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Forward-backward asymmetry in tt production

• Charge (a)symmetric cross-section

Forward-backward asymmetry in tt̄ production

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

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

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

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

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

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

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

!

1! 4m2
t/ŝ

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

The forward-backward asymmetry of the top quark in the tt̄ c.m. frame is defined as
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We further parameterize the di!erential cross section d#/d cos ! as follows:
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where the subindex i denotes “SM”, “INT” and “NPS”. Hence, after integrating over the

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

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

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

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

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

proton to define the forward direction.

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

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

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

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

and sums for the INT (NPS) e!ects, e.g.,
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Forward-backward asymmetry in tt production

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

• In QCD induced at order αs3

_

ASM
FB = 0.058± 0.009

t̂ = m2
t −

ŝ

2
[1− βt cos θ]

2 The QCD induced charge asymmetry

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

(c) (d)

(b)(a)

q

q

Q

Q

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

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

A(y) =
Nt(y) # Nt̄(y)

Nt(y) + Nt̄(y)
, (4)

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

$
s = 1.96 TeV we predict

A =
Nt(y % 0) # Nt̄(y % 0)

Nt(y % 0) + Nt̄(y % 0)
= 0.051(6) , (5)
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Forward-backward asymmetry in tt production

• Measurements at the Tevatron vs. SM (QCD) predictions
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Forward-backward asymmetry in tt production

• Measurements at the Tevatron vs. SM (QCD) predictions

• High mtt region less sensitive to threshold effects

_
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ŝ =
�

(pt + pt̄)2

Kidonakis, 1009.4935,
1105.3481



Forward-backward asymmetry in tt production

• Measurements at the Tevatron vs. SM (QCD) predictions

_
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New Physics Interpretation(s)
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FIG. 1: σNP
F and σNP

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

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

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

FB. Let σSM
F,B

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

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

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

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

F , σNP
B shown in Fig.

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

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

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

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

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

kl =

Sβα
kl = Sαβ

lk where α,β are colour indices and generation

indices are k, l. Consider the GF symmetric Lagrangian

LS = η1 U
k
Rα U l

Rβ
Sαβ
kl + h.c., (4)

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

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

∆LS = η2 U
k
Rα [∆UURβ ]

l Sαβ
kl + h.c., (5)

with additional corrections from higher insertions of
∆U = YUY

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

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

S3k
−m2

Sij
∝ y2tm

2
Sij

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

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

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

LV = η1 ŪR /V UR, (6)

where η1 is real. The FV corrections from yt are

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

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

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

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

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

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

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

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

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

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

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

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

presented.

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

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

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

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

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

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

II. CORRELATION OF AFB AND !(tt̄)

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

Atot
FB =

!SM
F ! !SM

B + !NP
F ! !NP

B

!SM
F + !SM

B + !NP
F + !NP

B

(3)

=
!NP
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B
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B
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F ! !NP

B

"

"
!NP
tot

!SM
tot + !NP

tot

(4)

= ANP
FB "R + ASM

FB (1!R) (5)

where

ANP
FB #

!NP
F ! !NP

B

!NP
F + !NP

B

, ASM
FB #

!SM
F ! !SM

B

!SM
F + !SM

B

and R =
!NP
tot

!SM
tot + !NP

tot

(6)

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

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

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

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

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

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

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

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

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

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

to !NP
F or !NP

B means that |ANP
FB | can exceed 1.

3

• NP interfering with the SM

• positive contributions to AFB

• interference in σ negative or vanishing

Grinstein et al., 1102.3374

σNP
B � 0

σNP
B < σNP

F

Ah
FB = AFB(mtt̄ > 450GeV)
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particle has to be a colour octet vector. The other options
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assignments for vector (scalar) fields that couple to quark
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[19, 20] without the insertion of YU , YD. In this letter,
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Phenomenology. We use MSTW2008 PDF’s [21]
and work to NLO for the SM tt̄ cross section, while we
work to LO for the NP corrections to it (including the
interference with the SM). A challenge for any model
that seeks to explain the anomalous Att̄

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

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

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

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

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

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

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

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

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

presented.

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

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

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

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

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

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

II. CORRELATION OF AFB AND !(tt̄)

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

Atot
FB =

!SM
F ! !SM

B + !NP
F ! !NP

B

!SM
F + !SM

B + !NP
F + !NP

B

(3)

=
!NP
F ! !NP

B

!NP
F + !NP

B

"
!

1 +
!SM
F ! !SM

B

!NP
F ! !NP

B

"

"
!NP
tot

!SM
tot + !NP

tot

(4)

= ANP
FB "R + ASM

FB (1!R) (5)

where

ANP
FB #

!NP
F ! !NP

B

!NP
F + !NP

B

, ASM
FB #

!SM
F ! !SM

B

!SM
F + !SM

B

and R =
!NP
tot

!SM
tot + !NP

tot

(6)

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

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

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

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

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

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

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

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

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

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

to !NP
F or !NP

B means that |ANP
FB | can exceed 1.

3

• NP interfering with the SM

• positive contributions to AFB

• interference in σ negative or vanishing

• NP not interfering with SM?

• saturate uncertainties in σ

• need very asymmetric incoherent contribution

Grinstein et al., 1102.3374

σNP
B � 0

σNP
B < σNP

F

Ah
FB = AFB(mtt̄ > 450GeV)

concrete models rarely satisfy this!
J. Zