. In-
deed, the technique for NNLO QCD computations de-
scribed in Refs. [47–49] leads to a Laurent expansion
of different contributions to differential cross sections in
the dimensional regularization parameter ε; coefficients
of this expansion are computed by numerical integra-
tion. Independence of physical cross sections on the reg-
ularization parameter is therefore achieved numerically,
when different contributions to such cross sections (two-
loop virtual corrections, one-loop corrections to single

(does not include ~2% PDF uncertainty)

!  (pp  t/X) = Ad|Vtd|2 + As|Vts|2 + Ab|Vtb|2 (and (pp ttX)) 
!  One then solves the cross-section for the CKM matrix elements, 

given the dynamical quantities Ad, As and Ab. 
!  Depend on estimates of the various electroweak processes in the 

single-top (or anti-top) production and on the parton distribution 
functions (PDFs)  

!   Typical estimates at LHC (!s = 14 TeV )  
!  Ad = 766(253) pb,  
!  As = 277(172) pb  
!  At = 150(87) pb 
where the numbers in the parenthesis refer to the production of 
anti-top.  

!  Based on these estimates, at the LHC: As/Ab  2 and Ad/Ab  5.  
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USING SINGLE TOP (ANTI-TOP) PRODUCTION TO DETERMINE 
THE MATRIX ELEMENTS (1) 

From the cross section measurement by a simultaneous fit: 

Ad : As : Ab = 5 : 1.8 : 1

|Vtd|2 : |Vts|2 : |Vtb|2 = 6× 10−5 : 1.6× 10−3 : 1in SM

H. Lacker et al.,  1202.4694



Vtx from Single Top Production

• t-channel production @ LHC predicted at few % level!

• proportional to |Vtx|2:

• including top decay

•  
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p⊥ σLO, pb σNLO, pb δNLO σNNLO, pb δNNLO

0 GeV 53.8+3.0
−4.3 55.1+1.6

−0.9 +2.4% 54.2+0.5
−0.2 −1.6%

20 GeV 46.6+2.5
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−0.5 +4.9% 48.3+0.3
−0.02 −1.2%

40 GeV 33.4+1.7
−2.5 36.5+0.6

−0.03 +9.3% 36.5+0.1
+0.1 −0.1%

60 GeV 22.0+1.0
−1.5 25.0+0.2

+0.3 +13.6% 25.4−0.1
+0.2 +1.6%

TABLE I: QCD corrections to t-channel single top quark production cross sections at 8 TeV LHC with a cut on the transverse
momentum of the top quark p⊥. Cross sections are shown at leading, next-to-leading and next-to-next-to-leading order in
dependence of the factorization and renormalization scale µ = mt (central value), µ = 2mt (upper value) and µ = mt/2 (lower
value). Corrections at NLO and at NNLO (relative to the NLO) are shown in percent for µ = mt.
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that reference. Using the language of that paper, we only
need to consider “initial-state” sectors since there are no
collinear singularities associated with final state particles
due to the fact that top quarks are massive. All calcula-
tions required for initial-state sectors are documented in
Ref. [61] except that here we need soft and collinear lim-
its for incoming quarks, rather than gluons, and the soft
current for a massive particle. This, however, is a minor
difference that does not affect the principal features of
the computational method.

The above discussion of the NNLO QCD corrections
to the heavy quark line can be applied almost verba-
tim to corrections to the light quark line. The two-loop
corrections for the 0 → qq̄′W ∗ vertex are known since
long ago [62–64]. One-loop corrections to 0 → qq̄′gW ∗
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tation against an independent computation based on the
Passarino-Veltman reduction. Apart from different am-
plitudes, the only minor difference with respect to cor-
rections to the heavy quark line is that in this case there
are collinear singularities associated with both, the in-
coming and the outgoing quark lines. We deal with this
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contribution shown in Fig.1c. We note that, although
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it can be dealt with using techniques familiar from NLO
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the Dirac matrix γ5 is a nuisance since it can not be con-
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Of course, this requires that we deal with the γ5 appear-
ing in real emission diagrams in the same way as in the
virtual correction and this is, indeed, what we do by us-
ing helicity amplitudes, as described in [39].

We have performed several checks to ensure that our
calculation of NNLO QCD corrections to single top quark
production is correct. For example, we have compared all
the tree-level matrix elements that are used in this com-
putation, e.g. ub → dt+ng, with 0 ≤ n ≤ 2, ub → dt+qq̄,
ug → db̄t+mg, 0 ≤ m ≤ 1, against MadGraph [67] and
found complete agreement. We have extracted one-loop
amplitudes for 0 → Wtb̄g from MCFM [45] and checked
them against our own implementation of the Passarino-
Veltman reduction, for both the W ∗b → tg and the
W ∗g → tb̄ processes. We have cross-checked one-loop
amplitudes for W ∗u → dg and related channels against
MadLoop [68]. In the intermediate stages of the compu-
tation, we also require reduced tree and one-loop ampli-
tudes computed to higher orders in ε, as explained e.g. in
Ref. [61]. We checked that their contributions drop out
from the final results, in accord with the general conclu-
sion of Ref. [69].

One of the most important checks is provided by the
cancellation of infra-red and collinear divergences. In-
deed, the technique for NNLO QCD computations de-
scribed in Refs. [47–49] leads to a Laurent expansion
of different contributions to differential cross sections in
the dimensional regularization parameter ε; coefficients
of this expansion are computed by numerical integra-
tion. Independence of physical cross sections on the reg-
ularization parameter is therefore achieved numerically,
when different contributions to such cross sections (two-
loop virtual corrections, one-loop corrections to single
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USING SINGLE TOP (ANTI-TOP) PRODUCTION TO DETERMINE 
THE MATRIX ELEMENTS (1) 

From the cross section measurement by a simultaneous fit: 

|Vtd|2 : |Vts|2 : |Vtb|2 = 6× 10−5 : 1.6× 10−3 : 1in SM

Ad : As : Ab = 5 : 1.8 : 1

✗ ✗

σ(pp → (t → bW )/X) � Ab|Vtb|2R

1 Introduction

The value of the CKM matrix element Vtb, related to the top-bottom charged current, is
often considered to be known to a very satisfactory precision (0.9990 < |Vtb| < 0.9992 at
90% C.L. [1]). However, this range is determined using a full set of tree-level processes
and relies on the unitarity of the 3 × 3 CKM matrix. The unitary assumption is mainly
supported by three experimental facts:

1. The measurement of Vub and Vcb in B mesons decays. We now know that the hi-
erarchy of the elements belonging to the first two rows of the CKM matrix is in
excellent agreement with the unitary condition. This is particularly evident within
the Wolfenstein’s parametrization in terms of λ ≡ sin θc # 0.22 where θc is the
Cabibbo angle.

2. The recent DØ and CDF results on ∆MBs
[2, 3]:

17 ps−1 < ∆MBs
< 21 ps−1 (90% C.L. interval) DØ collaboration (1)

17.33+0.42
−0.21(stat.) ± 0.07(syst.) ps−1 CDF collaboration . (2)

The rather precise CDF measurement allows us to extract the ratio |Vtd/Vts|

0.20 < |Vtd/Vts| < 0.22 , (3)

by using ∆MBd
/∆MBs

(see, e.g., Ref. [1]) and taking into account the theoretical
uncertainty associated with the hadronic matrix elements [4]. This ratio fits well
with the unitary hypothesis which predicts it to be of order λ. One should emphasize
however, that these processes come from loop diagrams, and could be polluted by
new physics contributions.

3. The Tevatron measurements of R based on the relative number of tt̄-like events with
zero, one and two tagged b-jets. The resulting values for R are 1.12+0.27

−0.23 (stat. +
syst.) [5] and 1.03+0.19

−0.17 (stat. + syst.) [6] for CDF and DØ respectively, both giving
R > 0.61 at 95% confidence level. Recalling the definition

R ≡
|Vtb|2

|Vtd|2 + |Vts|2 + |Vtb|2
, (4)

it is clear that R # 1 implies a strong hierarchy between Vtb and the other two
matrix elements, as expected in the unitary case. As we will argue later on, the
upper limits of the single top production cross sections from Tevatron might already
provide (rather loose) additional constraints on their absolute magnitude, |Vts| <∼ 0.62
and |Vtd| <∼ 0.46.

On the other hand, contrary to what has sometimes been argued, none of these experi-
mental facts are directly constraining Vtb. In fact, even its “direct” determination from R,

1

determined from B(t → bW )/B(t → qW )

!  (pp  t/X) = Ad|Vtd|2 + As|Vts|2 + Ab|Vtb|2 (and (pp ttX)) 
!  One then solves the cross-section for the CKM matrix elements, 

given the dynamical quantities Ad, As and Ab. 
!  Depend on estimates of the various electroweak processes in the 

single-top (or anti-top) production and on the parton distribution 
functions (PDFs)  

!   Typical estimates at LHC (!s = 14 TeV )  
!  Ad = 766(253) pb,  
!  As = 277(172) pb  
!  At = 150(87) pb 
where the numbers in the parenthesis refer to the production of 
anti-top.  

!  Based on these estimates, at the LHC: As/Ab  2 and Ad/Ab  5.  
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USING SINGLE TOP (ANTI-TOP) PRODUCTION TO DETERMINE 
THE MATRIX ELEMENTS (1) 

From the cross section measurement by a simultaneous fit: 
• ~8% measurement of                can be translated into ~4% 

determination of |Vtb|  ⇒ theoretically δ|Vtb| < 1% possible

J. Alwall et al., hep-ph/0607115

H. Lacker et al.,  1202.4694

• Access to Vts & Vtd?



Vtx from Single Top Production

• Access to Vts & Vtd?

• In t-channel and tW production from initial s, b sea quarks,the 
events more central than those resulting from initial d quarks.

• more pronounced for final state t quarks than for antiquarks.

• Sensitivity far from expected value of |Vtd| (by two orders of 
magnitude)

• Better prospects for |Vts| determination from t decays using 
characteristic differences in the b- and s-jet profiles

7

J. A. Aguilar-Saavedra and A. Onofre, 1002.4718

A. Ali, F. Barreiro and Th. Lagouri, (PLB 693(2010) 44-51).



Single top production beyond SM

• s- t- channel resonant production

• single production of fermionic t & b partners

• EFT

• anomalous tWb couplings & 4-quark operators
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Search for tb resonances at ATLAS 
using 1.04 fb-1 

13 
Muhammad Alhroob 

NLO calculations  

Z. Sullivan, Phys. Rev. D 66, 075011(2002) 

A right-handed W’R with SM like 
couplings is chosen as a benchmark 
model in the search for tb resonances  

!  Extensions to SM predict extra W boson (W’) 
!  W’ can have right-, left-handed coupling depends  
     on the model 
 
!  W’ is searched in tb resonance since many models 

predict it more strongly coupled to the third generation 
than the first and second generation 

!  Easier to suppress the background  

Phys.Rev.Lett. 109 (2012) 081801 

Jiang-Hao Yu (UT Austin)

! W-prime

5

S-CHANNEL NEW PHYSICS

muon decay process here

! Charged Higgs (color neutral)

! Color exotic states (sextet, triplet)

! SM: large rate at Tevatron, small at LHC

!New physics: resonance effects, small SM irreducible bg

Jiang-Hao Yu (UT Austin)

! Resonance production: 4-th generation quark, vector-like 
quark

14

T-CHANNEL NEW PHYSICS

muon decay process here

! FCNC Z-prime/g-prime

Strong flavor constraints 
D-Dbar Mixing

Arhrib, Cheung, Chiang, Yuan

Jiang-Hao Yu (UT Austin)
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quark
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Resonant single top production
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non-universal 
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MFV-like multiple 
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Generically 
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from D-D mixing 

Ahrib et al., hep-ph/0602175

FCNC Z’ models

http://arXiv.org/abs/hep-ph/0602175
http://arXiv.org/abs/hep-ph/0602175


Resonant single top production

• The spin analyzing power of top decays can be used to probe 
resonance chirality

• distribution of charged lepton in W decay 

• In top rest frame, lepton always along top spin direction

• In helicity basis
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TOP QUARK DECAY
! In the top quark rest frame
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lepton is maximally 
polarized 

! helicity basis
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NLO calculations  

Z. Sullivan, Phys. Rev. D 66, 075011(2002) 

A right-handed W’R with SM like 
couplings is chosen as a benchmark 
model in the search for tb resonances  

!  Extensions to SM predict extra W boson (W’) 
!  W’ can have right-, left-handed coupling depends  
     on the model 
 
!  W’ is searched in tb resonance since many models 

predict it more strongly coupled to the third generation 
than the first and second generation 

!  Easier to suppress the background  

Phys.Rev.Lett. 109 (2012) 081801 
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! W-prime
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S-CHANNEL NEW PHYSICS

muon decay process here

! Charged Higgs (color neutral)

! Color exotic states (sextet, triplet)

! SM: large rate at Tevatron, small at LHC

!New physics: resonance effects, small SM irreducible bg



Resonant single top production

• Fermionic top partners below TeV ubiquitous in models of a light 
composite Higgs

• top quark partial compositeness implies sizable t-T mixing

• single T production important search channel                               
(especially for heavier T masses)
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! Resonance production: 4-th generation quark, vector-like 
quark
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Figure 4: Maximum single heavy quark production cross sections at the LHC with 8 TeV

(left) and 13 TeV (right), for selected quark multiplets. The dotted part of the lines

indicate the range of masses already excluded by direct searches. In the left plot, the

shaded area corresponds to cross sections below 1 fb, uninteresting for the luminosity

L ! 20 fb−1 collected.

The Y quark decays into W−b with 100% branching ratio, so the signal resulting from

its single production is Y b̄j → W−bb̄j, which may be distinguished from the production

of W + jets by the large Wb invariant mass and the presence of a forward jet. For T b̄j,

the T singlet decays into W+b, Zt and Ht with branching ratios around 0.5 : 0.25 : 0.25.

The resulting signal W+bb̄j should be visible over the W+ jets background; in the Zt

decay channel the leptonic Z mode gives a clean signal but with a small branching ratio

and the signal in the Higgs channel might be identified by requiring several b tags and a

forward jet. The same can be said about Bb̄j with B → Hb, Zb, which have branching

ratios around 0.5 : 0.5 for the (B Y ) doublet. More detailed studies of the LHC sensitivity

to single T production have been given in [73–75].

7 Effects in top couplings

Using the explicit expressions for the Lagrangians collected in Appendix A, the limits on

mixing angles presented in the previous section can be directly translated into constraints

contributions of different vector-like multiplets (and/or other types of new physics), as we have discussed

above. Whether the large mixings necessary to make these processes phenomenologically relevant are

compatible with precision electroweak data needs to be checked for each model of this kind.

17

8 TeV LHC
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BSM single top production in decoupling limit

• If NP degrees of freedom kinematically inaccessible can describe 
BSM effects in single top production in terms of EFT

• at lowest (na=2) order

(1) anomalous tWq, (tZq) couplings
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We show that the discovery channel for dark matter (DM) production at colliders can be through

flavor violating interactions resulting in a novel signature of a single top and large missing transverse

energy. We discuss several examples where the production of DM is dominated by flavor violating

couplings: minimal flavor violating models with a large bottom Yukawa, models with horizontal

symmetries, and DM in nontrivial flavor group representations. Discovery at the 7 TeV LHC with

a few fb
−1

may already be possible.

Introduction. The matter fields of the Standard
Model (SM) come in three generations, leading to dis-
tinct flavors of quarks and leptons. The gauge inter-
actions do not distinguish between different generations
and are flavor blind. The Yukawa interactions, on the
other hand, are flavor violating. We focus on the quark
sector, where the eigenvalues of the Yukawa matrices -
the quark masses - are very hierarchical and span 5 orders
of magnitude. Similar hierarchical structure is seen in
the Cabibbo-Kobayashi-Maskawa quark mixing matrix,
where the smallest off-diagonal element is Vub � 3×10−3.

A distinguishing feature of the SM gauge and matter
structure is that no Flavor Changing Neutral Currents
(FCNCs) are generated at the leading perturbative or-
der. They are further suppressed also by the smallness
of the relevant CKM matrix elements. The agreement of
predicted small FCNCs with the precision flavor experi-
ments requires any New Physics (NP) at the TeV scale
to have a highly nontrivial flavor structure. Only small
amount of flavor violation is allowed phenomenologically.
The flavor violation cannot be completely absent, how-
ever. If nothing else, the flavor symmetry is broken al-
ready by the SM Yukawas. At least at loop level (and
thus also from RG running) these will then feed into the
interactions between NP and the SM sector. Thus some
amount of flavor violation in the interactions between NP
and SM sector is unavoidable.

In this Letter we explore the consequences of the above
insight for the detection of Dark Matter (DM) at collid-
ers. We will show that large effects are likely, leading to
a prominent signal of a single top plus missing transverse
energy (MET). A t + /ET final state is an experimentally
readily accessible channel. Since in the SM the produc-
tion is both loop and CKM suppressed an observation of
a t + /ET signal above the background would be a clear
signal of NP at LHC. In fact, the t + /ET could even be
a discovery channel of DM for a large set of NP models.
For instance, the cross section for t + /ET can be orders
of magnitude larger then the monojet cross section even

∗Electronic address:jernej.kamenik@ijs.si
†Electronic address:jure.zupan@cern.ch

in the case of Minimal Flavor Violation (MFV), if the in-
teractions are chirality flipping. Somewhat surprisingly,
DM would then be discovered through flavor violating
interactions. While this paper was being finalized an
analysis of t + /ET experimental reach at LHC appeared
in [1], where a name monotop was coined for the t + /ET

signature.
Effective field theory description. We want to

compare the flavor violating production of DM at col-
liders with the flavor conserving one. The comparison
crucially depends on the size of flavor violation in the
NP sector that contains DM. To start with let us make
the discussion quite general by using the simplifying as-
sumption that all the NP states apart from DM are heavy
enough so that we can integrate them out at a large scale
Λ (we will later relax this assumption). We can then
write down an Effective Field Theory (EFT) for DM in-
teractions with the SM quark matter sector

Lint =
�

a

Ca

Λna
Oa . (1)

The sum above runs over the full set of SU(2) gauge
invariant operators Oa that are bilinear in quark fields.
For simplicity we assume that DM is not charged under
SM gauge group, so that to O(na ≤ 3)

O
ij
1a =

�
Q̄

i
LγµQ

j
L

�
J

µ
a ,

O
ij
2a =

�
ū

i
Rγµu

j
R

�
J

µ
a , O

ij
3a =

�
d̄

i
Rγµd

j
R

�
J

µ
a , (2)

O
ij
4a =

�
Q̄

i
LHu

j
R

�
Ja , O

ij
5a =

�
Q̄

i
LH̃d

j
R

�
Ja ,

and we do not write down additional tensor operators
(contractions of Lorentz tensors J µν

a ) for which the same
discussion as for O4a,5a will apply. Here QL, uR, dR are
respectively the left-handed quark doublets, and right-
handed up- and down- quarks, i, j are the generational
indices, H is the SM Higgs doublet (with H̃ = iσ2H

∗),
while Ja are the DM currents. Throughout this paper
we assume that DM is odd under an exact Z2. For
fermionic DM χ we then have J

µ
V,A = χ̄γµ{1, γ5}χ,

JS,P = χ̄{1, γ5}χ, (for Majorana fermion J
µ
V = 0), lead-

ing to na = 2 for O1a,...,3a in Eq. (1), while for O4a,5a we
have na = 3. For scalar DM J = χ†χ, J µ = χ†∂µχ, so
that na = 2 for all operators in (2).
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WAY 3: EFFECTIVE OPERATORS
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φq v2

Λ2
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Cφφv2
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Does not interfere with 
the SM channel

−0.0007 < FR < 0.0025
b→ sγ

!  Tree-level induced operators in effective theory 
                     

! After electroweak symmetry breaking
                     

Cao, Wudka, Yuanqq

⇒

Cao, Wudka & Yuan, 0704.2809
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2

The complete list of independent dimension six SM effective operators is reported in [3] of which we follow the
notation. The subset of operators that contributes to the anomalous couplings in eq. (1) consists of the following
operators

Ô(3)
ϕq = (ϕ†i

←→
D I

µϕ)(q̄Lσ
IγµqL)

Ôϕtb = i(ϕ̃†Dµϕ)(t̄Rγ
µbR)

ÔtW = q̄Lσ
µνσItRϕ̃W

I
µν

ÔbW = q̄Lσ
µνσIbRϕW

I
µν (3)

where qT = (t b), ϕ̃ = iσ2ϕ∗ andDµϕ = ∂µϕ+igW I
µ

σI

2 ϕ+ig�YϕBµϕ. After EW symmetry breaking ϕ = (0 υ+H/
√
2),

υ = 246 GeV, we can express the anomalous couplings in terms of the effective field theory coefficients as follows

VL = Vtb + c(3)ϕq
υ2

Λ2
� 1 + c(3)ϕq

υ2

Λ2

VR =
1

2
cϕtb

υ2

Λ2

gR =
√
2 ctW

υ2

Λ2

gL =
√
2 cbW

υ2

Λ2
. (4)

There is another operator that enters in the processes we consider, it is the four fermion operator

Ô(3)
qq� = q̄Lγ

µσIqLq̄
�
Lγ

µσIq�L , (5)

where q�T = (u d) and, as before, qT = (t b). It does not give a direct contribution to the anomalous couplings but its
interplay with the other operators modifies the limits. For this reason it must be included and its effect parametrized
by a new coefficient

C4f = c(3)qq�
v2

Λ2
, (6)

which can be further identified by taking c(3)qq� = 2π with the usual convention of writing four-quark operators as

2π

Λ2
ψ̄Lγ

µψL ψ̄LγµψL , (7)

where the coefficient 2π represents the strength of a strongly interacting new-physics sector—the integration of which
gives rise to the effective operator.

The effect of these operators on the top-quark EW anomalous couplings can be best studied in two processes: top
decay (by means of the W polarizations) and single-top production.

B. Effective Gtt̄ vertex

The effective vertex for the Gtt̄ interactions can be written as

LGtt̄ = −gst̄

�
γµF1(q

2) +
iσµνqν
2mt

F2(q
2)

�
Gµ t , (8)

where gs is the strong SU(3)C coupling constant, Gµ = TAGA
µ is the gluon field, TA are the SU(3)C group generators,

qµ is the momentum carried by the gluon, t denotes the top quark field. The interaction in eq. (8) is the most general
after assuming that the vector-like nature of the gluon-top quark vertex is preserved by the underlying dynamics
giving rise to the composite state.

The leading contributions come from the following two higher dimensional operators:

Ô1 = gs
C1

m2
t

t̄γµTAtD
νGA

µν and Ô2 = gs
C2υ

2
√
2m2

t

t̄σµνTAtG
A
µν (9)
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I. MOTIVATIONS AND NOTATION

Precision studies of the interaction vertices of the top quark to the gauge bosons provide an important tool in testing

the standard model (SM) and searching for new physics contributions. Currently available measurements from the

Tevatron and the LHC allow to set limits on possible deviations in the values of the top quark couplings from their

SM values. A model independent framework to study these anomalous couplings is effective field theory, where the

modifications are encoded into the coefficients of a set of higher dimensional operators that parametrize the effects of
new physics at low energy. The language of effective field theory is very helpful in identifying the source of top quark

anomalous couplings and guiding us toward the identification of possible new physics contributions.

The top quark has both strong and electroweak (EW) interactions. While all interactions come together in collider

physics, it is possible to separate in most processes the EW from the strong part so that the anomalous vertices can be

discussed separately. In this paper we concentrate on the study of the Wtb vertex; the strong interaction Gtt̄ vertex

was recently studied in [1]—the results of which are here reported. Possible deviations in the interaction between the

top quark and the neutral bosons Z and γ—they enter the associated productions tt̄Z and tt̄γ—are left out because

still poorly measured.

A. Effective Wtb vertex

Following the literature [2], we write the effective lagrangian that describes, after EW symmetry breaking, the most

general Wtb vertex as

LWtb = − g√
2
b̄γµ

(VLPL + VRPR)tW
−
µ − g√

2
b̄
iσµνqν

mW
(gLPL + gRPR)tW

−
µ + h.c. , (1)

where g is the SU(2)L gauge coupling, PL,R the chiral projectors (1 ± γ5)/2 and σµν
= i[γµ, γν

]/2. The coefficients

VL, VR, gL and gR are, in general, complex dimensionless constants. In this work we will restrict ourselves to the

CP-conserving case and these couplings are taken to be real. In the SM the Wtb vertex in eq. (1) reduces at the

tree level to the Dirac vertex with VL = 1 (after mass diagonalization, VL = Vtb � 1) and we take it to be positive.

Corrections to VL, as well as the others non-zero anomalous couplings VR, gL, gR can be generated by new physics.

If the physics beyond the SM lies at an energy scale Λ that is larger than the EW scale υ, then we can parametrize

its effects via higher dimensional operators respecting the SM symmetries in a series suppressed by inverse powers of

the scale Λ. The leading contributions arise at dimension six and can be written as an expansion of local operators

{Ôk}

Ldim 6
SM =

�

k

ck

Λ2
Ôk , (2)

where ck are dimensionless coefficients.
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We show that the discovery channel for dark matter (DM) production at colliders can be through

flavor violating interactions resulting in a novel signature of a single top and large missing transverse

energy. We discuss several examples where the production of DM is dominated by flavor violating

couplings: minimal flavor violating models with a large bottom Yukawa, models with horizontal

symmetries, and DM in nontrivial flavor group representations. Discovery at the 7 TeV LHC with

a few fb
−1

may already be possible.

Introduction. The matter fields of the Standard
Model (SM) come in three generations, leading to dis-
tinct flavors of quarks and leptons. The gauge inter-
actions do not distinguish between different generations
and are flavor blind. The Yukawa interactions, on the
other hand, are flavor violating. We focus on the quark
sector, where the eigenvalues of the Yukawa matrices -
the quark masses - are very hierarchical and span 5 orders
of magnitude. Similar hierarchical structure is seen in
the Cabibbo-Kobayashi-Maskawa quark mixing matrix,
where the smallest off-diagonal element is Vub � 3×10−3.

A distinguishing feature of the SM gauge and matter
structure is that no Flavor Changing Neutral Currents
(FCNCs) are generated at the leading perturbative or-
der. They are further suppressed also by the smallness
of the relevant CKM matrix elements. The agreement of
predicted small FCNCs with the precision flavor experi-
ments requires any New Physics (NP) at the TeV scale
to have a highly nontrivial flavor structure. Only small
amount of flavor violation is allowed phenomenologically.
The flavor violation cannot be completely absent, how-
ever. If nothing else, the flavor symmetry is broken al-
ready by the SM Yukawas. At least at loop level (and
thus also from RG running) these will then feed into the
interactions between NP and the SM sector. Thus some
amount of flavor violation in the interactions between NP
and SM sector is unavoidable.

In this Letter we explore the consequences of the above
insight for the detection of Dark Matter (DM) at collid-
ers. We will show that large effects are likely, leading to
a prominent signal of a single top plus missing transverse
energy (MET). A t + /ET final state is an experimentally
readily accessible channel. Since in the SM the produc-
tion is both loop and CKM suppressed an observation of
a t + /ET signal above the background would be a clear
signal of NP at LHC. In fact, the t + /ET could even be
a discovery channel of DM for a large set of NP models.
For instance, the cross section for t + /ET can be orders
of magnitude larger then the monojet cross section even
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in the case of Minimal Flavor Violation (MFV), if the in-
teractions are chirality flipping. Somewhat surprisingly,
DM would then be discovered through flavor violating
interactions. While this paper was being finalized an
analysis of t + /ET experimental reach at LHC appeared
in [1], where a name monotop was coined for the t + /ET

signature.
Effective field theory description. We want to

compare the flavor violating production of DM at col-
liders with the flavor conserving one. The comparison
crucially depends on the size of flavor violation in the
NP sector that contains DM. To start with let us make
the discussion quite general by using the simplifying as-
sumption that all the NP states apart from DM are heavy
enough so that we can integrate them out at a large scale
Λ (we will later relax this assumption). We can then
write down an Effective Field Theory (EFT) for DM in-
teractions with the SM quark matter sector
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The sum above runs over the full set of SU(2) gauge
invariant operators Oa that are bilinear in quark fields.
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a ) for which the same
discussion as for O4a,5a will apply. Here QL, uR, dR are
respectively the left-handed quark doublets, and right-
handed up- and down- quarks, i, j are the generational
indices, H is the SM Higgs doublet (with H̃ = iσ2H

∗),
while Ja are the DM currents. Throughout this paper
we assume that DM is odd under an exact Z2. For
fermionic DM χ we then have J

µ
V,A = χ̄γµ{1, γ5}χ,

JS,P = χ̄{1, γ5}χ, (for Majorana fermion J
µ
V = 0), lead-

ing to na = 2 for O1a,...,3a in Eq. (1), while for O4a,5a we
have na = 3. For scalar DM J = χ†χ, J µ = χ†∂µχ, so
that na = 2 for all operators in (2).
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FIG. 1: Examples of new physics that can induce the effective vertices listed in Eqs. (3) and (7).

(a) and (b) generate a Wtb vertex through mixing with a heavy W ′ gauge boson or a heavy T quark

(top-quark partner), while (c) and (d) induce effective four fermion operators through exchanging a

heavy W ′ gauge boson or a heavy charged Higgs boson φ+. Although (a) and (c) are both induced

by W ′, they originate from different new physics effects: the former is related to the gauge boson

mixing, while the latter to the W ′ couplings to quarks.
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partner), while (c) and (d) induce effective four fermion operators through exchanging a
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where φ denotes the SM scalar doublet, Dµ the covariant derivative, qh the left-handed top-

bottom SU(2) doublet, and t(b) the corresponding right-handed isosinglets [6]; τ I denote

the usual Pauli matrices, and ε the two-dimensional antisymmetric tensor (ε12 = −ε21 = 1)

in the weak isospin space. Upon symmetry breaking, the above two operators generate the

following contribution to the Wtb coupling:

OWtb =
g√
2

{

t̄γµ (FLPL + FRPR) bW+
µ + h.c.

}

, (3)

where FL = C(3)
φq v2/Λ2

NP and FR = Cφφv2/(2Λ2
NP), and v = 246 GeV is the vacuum expecta-

tion value (VEV) of φ .

There exists 3 tree-level-induced operators of the second type that can contribute to

single-top production [6, 7]:
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where ql and uR denote either first or second generation left-handed quark isodoublets and

right-handed singlets, respectively. The contributions of the first two of these operators,

however, will be of order of c2
i and can be ignored. This is because the vertices generated

by O(1)
qu and O(1)

qq do not interfer with the SM contribution when the bottom quark mass is

neglected. Hence we only need to consider the last operator, O(3)
qq , from which we extract

out the following effective qq′bt vertex:
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where G4f = C(3)
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NP) and Q, Q′ denote light-flavor quarks (u, d, c, s). (We have

inserted v2 to make G4f dimensionless.) For simplicity, we assume that the coefficients of

the four-fermion operators are proportional to the SM Cabibbo-Koboyashi-Maskawa (CKM)

matrix, i.e. C(3)
ud = C(3)

cs = kC(3)
us = −kC(3)

cd with k being equal to 1/ sin θc, where θc is the

Cabibbo angle 3.

3 The numerical results presented below do not change noticeably when C
(3)
us = C

(3)
cd

= 0.
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We show that the discovery channel for dark matter (DM) production at colliders can be through

flavor violating interactions resulting in a novel signature of a single top and large missing transverse

energy. We discuss several examples where the production of DM is dominated by flavor violating

couplings: minimal flavor violating models with a large bottom Yukawa, models with horizontal

symmetries, and DM in nontrivial flavor group representations. Discovery at the 7 TeV LHC with

a few fb
−1

may already be possible.

Introduction. The matter fields of the Standard
Model (SM) come in three generations, leading to dis-
tinct flavors of quarks and leptons. The gauge inter-
actions do not distinguish between different generations
and are flavor blind. The Yukawa interactions, on the
other hand, are flavor violating. We focus on the quark
sector, where the eigenvalues of the Yukawa matrices -
the quark masses - are very hierarchical and span 5 orders
of magnitude. Similar hierarchical structure is seen in
the Cabibbo-Kobayashi-Maskawa quark mixing matrix,
where the smallest off-diagonal element is Vub � 3×10−3.

A distinguishing feature of the SM gauge and matter
structure is that no Flavor Changing Neutral Currents
(FCNCs) are generated at the leading perturbative or-
der. They are further suppressed also by the smallness
of the relevant CKM matrix elements. The agreement of
predicted small FCNCs with the precision flavor experi-
ments requires any New Physics (NP) at the TeV scale
to have a highly nontrivial flavor structure. Only small
amount of flavor violation is allowed phenomenologically.
The flavor violation cannot be completely absent, how-
ever. If nothing else, the flavor symmetry is broken al-
ready by the SM Yukawas. At least at loop level (and
thus also from RG running) these will then feed into the
interactions between NP and the SM sector. Thus some
amount of flavor violation in the interactions between NP
and SM sector is unavoidable.

In this Letter we explore the consequences of the above
insight for the detection of Dark Matter (DM) at collid-
ers. We will show that large effects are likely, leading to
a prominent signal of a single top plus missing transverse
energy (MET). A t + /ET final state is an experimentally
readily accessible channel. Since in the SM the produc-
tion is both loop and CKM suppressed an observation of
a t + /ET signal above the background would be a clear
signal of NP at LHC. In fact, the t + /ET could even be
a discovery channel of DM for a large set of NP models.
For instance, the cross section for t + /ET can be orders
of magnitude larger then the monojet cross section even
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in the case of Minimal Flavor Violation (MFV), if the in-
teractions are chirality flipping. Somewhat surprisingly,
DM would then be discovered through flavor violating
interactions. While this paper was being finalized an
analysis of t + /ET experimental reach at LHC appeared
in [1], where a name monotop was coined for the t + /ET

signature.
Effective field theory description. We want to

compare the flavor violating production of DM at col-
liders with the flavor conserving one. The comparison
crucially depends on the size of flavor violation in the
NP sector that contains DM. To start with let us make
the discussion quite general by using the simplifying as-
sumption that all the NP states apart from DM are heavy
enough so that we can integrate them out at a large scale
Λ (we will later relax this assumption). We can then
write down an Effective Field Theory (EFT) for DM in-
teractions with the SM quark matter sector

Lint =
�

a

Ca

Λna
Oa . (1)

The sum above runs over the full set of SU(2) gauge
invariant operators Oa that are bilinear in quark fields.
For simplicity we assume that DM is not charged under
SM gauge group, so that to O(na ≤ 3)
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and we do not write down additional tensor operators
(contractions of Lorentz tensors J µν

a ) for which the same
discussion as for O4a,5a will apply. Here QL, uR, dR are
respectively the left-handed quark doublets, and right-
handed up- and down- quarks, i, j are the generational
indices, H is the SM Higgs doublet (with H̃ = iσ2H

∗),
while Ja are the DM currents. Throughout this paper
we assume that DM is odd under an exact Z2. For
fermionic DM χ we then have J

µ
V,A = χ̄γµ{1, γ5}χ,

JS,P = χ̄{1, γ5}χ, (for Majorana fermion J
µ
V = 0), lead-

ing to na = 2 for O1a,...,3a in Eq. (1), while for O4a,5a we
have na = 3. For scalar DM J = χ†χ, J µ = χ†∂µχ, so
that na = 2 for all operators in (2).

Can be constrained with combination of single top production 
and decay observables:
- modified rates
- effects on top polarization 15

c.f.
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FIG. 1. LHC 95% CL allowed regions in the planes [Re(gR), Re(gL)] (left) and [Re(VR), Re(VL)] (right) from W -boson helicity

and t-channel single top quark production at the LHC assuming couplings are real.

FIG. 2. 95% CL allowed regions for the VR (left) and gL (right) complex couplings from the combination of the W -boson

helicity and t-channel single top quark production measurements at the LHC.

FIG. 3. 95% CL allowed regions for the gR complex coupling from the combination of the W -boson helicity and t-channel single

top production measurements at the LHC (left) and combining all LHC and Tevatron results (right).
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We show that the discovery channel for dark matter (DM) production at colliders can be through

flavor violating interactions resulting in a novel signature of a single top and large missing transverse

energy. We discuss several examples where the production of DM is dominated by flavor violating

couplings: minimal flavor violating models with a large bottom Yukawa, models with horizontal

symmetries, and DM in nontrivial flavor group representations. Discovery at the 7 TeV LHC with

a few fb
−1

may already be possible.

Introduction. The matter fields of the Standard
Model (SM) come in three generations, leading to dis-
tinct flavors of quarks and leptons. The gauge inter-
actions do not distinguish between different generations
and are flavor blind. The Yukawa interactions, on the
other hand, are flavor violating. We focus on the quark
sector, where the eigenvalues of the Yukawa matrices -
the quark masses - are very hierarchical and span 5 orders
of magnitude. Similar hierarchical structure is seen in
the Cabibbo-Kobayashi-Maskawa quark mixing matrix,
where the smallest off-diagonal element is Vub � 3×10−3.

A distinguishing feature of the SM gauge and matter
structure is that no Flavor Changing Neutral Currents
(FCNCs) are generated at the leading perturbative or-
der. They are further suppressed also by the smallness
of the relevant CKM matrix elements. The agreement of
predicted small FCNCs with the precision flavor experi-
ments requires any New Physics (NP) at the TeV scale
to have a highly nontrivial flavor structure. Only small
amount of flavor violation is allowed phenomenologically.
The flavor violation cannot be completely absent, how-
ever. If nothing else, the flavor symmetry is broken al-
ready by the SM Yukawas. At least at loop level (and
thus also from RG running) these will then feed into the
interactions between NP and the SM sector. Thus some
amount of flavor violation in the interactions between NP
and SM sector is unavoidable.

In this Letter we explore the consequences of the above
insight for the detection of Dark Matter (DM) at collid-
ers. We will show that large effects are likely, leading to
a prominent signal of a single top plus missing transverse
energy (MET). A t + /ET final state is an experimentally
readily accessible channel. Since in the SM the produc-
tion is both loop and CKM suppressed an observation of
a t + /ET signal above the background would be a clear
signal of NP at LHC. In fact, the t + /ET could even be
a discovery channel of DM for a large set of NP models.
For instance, the cross section for t + /ET can be orders
of magnitude larger then the monojet cross section even
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in the case of Minimal Flavor Violation (MFV), if the in-
teractions are chirality flipping. Somewhat surprisingly,
DM would then be discovered through flavor violating
interactions. While this paper was being finalized an
analysis of t + /ET experimental reach at LHC appeared
in [1], where a name monotop was coined for the t + /ET

signature.
Effective field theory description. We want to

compare the flavor violating production of DM at col-
liders with the flavor conserving one. The comparison
crucially depends on the size of flavor violation in the
NP sector that contains DM. To start with let us make
the discussion quite general by using the simplifying as-
sumption that all the NP states apart from DM are heavy
enough so that we can integrate them out at a large scale
Λ (we will later relax this assumption). We can then
write down an Effective Field Theory (EFT) for DM in-
teractions with the SM quark matter sector
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The sum above runs over the full set of SU(2) gauge
invariant operators Oa that are bilinear in quark fields.
For simplicity we assume that DM is not charged under
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and we do not write down additional tensor operators
(contractions of Lorentz tensors J µν

a ) for which the same
discussion as for O4a,5a will apply. Here QL, uR, dR are
respectively the left-handed quark doublets, and right-
handed up- and down- quarks, i, j are the generational
indices, H is the SM Higgs doublet (with H̃ = iσ2H

∗),
while Ja are the DM currents. Throughout this paper
we assume that DM is odd under an exact Z2. For
fermionic DM χ we then have J

µ
V,A = χ̄γµ{1, γ5}χ,

JS,P = χ̄{1, γ5}χ, (for Majorana fermion J
µ
V = 0), lead-

ing to na = 2 for O1a,...,3a in Eq. (1), while for O4a,5a we
have na = 3. For scalar DM J = χ†χ, J µ = χ†∂µχ, so
that na = 2 for all operators in (2).
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energy. We discuss several examples where the production of DM is dominated by flavor violating

couplings: minimal flavor violating models with a large bottom Yukawa, models with horizontal

symmetries, and DM in nontrivial flavor group representations. Discovery at the 7 TeV LHC with
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may already be possible.

Introduction. The matter fields of the Standard
Model (SM) come in three generations, leading to dis-
tinct flavors of quarks and leptons. The gauge inter-
actions do not distinguish between different generations
and are flavor blind. The Yukawa interactions, on the
other hand, are flavor violating. We focus on the quark
sector, where the eigenvalues of the Yukawa matrices -
the quark masses - are very hierarchical and span 5 orders
of magnitude. Similar hierarchical structure is seen in
the Cabibbo-Kobayashi-Maskawa quark mixing matrix,
where the smallest off-diagonal element is Vub � 3×10−3.

A distinguishing feature of the SM gauge and matter
structure is that no Flavor Changing Neutral Currents
(FCNCs) are generated at the leading perturbative or-
der. They are further suppressed also by the smallness
of the relevant CKM matrix elements. The agreement of
predicted small FCNCs with the precision flavor experi-
ments requires any New Physics (NP) at the TeV scale
to have a highly nontrivial flavor structure. Only small
amount of flavor violation is allowed phenomenologically.
The flavor violation cannot be completely absent, how-
ever. If nothing else, the flavor symmetry is broken al-
ready by the SM Yukawas. At least at loop level (and
thus also from RG running) these will then feed into the
interactions between NP and the SM sector. Thus some
amount of flavor violation in the interactions between NP
and SM sector is unavoidable.

In this Letter we explore the consequences of the above
insight for the detection of Dark Matter (DM) at collid-
ers. We will show that large effects are likely, leading to
a prominent signal of a single top plus missing transverse
energy (MET). A t + /ET final state is an experimentally
readily accessible channel. Since in the SM the produc-
tion is both loop and CKM suppressed an observation of
a t + /ET signal above the background would be a clear
signal of NP at LHC. In fact, the t + /ET could even be
a discovery channel of DM for a large set of NP models.
For instance, the cross section for t + /ET can be orders
of magnitude larger then the monojet cross section even
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in the case of Minimal Flavor Violation (MFV), if the in-
teractions are chirality flipping. Somewhat surprisingly,
DM would then be discovered through flavor violating
interactions. While this paper was being finalized an
analysis of t + /ET experimental reach at LHC appeared
in [1], where a name monotop was coined for the t + /ET

signature.
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liders with the flavor conserving one. The comparison
crucially depends on the size of flavor violation in the
NP sector that contains DM. To start with let us make
the discussion quite general by using the simplifying as-
sumption that all the NP states apart from DM are heavy
enough so that we can integrate them out at a large scale
Λ (we will later relax this assumption). We can then
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discussion as for O4a,5a will apply. Here QL, uR, dR are
respectively the left-handed quark doublets, and right-
handed up- and down- quarks, i, j are the generational
indices, H is the SM Higgs doublet (with H̃ = iσ2H

∗),
while Ja are the DM currents. Throughout this paper
we assume that DM is odd under an exact Z2. For
fermionic DM χ we then have J

µ
V,A = χ̄γµ{1, γ5}χ,

JS,P = χ̄{1, γ5}χ, (for Majorana fermion J
µ
V = 0), lead-

ing to na = 2 for O1a,...,3a in Eq. (1), while for O4a,5a we
have na = 3. For scalar DM J = χ†χ, J µ = χ†∂µχ, so
that na = 2 for all operators in (2).
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Introduction. The matter fields of the Standard
Model (SM) come in three generations, leading to dis-
tinct flavors of quarks and leptons. The gauge inter-
actions do not distinguish between different generations
and are flavor blind. The Yukawa interactions, on the
other hand, are flavor violating. We focus on the quark
sector, where the eigenvalues of the Yukawa matrices -
the quark masses - are very hierarchical and span 5 orders
of magnitude. Similar hierarchical structure is seen in
the Cabibbo-Kobayashi-Maskawa quark mixing matrix,
where the smallest off-diagonal element is Vub � 3×10−3.

A distinguishing feature of the SM gauge and matter
structure is that no Flavor Changing Neutral Currents
(FCNCs) are generated at the leading perturbative or-
der. They are further suppressed also by the smallness
of the relevant CKM matrix elements. The agreement of
predicted small FCNCs with the precision flavor experi-
ments requires any New Physics (NP) at the TeV scale
to have a highly nontrivial flavor structure. Only small
amount of flavor violation is allowed phenomenologically.
The flavor violation cannot be completely absent, how-
ever. If nothing else, the flavor symmetry is broken al-
ready by the SM Yukawas. At least at loop level (and
thus also from RG running) these will then feed into the
interactions between NP and the SM sector. Thus some
amount of flavor violation in the interactions between NP
and SM sector is unavoidable.

In this Letter we explore the consequences of the above
insight for the detection of Dark Matter (DM) at collid-
ers. We will show that large effects are likely, leading to
a prominent signal of a single top plus missing transverse
energy (MET). A t + /ET final state is an experimentally
readily accessible channel. Since in the SM the produc-
tion is both loop and CKM suppressed an observation of
a t + /ET signal above the background would be a clear
signal of NP at LHC. In fact, the t + /ET could even be
a discovery channel of DM for a large set of NP models.
For instance, the cross section for t + /ET can be orders
of magnitude larger then the monojet cross section even
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in the case of Minimal Flavor Violation (MFV), if the in-
teractions are chirality flipping. Somewhat surprisingly,
DM would then be discovered through flavor violating
interactions. While this paper was being finalized an
analysis of t + /ET experimental reach at LHC appeared
in [1], where a name monotop was coined for the t + /ET

signature.
Effective field theory description. We want to

compare the flavor violating production of DM at col-
liders with the flavor conserving one. The comparison
crucially depends on the size of flavor violation in the
NP sector that contains DM. To start with let us make
the discussion quite general by using the simplifying as-
sumption that all the NP states apart from DM are heavy
enough so that we can integrate them out at a large scale
Λ (we will later relax this assumption). We can then
write down an Effective Field Theory (EFT) for DM in-
teractions with the SM quark matter sector
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discussion as for O4a,5a will apply. Here QL, uR, dR are
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A distinguishing feature of the SM gauge and matter
structure is that no Flavor Changing Neutral Currents
(FCNCs) are generated at the leading perturbative or-
der. They are further suppressed also by the smallness
of the relevant CKM matrix elements. The agreement of
predicted small FCNCs with the precision flavor experi-
ments requires any New Physics (NP) at the TeV scale
to have a highly nontrivial flavor structure. Only small
amount of flavor violation is allowed phenomenologically.
The flavor violation cannot be completely absent, how-
ever. If nothing else, the flavor symmetry is broken al-
ready by the SM Yukawas. At least at loop level (and
thus also from RG running) these will then feed into the
interactions between NP and the SM sector. Thus some
amount of flavor violation in the interactions between NP
and SM sector is unavoidable.

In this Letter we explore the consequences of the above
insight for the detection of Dark Matter (DM) at collid-
ers. We will show that large effects are likely, leading to
a prominent signal of a single top plus missing transverse
energy (MET). A t + /ET final state is an experimentally
readily accessible channel. Since in the SM the produc-
tion is both loop and CKM suppressed an observation of
a t + /ET signal above the background would be a clear
signal of NP at LHC. In fact, the t + /ET could even be
a discovery channel of DM for a large set of NP models.
For instance, the cross section for t + /ET can be orders
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NP sector that contains DM. To start with let us make
the discussion quite general by using the simplifying as-
sumption that all the NP states apart from DM are heavy
enough so that we can integrate them out at a large scale
Λ (we will later relax this assumption). We can then
write down an Effective Field Theory (EFT) for DM in-
teractions with the SM quark matter sector

Lint =
�

a

Ca

Λna
Oa . (1)

The sum above runs over the full set of SU(2) gauge
invariant operators Oa that are bilinear in quark fields.
For simplicity we assume that DM is not charged under
SM gauge group, so that to O(na ≤ 3)

O
ij
1a =

�
Q̄

i
LγµQ

j
L

�
J

µ
a ,

O
ij
2a =

�
ū
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a ) for which the same
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indices, H is the SM Higgs doublet (with H̃ = iσ2H
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Model (SM) come in three generations, leading to dis-
tinct flavors of quarks and leptons. The gauge inter-
actions do not distinguish between different generations
and are flavor blind. The Yukawa interactions, on the
other hand, are flavor violating. We focus on the quark
sector, where the eigenvalues of the Yukawa matrices -
the quark masses - are very hierarchical and span 5 orders
of magnitude. Similar hierarchical structure is seen in
the Cabibbo-Kobayashi-Maskawa quark mixing matrix,
where the smallest off-diagonal element is Vub � 3×10−3.

A distinguishing feature of the SM gauge and matter
structure is that no Flavor Changing Neutral Currents
(FCNCs) are generated at the leading perturbative or-
der. They are further suppressed also by the smallness
of the relevant CKM matrix elements. The agreement of
predicted small FCNCs with the precision flavor experi-
ments requires any New Physics (NP) at the TeV scale
to have a highly nontrivial flavor structure. Only small
amount of flavor violation is allowed phenomenologically.
The flavor violation cannot be completely absent, how-
ever. If nothing else, the flavor symmetry is broken al-
ready by the SM Yukawas. At least at loop level (and
thus also from RG running) these will then feed into the
interactions between NP and the SM sector. Thus some
amount of flavor violation in the interactions between NP
and SM sector is unavoidable.

In this Letter we explore the consequences of the above
insight for the detection of Dark Matter (DM) at collid-
ers. We will show that large effects are likely, leading to
a prominent signal of a single top plus missing transverse
energy (MET). A t + /ET final state is an experimentally
readily accessible channel. Since in the SM the produc-
tion is both loop and CKM suppressed an observation of
a t + /ET signal above the background would be a clear
signal of NP at LHC. In fact, the t + /ET could even be
a discovery channel of DM for a large set of NP models.
For instance, the cross section for t + /ET can be orders
of magnitude larger then the monojet cross section even
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compare the flavor violating production of DM at col-
liders with the flavor conserving one. The comparison
crucially depends on the size of flavor violation in the
NP sector that contains DM. To start with let us make
the discussion quite general by using the simplifying as-
sumption that all the NP states apart from DM are heavy
enough so that we can integrate them out at a large scale
Λ (we will later relax this assumption). We can then
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• Flavor universal contributions (Cij ~ δij)

• mono[jet,γ] constraints using initial state radiation for tagging 
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from collider searches in the effective field theory context.222

In addition, we have reinterpreted the experimental re-223

sults, quoted by ATLAS and CMS only for a few effective224

operators, across a broad range of operators, providing225

a comprehensive view of the power of these searches to226

constrain the weak-level or weaker interactions between227

dark matter and standard model particles.228

We have made use of the effective field theory frame-229

work to convert the ATLAS and CMS results to quan-230

tities relevant for direct-detection and indirect-detection231

dark matter searches. Under the assumptions made for232

the effective operators, LHC limits can be very compet-233

itive, in particular for low-mass dark matter particles234

mχ ≤ 10 GeV.235

 [GeV]χm
10

210
3

10

 [
G

e
V

]
*

M

500

1000

1500
All
ATLAS+CMS jet

ATLAS jet

CMS jet

γATLAS+CMS 

γATLAS 

γCMS 

ATLAS Z

Thermal relic

EFT Invalid

 [GeV]χm
10

210
3

10

]2
-n

 c
ro

ss
-s

e
ct

io
n
 [
cm

χ

-4110

-4010

-3910

-3810

-3710

-3610
ATLAS Z

γCMS 

γATLAS 

γATLAS+CMS 

CMS jet

ATLAS jet

ATLAS+CMS jet

All

FIG. 4: Limits at 90% CL in M� (top) and in the spin-

dependent WIMP-nucleon cross section (bottom) for individ-

ual and combined limits using the D8 operator as a function

of mχ.

Acknowledgements236

We acknowledge useful conversations with Tim Tait,237

Roni Harnik and Patrick Fox. DW and NZ are supported238

by grants from the Department of Energy Office of Sci-239

ence and by the Alfred P. Sloan Foundation.240

[1] M. Beltran, D. Hooper, E. W. Kolb, Z. A. C. Krus-241

berg and T. M. P. Tait, JHEP 1009, 037 (2010)242

[arXiv:1002.4137 [hep-ph]].243

[2] P. J. Fox, R. Harnik, J. Kopp and Y. Tsai, Phys. Rev. D244

85, 056011 (2012) [arXiv:1109.4398 [hep-ph]].245

[3] J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd,246

T. M. P. Tait and H. -B. Yu, Phys. Rev. D 82, 116010247

(2010) [arXiv:1008.1783 [hep-ph]].248

[4] G. Aad et al. [ATLAS Collaboration], arXiv:1210.4491249

[hep-ex].250

[5] S. Chatrchyan et al. [CMS Collaboration], JHEP 1209,251

ΩDM
 h

2 =0
.11

Name Operator Coefficient

D1 χ̄χq̄q mq/M3
∗

D2 χ̄γ5χq̄q imq/M3
∗

D3 χ̄χq̄γ5q imq/M3
∗

D4 χ̄γ5χq̄γ5q mq/M3
∗

D5 χ̄γµχq̄γµq 1/M2
∗

D6 χ̄γµγ5χq̄γµq 1/M2
∗

D7 χ̄γµχq̄γµγ5q 1/M2
∗

D8 χ̄γµγ5χq̄γµγ5q 1/M2
∗

D9 χ̄σµνχq̄σµνq 1/M2
∗

D10 χ̄σµνγ5χq̄σαβq i/M2
∗

D11 χ̄χGµνGµν αs/4M3
∗

D12 χ̄γ5χGµνGµν iαs/4M3
∗

D13 χ̄χGµνG̃µν iαs/4M3
∗

D14 χ̄γ5χGµνG̃µν αs/4M3
∗

Name Operator Coefficient

C1 χ†χq̄q mq/M2
∗

C2 χ†χq̄γ5q imq/M2
∗

C3 χ†∂µχq̄γµq 1/M2
∗

C4 χ†∂µχq̄γµγ5q 1/M2
∗

C5 χ†χGµνGµν αs/4M2
∗

C6 χ†χGµνG̃µν iαs/4M2
∗

R1 χ2q̄q mq/2M2
∗

R2 χ2q̄γ5q imq/2M2
∗

R3 χ2GµνGµν αs/8M2
∗

R4 χ2GµνG̃µν iαs/8M2
∗

TABLE I: Operators coupling WIMPs to SM particles. The operator names beginning with D, C,

R apply to WIMPS that are Dirac fermions, complex scalars or real scalars respectively.

III. COLLIDER CONSTRAINTS

A. Overview

We can constrain M∗ for each operator in the table above by considering the pair pro-

duction of WIMPs at a hadron collider:

pp̄ (pp) → χχ+X. (2)

Since the WIMPs escape undetected, this leads to events with missing transverse energy,

recoiling against additional hadronic radiation present in the reaction.

The most significant Standard Model backgrounds to this process are events where a Z

boson decays into neutrinos, together with the associated production of jets. This back-

ground is irreducible. There are also backgrounds from events where a particle is either

missed or has a mismeasured energy. The most important of these comes from events pro-

7

Λ
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Mono-everything: combined limits on dark matter production
at colliders from multiple final states
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Searches for dark matter production at particle colliders are complementary to direct-detection

and indirect-detection experiments, and especially powerful for small masses, mχ < 100 GeV. An

important collider dark matter signature is due to the production of a pair of these invisible par-

ticles with the initial-state radiation of a standard model particle. Currently, collider searches use

individual and nearly orthogonal final states to search for initial-state jets, photons or massive gauge

bosons. We combine these results across final states and across experiments to give the strongest

current collider-based limits in the context of effective field theories, and map these to limits on

dark matter interactions with nuclei and to dark matter self-annhiliation.

PACS numbers:

Though the presence of dark matter in the universe1

has been well-established, little is known of its particle2

nature or its non-gravitational interactions. A vibrant3

experimental program is searching for a weakly interact-4

ing massive particle (WIMP), denoted as χ, and inter-5

actions with standard model particles via some as-yet-6

unknown mediator. If the mediator is too heavy to be7

resolved, the interaction can be modeled as an effective8

field theory with a four-point interaction.9

One critical component of this program is the search10

for pair-production of WIMPs at particle colliders, specif-11

ically pp → χχ̄ at the LHC via some unknown interme-12

diate state. As the final state WIMPs are invisible to13

the detectors, the events can only be seen if there is as-14

sociated initial-state radiation of a standard model par-15

ticle [1–3], see Fig 1, recoiling against the dark matter16

pair.17

The LHC collaborations have reported limits on the18

cross section of pp → χχ̄ + X where X is a gluon or19

quark [4, 5], photon [6, 7], and other searches have been20

repurposed to study the cases where X is a W [8] or Z21

χ

χ̄

q

q̄

g, γ, Z, or W

FIG. 1: Pair production of WIMPs (χχ̄) in proton-proton

collisions at the LHC via an unknown intermediate state, with

initial-state radiation of a standard model particle.

boson [9, 10]. In each case, limits are reported in terms of22

the mass scale M� of the unknown interaction expressed23

in an effective field theory [1–3, 12–20]. These various24

initial-state tags probe the same effective theory, but are25

largely statistically independent due to their nearly or-26

thogonal event selection requirements. As the relative27

rates of radiation of gluons (quarks), photons, W or Z28

bosons from the incoming quark (gluon) legs are deter-29

mined by the standard model, the various probes may be30

combined to give the strongest limits without any loss of31

generality or additional theoretical assumptions.32

Recently, an analysis of multi-jet final states was shown33

to add some sensitivity to the mono-jet analyses [22]; that34

sample is not statistically independent from the mono-jet35

results used here, and is not included. An earlier global36

analysis of indirect and direct constraints with Tevatron37

data and mono-jet data from ATLAS provided an initial38

set of combined constraints [23] using the approximations39

of a χ2 technique.40

In this paper, we perform a full statistical combina-41

tion of the limits from all available channels (mono-jet,42

mono-photon, mono-Z1 from both ATLAS and CMS at43 √
s = 7 TeV, accounting for the dominant correlations44

and providing the most powerful current collider con-45

straints. While the limits reported by the experimental46

collaborations are typically given for a few select effec-47

tive operators, we calculate the efficiencies of their selec-48

tions and reinterpret their searches for the complete set49

of operators relevant for Dirac fermion or complex scalar50

WIMPs.51

Models52

The effective theories of dark matter considered here53

consider the possibility that the final-state WIMPs are a54

Dirac fermion (operators D1-D14 in Ref [15]) or a com-55

1 Final states with a heavy boson have little power relative to
mono-photon or mono-jet; we include mono-Z as a demonstra-
tion, and do not include mono-W , although see [8]. For an al-
ternative view of mono-Z, see Ref [11]
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DM Pair Production at Hadron Colliders

• Can flavor violating interactions be competitive?

• Constraints from ΔF=2 observables

• effectively no bounds on

• large monotop (t+Emiss) signals possible due to chirality flipping 
operators

• reconstruction using j(b)jj+Emiss, or j(b)l+Emiss (MT)
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Figure 1: Flavor violating DM production at collider in the EFT
description (left) and for two on-shell models, (a) with a SM gauge
singlet S, and (b) with a color triplet t̃ as a mediator.

If DM is light enough the above operators can lead to

FCNC decays of top [2], b [3] and even lighter quarks [4].

The last two are bounded by searches for the b → sνν̄
and s→ dνν̄ decays, Br(B+ → K+νν̄) < 1.4× 10

−5
[5],

Br(B → K∗νν̄) < 8.0×10
−5

[6] and Br(K+ → π+νν̄) =

(1.73
+1.15
−1.05)× 10

−10
[7]. The reach for Br(t→ j + 2χ) at

14 TeV LHC was estimated in Ref. [2] to be O(10
−4

) for

5σ discovery with 10 fb
−1

.

There are contributions to Bd,s−B̄d,s and K−K̄ mix-

ing with DM running in the loop and two insertions of

operators O1a,3a,5a. This gives the following bounds for

couplings to the third generation [8]

C13
1a

Λ
� 1

2 TeV
,

C23
1a

Λ
� 1

0.3 TeV
, (3)

and bounds of similar size for C13,23
3a,5a. The bounds on

C13,23
2a,4a on the other hand, come from top decays and are

so loose that the EFT description breaks down before

they are saturated. This indicates that large t + /ET pro-

duction signals from flavor violating couplings are pos-

sible at LHC and Tevatron. It would be interesting to

see, whether the more constrained (and thus more likely

to come from flavor conserving operators) b + /ET NP

signal can be picked out from the SM background of

(mistagged) jet+invisibly decaying Z events. From now

on we focus on the more promising t + /ET channel and

estimate its size in a number of models of flavor.

Minimal Flavor violation. Let us first assume that

the interactions of the mediators with the SM are mini-

mally flavor violating, i.e. that the flavor is only broken

by the SM Yukawas Yu,d. Using the spurion analysis [9]

the Wilson coefficients take the form

C2a = b(2a)
1 + b(2a)

2 Y †
u Yu + b(2a)

3 Y †
u YdY

†
d Yu + · · · , (4a)

C4a =
�
b(4a)
1 + b(4a)

2 YdY
†
d + · · ·

�
Yu. (4b)

In the up-quark mass eigenstate basis Yd =

VCKM diag(yd, ys, yb) and Yu = diag(yu, yc, yt). In

the following let us assume that ba
1 ∼ ba

2 ∼ ba
3 are all of

the same order. The Wilson coefficient C2a is then flavor

diagonal and universal to a good approximation and

flavor violating interactions for all practical purposes are

negligible.

The situation is different for the chirality flipping op-

erator C4a that is proportional to Yukawa matrix Yu. In

this case DM couples most strongly to the third genera-

tion, while the couplings to the first two generations are

parametrically suppressed by yu,c/yt. This has impor-

tant implications for the detection of DM at colliders.

The flavor violating qg → tχχ cross section is enhanced

over the conserving one by (see also Fig. 1)

σ̂(ug → t + 2χ)

σ̂(ug → u + 2χ)
∼

�
yt|Vub|y2

b

yu

�2

∼ 5 · 10
5 y4

b ,

σ̂(cg → t + 2χ)

σ̂(cg → c + 2χ)
∼

�
yt|Vcb|y2

b

yc

�2

∼ 50 y4
b .

(5)

The t + /ET signal can be significantly enhanced over the

monojet signal even in the case of MFV, if two condi-

tions are fulfilled, i) bottom Yukawa is large, preferably

yb ∼ O(1), and ii) DM couples to quarks through scalar

interactions. We note in passing that DM coupling only

through the SM Higgs portal would not lead to flavor vi-

olating effects. The above MFV counting thus assumes

additional scalar interactions. Such interactions are for

instance needed for isospin violating models proposed to

explain CoGeNT and DAMA excesses [10] (see, however,

also [11]).

In the rough estimates (5) we have neglected phase

space effects and the role of pdfs. A more quantitative

analysis using MadGraphv4 and CTEQ6L1 pdfs is shown

on Fig. 2, where the ratio of production cross sections

σ(t + 2χ)/σ(j + 2χ) as a function of mχ is shown for

Tevatron and 7 TeV LHC assuming MFV sizes of flavor

violating couplings with bi = 1 and yb = 1. We used /
ET > 80(120) GeV cuts at the partonic level for the

Tevatron (LHC) cross sections, following [12, 13]. We

work in the EFT limit so that the mediator masses drop

out in the ratio. The monojet signal is predominantly

produced from charm-gluon initial state resulting in a

charm jet in the final state [14], while in MFV monotop

production, the charm-gluon and up-gluon initial state

contributions are comparable in magnitude. The mono-

top signal clearly dominates both at the Tevatron and

the LHC.

Beyond MFV. The above effect is not specific to

MFV, and can in fact be much larger for concrete models

of flavor. For instance, in warped extra dimensional mod-

els of flavor the coupling of DM to quarks will depend on

the localization of the quark zero modes with respect to

the zero mode of the mediator. Both large uR − tR–DM

and cR − tR–DM couplings are possible without violat-

ing low energy bounds. Similarly, the u − t–DM and

c − t–DM couplings can be enhanced above their MFV

estimates in flavor models with abelian or non-abelian

horizontal symmetries.

As an illustration let us assume that the structure of

quark Yukawas is due to spontaneously broken horizontal

symmetries [15], i.e. that they are generated through a

Froggatt-Nielsen type mechanism [16]. The quark fields

carry horizontal charges H(ūi
R), H(d̄i

R), H(Qi
L) so that
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Figure 1: Flavor violating DM production at collider in the EFT
description (left) and for two on-shell models, (a) with a SM gauge
singlet S, and (b) with a color triplet t̃ as a mediator.

If DM is light enough the above operators can lead to

FCNC decays of top [2], b [3] and even lighter quarks [4].

The last two are bounded by searches for the b → sνν̄
and s→ dνν̄ decays, Br(B+ → K+νν̄) < 1.4× 10

−5
[5],

Br(B → K∗νν̄) < 8.0×10
−5

[6] and Br(K+ → π+νν̄) =

(1.73
+1.15
−1.05)× 10

−10
[7]. The reach for Br(t→ j + 2χ) at

14 TeV LHC was estimated in Ref. [2] to be O(10
−4

) for

5σ discovery with 10 fb
−1

.

There are contributions to Bd,s−B̄d,s and K−K̄ mix-

ing with DM running in the loop and two insertions of

operators O1a,3a,5a. This gives the following bounds for

couplings to the third generation [8]

C13
1a

Λ
� 1

2 TeV
,

C23
1a

Λ
� 1

0.3 TeV
, (3)

and bounds of similar size for C13,23
3a,5a. The bounds on

C13,23
2a,4a on the other hand, come from top decays and are

so loose that the EFT description breaks down before

they are saturated. This indicates that large t + /ET pro-

duction signals from flavor violating couplings are pos-

sible at LHC and Tevatron. It would be interesting to

see, whether the more constrained (and thus more likely

to come from flavor conserving operators) b + /ET NP

signal can be picked out from the SM background of

(mistagged) jet+invisibly decaying Z events. From now

on we focus on the more promising t + /ET channel and

estimate its size in a number of models of flavor.

Minimal Flavor violation. Let us first assume that

the interactions of the mediators with the SM are mini-

mally flavor violating, i.e. that the flavor is only broken

by the SM Yukawas Yu,d. Using the spurion analysis [9]

the Wilson coefficients take the form

C2a = b(2a)
1 + b(2a)

2 Y †
u Yu + b(2a)

3 Y †
u YdY

†
d Yu + · · · , (4a)

C4a =
�
b(4a)
1 + b(4a)

2 YdY
†
d + · · ·

�
Yu. (4b)

In the up-quark mass eigenstate basis Yd =

VCKM diag(yd, ys, yb) and Yu = diag(yu, yc, yt). In

the following let us assume that ba
1 ∼ ba

2 ∼ ba
3 are all of

the same order. The Wilson coefficient C2a is then flavor

diagonal and universal to a good approximation and

flavor violating interactions for all practical purposes are

negligible.

The situation is different for the chirality flipping op-

erator C4a that is proportional to Yukawa matrix Yu. In

this case DM couples most strongly to the third genera-

tion, while the couplings to the first two generations are

parametrically suppressed by yu,c/yt. This has impor-

tant implications for the detection of DM at colliders.

The flavor violating qg → tχχ cross section is enhanced

over the conserving one by (see also Fig. 1)

σ̂(ug → t + 2χ)

σ̂(ug → u + 2χ)
∼

�
yt|Vub|y2

b

yu

�2

∼ 5 · 10
5 y4

b ,

σ̂(cg → t + 2χ)

σ̂(cg → c + 2χ)
∼

�
yt|Vcb|y2

b

yc

�2

∼ 50 y4
b .

(5)

The t + /ET signal can be significantly enhanced over the

monojet signal even in the case of MFV, if two condi-

tions are fulfilled, i) bottom Yukawa is large, preferably

yb ∼ O(1), and ii) DM couples to quarks through scalar

interactions. We note in passing that DM coupling only

through the SM Higgs portal would not lead to flavor vi-

olating effects. The above MFV counting thus assumes

additional scalar interactions. Such interactions are for

instance needed for isospin violating models proposed to

explain CoGeNT and DAMA excesses [10] (see, however,

also [11]).

In the rough estimates (5) we have neglected phase

space effects and the role of pdfs. A more quantitative

analysis using MadGraphv4 and CTEQ6L1 pdfs is shown

on Fig. 2, where the ratio of production cross sections

σ(t + 2χ)/σ(j + 2χ) as a function of mχ is shown for

Tevatron and 7 TeV LHC assuming MFV sizes of flavor

violating couplings with bi = 1 and yb = 1. We used /
ET > 80(120) GeV cuts at the partonic level for the

Tevatron (LHC) cross sections, following [12, 13]. We

work in the EFT limit so that the mediator masses drop

out in the ratio. The monojet signal is predominantly

produced from charm-gluon initial state resulting in a

charm jet in the final state [14], while in MFV monotop

production, the charm-gluon and up-gluon initial state

contributions are comparable in magnitude. The mono-

top signal clearly dominates both at the Tevatron and

the LHC.

Beyond MFV. The above effect is not specific to

MFV, and can in fact be much larger for concrete models

of flavor. For instance, in warped extra dimensional mod-

els of flavor the coupling of DM to quarks will depend on

the localization of the quark zero modes with respect to

the zero mode of the mediator. Both large uR − tR–DM

and cR − tR–DM couplings are possible without violat-

ing low energy bounds. Similarly, the u − t–DM and

c − t–DM couplings can be enhanced above their MFV

estimates in flavor models with abelian or non-abelian

horizontal symmetries.

As an illustration let us assume that the structure of

quark Yukawas is due to spontaneously broken horizontal

symmetries [15], i.e. that they are generated through a

Froggatt-Nielsen type mechanism [16]. The quark fields

carry horizontal charges H(ūi
R), H(d̄i

R), H(Qi
L) so that

(also b+Emiss, but can be due to flavor conserving ops.)

Example:

Andrea, Fuks & Maltoni, 1106.6199
Alvarez, Coluccio Leskow, Drobnak & J.F.K., 1310.7600

Agram et al., 1311.6478

(~ 1% signal eff.)

u, c t

χ

χ

O4

J.F.K. & Zupan, 1107.0623
Boucheneb et al., 1407.7529



Expectations in Models of Flavor

• Minimal Flavor Violation

• For                     C2a almost flavor diagonal and universal

• C4a is highly hierarchical, can have large flavor violation if yb~1
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Figure 2: The ratio σ(t + 2χ)/σ(j + 2χ) as a function of

DM mass at Tevatron with /ET > 80 GeV (black solid, blue

dashed) and at 7 TeV LHC with /ET > 120 GeV (red dotted,

green dot-dashed) for MFV (5) and horizontal (8) couplings

denoted by (MFV) and (Horiz.), respectively. For quark-DM

couplings we assume the EFT limit.

the Yukawas are given by

(Yu)ij ∼ λ|H(ūj
R)+H(Qi)|, (Yd)ij ∼ λ|H(d̄j

R)+H(Qi)|, (6)

and we assume that the expansion parameter is λ �
sin θC = 0.23, with θC the Cabibbo mixing angle. The

quark mass matrices after electroweak symmetry break-

ing are (Md,u)ij = v(Yd,u)ij , where we assumed a sin-

gle Higgs with vacuum expectation expectation value

v. An assignment of horizontal charges leading to phe-

nomenologically satisfactory quark masses and CKM

matrix, is H({Q1
L
, Q2

L
, Q3

L
; ū1

R
, ū2

R
, ū3

R
; d̄1

R
, d̄2

R
, d̄3

R
}) =

{3, 2, 0; 3, 1, 0; 3, 2, 2} [15].

The horizontal symmetries then also fix the sizes of

DM–quark couplings. Assuming that JDM does not carry

a horizontal charge (an assumption that we will relax

below) the Wilson coefficients are

Cij

2 ∼ λ|H(ūi
R)−H(ūj

R)|, Cij

4 ∼ λ|H(Qi
L)+H(ūj

R)|, (7)

or explicitly,

C2 ∼




1 λ2 λ3

λ2
1 λ

λ3 λ 1



 , C4 ∼




λ6 λ4 λ3

λ5 λ3 λ2

λ3 λ 1



 . (8)

The constraints from D− D̄ mixing require that the me-

diator masses are Λ � 5 TeV for C2 (vector case) and

Λ � 200 GeV for C4 (scalar mediator). For the case of

scalar mediators close to the bound the EFT description

is not adequate. The mediators are produced on-shell, a

situation that we will cover shortly. Nevertheless, note

that the flavor violating couplings in C4 are quite large,

∼ λ for c̄LtRχ†χ, instead of∼ λ2y2
b

that one would obtain

in the MFV counting. The flavor conserving DM produc-

tion is suppressed compared to flavor violating one. For

instance, the partonic cross section for cRg → cL + 2χ is

(λ2
)
2 ∼ O(10

−3
) suppressed compared to cRg → tL +2χ

(see also Fig. 2).

The above hierarchy between flavor violating couplings

in C2 and C4 could be changed in other models of flavor,

for instance in warped extra dimensional scenarios. It is

conceivable that C2 would have large couplings between

light and top quark, depending on the profiles of zero

modes [17].

Flavorful DM. So far we have assumed that DM does

not carry a flavor quantum number. Let us next relax

this assumption and consider a case where DM carries a

nonzero horizontal charge. For simplicity let us assume

that DM is a scalar. In this case we have two distinct

cases for the DM current

J
(0)
DM = χ†χ, J

(1)
DM = χ2. (9)

The current J
(0)
DM is neutral under horizontal symmetries

so that the same analysis as above applies. The second

current, J
(1)
DM, on the other hand, carries a nonzero hor-

izontal charge. This can have striking phenomenological

implications for the DM production signals at colliders.

For instance, if the DM horizontal charge H(χ) equals

1/2(H(tL) −H(uR)) the t̄LuRχ2
would have a coupling

constant C31
4 ∼ O(1), with t + 2χ the largest production

channel. Note that in this case the flavor violation in

the production is only apparent since DM carries away a

nonzero horizontal charge.

Another interesting example is DM that is part of a

flavor multiplet [18]. This might be because the under-

lying flavor symmetry is non-Abelian and χ is a part

of the flavor multiplet. This can again lead to produc-

tion of DM through seemingly flavor violating signatures

with t + 2χ (one of) the dominant production chan-

nels. As a concrete example consider the case of MFV,

where DM is in (3, 3̄, 1) of the flavor SU(3)Q×SU(3)U ×
SU(3)D and the flavor conserving interaction Lagrangian

�ijk�abcūi

R
Qa

L
Hχjbχkc

leads to both j + /ET and t + /ET

signatures that are unsupressed.

Yet another possibility that can lead to the same type

of DM collider signature is a case of composite DM. Let

us assume that DM is the lowest lying state of a strongly

coupled sector that gets most of its mass from new strong

interactions, not from the Yukawa interaction (in the

same way as low lying resonances in QCD). In this way

one can have an approximately degenerate multiplet of

dark states (the lowest being the DM), but each carrying

a different horizontal charge despite mass degeneracy.

On-shell production of mediators. The largest

t + /ET signal can be expected, if the mediators can be

produced on-shell. There are two classes of models that

can lead to large t + 2χ signals of DM production at col-

liders, i) models with a Z2 even SM gauge singlet state S
(either scalar of vector) coupling to both DM and quarks,

and ii) color triplet Z2 odd mediators t̃ that are scalars

(fermions) if DM is a fermion (scalar). Each leads to a

different topology, shown on Fig. 1 (if t̃ are Z2 even and

χ carries baryon number, also a topology with s-channel
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Figure 1: Flavor violating DM production at collider in the EFT
description (left) and for two on-shell models, (a) with a SM gauge
singlet S, and (b) with a color triplet t̃ as a mediator.

If DM is light enough the above operators can lead to

FCNC decays of top [2], b [3] and even lighter quarks [4].

The last two are bounded by searches for the b → sνν̄
and s→ dνν̄ decays, Br(B+ → K+νν̄) < 1.4× 10

−5
[5],

Br(B → K∗νν̄) < 8.0×10
−5

[6] and Br(K+ → π+νν̄) =

(1.73
+1.15
−1.05)× 10

−10
[7]. The reach for Br(t→ j + 2χ) at

14 TeV LHC was estimated in Ref. [2] to be O(10
−4

) for

5σ discovery with 10 fb
−1

.

There are contributions to Bd,s−B̄d,s and K−K̄ mix-

ing with DM running in the loop and two insertions of

operators O1a,3a,5a. This gives the following bounds for

couplings to the third generation [8]

C13
1a

Λ
� 1

2 TeV
,

C23
1a

Λ
� 1

0.3 TeV
, (3)

and bounds of similar size for C13,23
3a,5a. The bounds on

C13,23
2a,4a on the other hand, come from top decays and are

so loose that the EFT description breaks down before

they are saturated. This indicates that large t + /ET pro-

duction signals from flavor violating couplings are pos-

sible at LHC and Tevatron. It would be interesting to

see, whether the more constrained (and thus more likely

to come from flavor conserving operators) b + /ET NP

signal can be picked out from the SM background of

(mistagged) jet+invisibly decaying Z events. From now

on we focus on the more promising t + /ET channel and

estimate its size in a number of models of flavor.

Minimal Flavor violation. Let us first assume that

the interactions of the mediators with the SM are mini-

mally flavor violating, i.e. that the flavor is only broken

by the SM Yukawas Yu,d. Using the spurion analysis [9]

the Wilson coefficients take the form

C2a = b(2a)
1 + b(2a)

2 Y †
u Yu + b(2a)

3 Y †
u YdY

†
d Yu + · · · , (4a)

C4a =
�
b(4a)
1 + b(4a)

2 YdY
†
d + · · ·

�
Yu. (4b)

In the up-quark mass eigenstate basis Yd =

VCKM diag(yd, ys, yb) and Yu = diag(yu, yc, yt). In

the following let us assume that ba
1 ∼ ba

2 ∼ ba
3 are all of

the same order. The Wilson coefficient C2a is then flavor

diagonal and universal to a good approximation and

flavor violating interactions for all practical purposes are

negligible.

The situation is different for the chirality flipping op-

erator C4a that is proportional to Yukawa matrix Yu. In

this case DM couples most strongly to the third genera-

tion, while the couplings to the first two generations are

parametrically suppressed by yu,c/yt. This has impor-

tant implications for the detection of DM at colliders.

The flavor violating qg → tχχ cross section is enhanced

over the conserving one by (see also Fig. 1)

σ̂(ug → t + 2χ)

σ̂(ug → u + 2χ)
∼

�
yt|Vub|y2

b

yu

�2

∼ 5 · 10
5 y4

b ,

σ̂(cg → t + 2χ)

σ̂(cg → c + 2χ)
∼

�
yt|Vcb|y2

b

yc

�2

∼ 50 y4
b .

(5)

The t + /ET signal can be significantly enhanced over the

monojet signal even in the case of MFV, if two condi-

tions are fulfilled, i) bottom Yukawa is large, preferably

yb ∼ O(1), and ii) DM couples to quarks through scalar

interactions. We note in passing that DM coupling only

through the SM Higgs portal would not lead to flavor vi-

olating effects. The above MFV counting thus assumes

additional scalar interactions. Such interactions are for

instance needed for isospin violating models proposed to

explain CoGeNT and DAMA excesses [10] (see, however,

also [11]).

In the rough estimates (5) we have neglected phase

space effects and the role of pdfs. A more quantitative

analysis using MadGraphv4 and CTEQ6L1 pdfs is shown

on Fig. 2, where the ratio of production cross sections

σ(t + 2χ)/σ(j + 2χ) as a function of mχ is shown for

Tevatron and 7 TeV LHC assuming MFV sizes of flavor

violating couplings with bi = 1 and yb = 1. We used /
ET > 80(120) GeV cuts at the partonic level for the

Tevatron (LHC) cross sections, following [12, 13]. We

work in the EFT limit so that the mediator masses drop

out in the ratio. The monojet signal is predominantly

produced from charm-gluon initial state resulting in a

charm jet in the final state [14], while in MFV monotop

production, the charm-gluon and up-gluon initial state

contributions are comparable in magnitude. The mono-

top signal clearly dominates both at the Tevatron and

the LHC.

Beyond MFV. The above effect is not specific to

MFV, and can in fact be much larger for concrete models

of flavor. For instance, in warped extra dimensional mod-

els of flavor the coupling of DM to quarks will depend on

the localization of the quark zero modes with respect to

the zero mode of the mediator. Both large uR − tR–DM

and cR − tR–DM couplings are possible without violat-

ing low energy bounds. Similarly, the u − t–DM and

c − t–DM couplings can be enhanced above their MFV

estimates in flavor models with abelian or non-abelian

horizontal symmetries.

As an illustration let us assume that the structure of

quark Yukawas is due to spontaneously broken horizontal

symmetries [15], i.e. that they are generated through a

Froggatt-Nielsen type mechanism [16]. The quark fields

carry horizontal charges H(ūi
R), H(d̄i

R), H(Qi
L) so that
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Figure 1: Flavor violating DM production at collider in the EFT
description (left) and for two on-shell models, (a) with a SM gauge
singlet S, and (b) with a color triplet t̃ as a mediator.

If DM is light enough the above operators can lead to

FCNC decays of top [2], b [3] and even lighter quarks [4].

The last two are bounded by searches for the b → sνν̄
and s→ dνν̄ decays, Br(B+ → K+νν̄) < 1.4× 10

−5
[5],

Br(B → K∗νν̄) < 8.0×10
−5

[6] and Br(K+ → π+νν̄) =

(1.73
+1.15
−1.05)× 10

−10
[7]. The reach for Br(t→ j + 2χ) at

14 TeV LHC was estimated in Ref. [2] to be O(10
−4

) for

5σ discovery with 10 fb
−1

.

There are contributions to Bd,s−B̄d,s and K−K̄ mix-

ing with DM running in the loop and two insertions of

operators O1a,3a,5a. This gives the following bounds for

couplings to the third generation [8]

C13
1a

Λ
� 1

2 TeV
,

C23
1a

Λ
� 1

0.3 TeV
, (3)

and bounds of similar size for C13,23
3a,5a. The bounds on

C13,23
2a,4a on the other hand, come from top decays and are

so loose that the EFT description breaks down before

they are saturated. This indicates that large t + /ET pro-

duction signals from flavor violating couplings are pos-

sible at LHC and Tevatron. It would be interesting to

see, whether the more constrained (and thus more likely

to come from flavor conserving operators) b + /ET NP

signal can be picked out from the SM background of

(mistagged) jet+invisibly decaying Z events. From now

on we focus on the more promising t + /ET channel and

estimate its size in a number of models of flavor.

Minimal Flavor violation. Let us first assume that

the interactions of the mediators with the SM are mini-

mally flavor violating, i.e. that the flavor is only broken

by the SM Yukawas Yu,d. Using the spurion analysis [9]

the Wilson coefficients take the form

C2a = b(2a)
1 + b(2a)

2 Y †
u Yu + b(2a)

3 Y †
u YdY

†
d Yu + · · · , (4a)

C4a =
�
b(4a)
1 + b(4a)

2 YdY
†
d + · · ·

�
Yu. (4b)

In the up-quark mass eigenstate basis Yd =

VCKM diag(yd, ys, yb) and Yu = diag(yu, yc, yt). In

the following let us assume that ba
1 ∼ ba

2 ∼ ba
3 are all of

the same order. The Wilson coefficient C2a is then flavor

diagonal and universal to a good approximation and

flavor violating interactions for all practical purposes are

negligible.

The situation is different for the chirality flipping op-

erator C4a that is proportional to Yukawa matrix Yu. In

this case DM couples most strongly to the third genera-

tion, while the couplings to the first two generations are

parametrically suppressed by yu,c/yt. This has impor-

tant implications for the detection of DM at colliders.

The flavor violating qg → tχχ cross section is enhanced

over the conserving one by (see also Fig. 1)

σ̂(ug → t + 2χ)

σ̂(ug → u + 2χ)
∼

�
yt|Vub|y2

b

yu

�2

∼ 5 · 10
5 y4

b ,

σ̂(cg → t + 2χ)

σ̂(cg → c + 2χ)
∼

�
yt|Vcb|y2

b

yc

�2

∼ 50 y4
b .

(5)

The t + /ET signal can be significantly enhanced over the

monojet signal even in the case of MFV, if two condi-

tions are fulfilled, i) bottom Yukawa is large, preferably

yb ∼ O(1), and ii) DM couples to quarks through scalar

interactions. We note in passing that DM coupling only

through the SM Higgs portal would not lead to flavor vi-

olating effects. The above MFV counting thus assumes

additional scalar interactions. Such interactions are for

instance needed for isospin violating models proposed to

explain CoGeNT and DAMA excesses [10] (see, however,

also [11]).

In the rough estimates (5) we have neglected phase

space effects and the role of pdfs. A more quantitative

analysis using MadGraphv4 and CTEQ6L1 pdfs is shown

on Fig. 2, where the ratio of production cross sections

σ(t + 2χ)/σ(j + 2χ) as a function of mχ is shown for

Tevatron and 7 TeV LHC assuming MFV sizes of flavor

violating couplings with bi = 1 and yb = 1. We used /
ET > 80(120) GeV cuts at the partonic level for the

Tevatron (LHC) cross sections, following [12, 13]. We

work in the EFT limit so that the mediator masses drop

out in the ratio. The monojet signal is predominantly

produced from charm-gluon initial state resulting in a

charm jet in the final state [14], while in MFV monotop

production, the charm-gluon and up-gluon initial state

contributions are comparable in magnitude. The mono-

top signal clearly dominates both at the Tevatron and

the LHC.

Beyond MFV. The above effect is not specific to

MFV, and can in fact be much larger for concrete models

of flavor. For instance, in warped extra dimensional mod-

els of flavor the coupling of DM to quarks will depend on

the localization of the quark zero modes with respect to

the zero mode of the mediator. Both large uR − tR–DM

and cR − tR–DM couplings are possible without violat-

ing low energy bounds. Similarly, the u − t–DM and

c − t–DM couplings can be enhanced above their MFV

estimates in flavor models with abelian or non-abelian

horizontal symmetries.

As an illustration let us assume that the structure of

quark Yukawas is due to spontaneously broken horizontal

symmetries [15], i.e. that they are generated through a

Froggatt-Nielsen type mechanism [16]. The quark fields

carry horizontal charges H(ūi
R), H(d̄i

R), H(Qi
L) so that
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Figure 1: Flavor violating DM production at collider in the EFT
description (left) and for two on-shell models, (a) with a SM gauge
singlet S, and (b) with a color triplet t̃ as a mediator.
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and s→ dνν̄ decays, Br(B+ → K+νν̄) < 1.4× 10

−5
[5],

Br(B → K∗νν̄) < 8.0×10
−5

[6] and Br(K+ → π+νν̄) =

(1.73
+1.15
−1.05)× 10

−10
[7]. The reach for Br(t→ j + 2χ) at

14 TeV LHC was estimated in Ref. [2] to be O(10
−4

) for

5σ discovery with 10 fb
−1

.
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Tevatron (LHC) cross sections, following [12, 13]. We

work in the EFT limit so that the mediator masses drop

out in the ratio. The monojet signal is predominantly

produced from charm-gluon initial state resulting in a

charm jet in the final state [14], while in MFV monotop

production, the charm-gluon and up-gluon initial state

contributions are comparable in magnitude. The mono-

top signal clearly dominates both at the Tevatron and

the LHC.

Beyond MFV. The above effect is not specific to

MFV, and can in fact be much larger for concrete models

of flavor. For instance, in warped extra dimensional mod-

els of flavor the coupling of DM to quarks will depend on

the localization of the quark zero modes with respect to

the zero mode of the mediator. Both large uR − tR–DM

and cR − tR–DM couplings are possible without violat-

ing low energy bounds. Similarly, the u − t–DM and

c − t–DM couplings can be enhanced above their MFV

estimates in flavor models with abelian or non-abelian

horizontal symmetries.

As an illustration let us assume that the structure of

quark Yukawas is due to spontaneously broken horizontal

symmetries [15], i.e. that they are generated through a

Froggatt-Nielsen type mechanism [16]. The quark fields

carry horizontal charges H(ūi
R), H(d̄i

R), H(Qi
L) so that

• Larger effects expected with horizontal symmetries



Single X + t Production 

• Corresponds to production of neutral mediators in DM models

• Example: Scalar DM (S) via (heavy h2) Higgs portal in THDMIII

• D-D mixing
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symmetry breaking, the FCNC SM-DM interactions are mediated mostly by the second, heavier CP even scalar
state in the model (h2) and can be described by the following effective Lagrangian [11],

L
ỹ

h2
=

�

ij

�
ỹ
ij

u
ū
i
PRu

j
h2 + ỹ

ij

d
d̄
i
PRd

j
h2

�
+ h.c.+ λvEWh2SS, (5)

where the last term arises from H
†
1H2S

2. In the vanishing H1 −H2 mixing limit h2 does not couple to ZZ nor
W

+
W

− pairs. Depending on the h2 and S masses and relative sizes of ỹ and λ, the h2 decay width gets the largest
contributions from decays to SS or qiq̄j pairs. Since the effective ỹijq couplings in the quark mass eigenbasis arise
after diagonalizing the quark mass matrices (and couplings to h1), naturalness of the SM quark mass hierarchy
would imply |ỹij

q
| � √

mimj/vEW [33]. We note however that in principle larger values are also possible. In fact,
in explicit flavor models these bounds can be saturated for some of the couplings. As an illustration we consider
the structure of quark Yukawas due to spontaneously broken horizontal symmetries [34]. The quark fields carry
horizontal charges H(ui

R
), H(di

R
), H(Qi

L
) (while H1,2 and S do not carry a horizontal charge) so that the H1

Yukawas are given by y
ij

u
∼ λ|H(Qi

L)−H(uj
R)|

, y
ij

d
∼ λ|H(Qi

L)−H(dj
R)| , with the expansion parameter λ � sin θC =

0.23 being the sine of the Cabibbo mixing angle. After EW symmetry breaking, the quark mass matrices are
given bym

ij

d,u
= vEWy

ij

d,u
. An assignment of horizontal charges leading to phenomenologically satisfactory quark

masses and the CKM matrix, is H({Q1
L
, Q

2
L
, Q

3
L
;u1

R
, u

2
R
, u

3
R
; d1

R
, d

2
R
, d

3
R
}) = {3, 2, 0;−3,−1, 0;−3,−2,−2} [35] .

The horizontal symmetries then also fix the sizes of ỹij
u,d

ỹu ∼




λ6 λ4 λ3

λ5 λ3 λ2

λ3 λ 1



 , ỹd ∼




λ6 λ5 λ5

λ5 λ4 λ4

λ3 λ2 λ2



 . (6)

In particular, the largest off-diagonal element is in the top-charm sector |ỹtc
u
| ∼ 0.2 .

For weak scale h2 masses, the off-diagonal entries of ỹij
d

(and also ỹ
uc

u
, ỹcu

u
) are also severely constrained

experimentally by the neutral meson oscillation measurements [36]. On the other hand, the indirect constraints
on ỹ

ut

u
, ỹtu

u
, ỹct

u
and ỹ

tc

u
from D

0 oscillations are weaker

|ỹ
ut

u
ỹ
ct

u
|, |ỹ

tu

u
ỹ
tc

u
| < 0.030×

�
mh2

250GeV

�2
,

|ỹ
tu

u
ỹ
ct

u
|, |ỹ

ut

u
ỹ
tc

u
| < 0.0088×

�
mh2

250GeV

�2
,

�
|ỹut

u
ỹtu
u
ỹct
u
ỹtc
u
| < 0.0036×

�
mh2

250GeV

�2
, (7)

and not yet probing their natural values (e.g. in (6)). In any case, given these estimates for h2 masses above the
SS and below the tt̄ thresholds (2mS < mh2 � 2mt), and for λ = O(1) (consistent with obtaining the correct
relic DM abundance [13, 37]), the h2 width will be naturally saturated by h2 → SS decays. For mh2 < mt,
the FCNC top decay t → c(u)SS might give competitive constraints on the model [13]. However, this mode
quickly becomes ineffective for heavier h2. In the following we therefore study the existing and prospective
future constraints on the model using associated th2 production at the LHC, for masses mh2 � 150 GeV and
assuming B(h2 → SS) � 1.6

3 Constraints from existing analyses
In this section we investigate, for each model, the bounds imposed by existing experimental analyses. We
compare their effectiveness in constraining the models’ parameter space. Finally, we define useful benchmarks
for studying the reach of our proposed monotop search strategy.

6Nonetheless, our results can easily be rescaled to any value of B(h2 → SS).
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uc

u
, ỹcu
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tu

u
ỹ
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Figure 6: [Color online] The projected leptonic monotop and single top search strategies’ reach with 2012
data in the ỹtcu −mh2 plane for the THDMIII+DM. The single top search strategy corresponds to the one used
in Ref. [43]. The natural value of ỹtcu = 0.2 as expected in the flavor model discussed in Sec. 2.3 is marked by
the horizontal dashed magenta line.

We have investigated the background of the monotop leptonic signature and found that the main one comes
from tt̄ production, in contrast to the situation at the Tevatron, where Wj appears as the main background [24,
25]. This is partly because the difference between Wj and tt̄ kinematic thresholds is less important at the LHC,
and partly because gg initial state contributions, which are more important in tt̄ production, grow faster with
collider energy. We have also verified that if our search strategy was applied at the Tevatron energies, then Wj
would have effectively been the main background.

Given that after all cuts our main background tt̄ ends up being usually a couple of orders of magnitude
bigger than Wj, it is worth recommending the experimental groups to consider the possibility of adjusting the
b-tagging working point in order to reduce tt̄ (and single top) at the price of increasing Wj. In this work, we
have employed the PGS original tune working point. If the b-tagging efficiency was increased – at the price
of increasing the contamination from light jets – then the second b-jet in tt̄ could be detected more efficiently,
and those events could be discarded at event selection. On the other hand, more Wj events would pass the
event selection because of increased fake b-tags. Moreover, more signal events are expected to pass the b-jet
requirement if the b-jet efficiency is increased. The final balance should be an overall reduction in the background
and an increase in the signal, yielding an increase in the final signal significance. Finally, we note that this
issue is expected to become even more important at larger LHC energies, since the dominant tt̄ background is
expected to become even more enhanced compared to other backgrounds and also the signal, and bringing it
under control will become of utmost importance in order to further extend the reach of the leptonic monotop
strategy.

We have also found the transverse mass of the lepton plus missing energy system, MT , to be the most
effective discriminator between the signal and backgrounds. We have explicitly shown in Tables 2 and 4 the
effect of this variable cut on the simulated signal and background event samples, concluding that it is a key
variable for this search strategy. In particular, we have shown in Figs. 5 and 6 that the monotop leptonic search
strategy is significantly better than the single top one; we have seen that particularly for high masses of the
invisible final state X (mX � 250 GeV), the monotop search improves the existing single top one by up to an
order of magnitude in the relevant coupling (or two orders of magnitude in the cross-section). As a matter of
fact, although one could naively expect the single-top measurements to be sensitive to the monotop signature,
this is not generally the case because for most single-top signatures within the SM, MT has an end point given
by the W mass.
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Conclusions

• Single top quark production a key part of the top physics program at 
the LHC

• fruitful laboratory of EW & QCD effects (e.g. PDF fits)

• provides direct access to third row of CKM

• Rich BSM phenomenology, complementary to other searches

• Example 1: single top partner production expected to become 
dominant discovery channel within composite scenarios

• Example 2: monotop provides powerful probe of dark sectors 
coupling to quark flavor
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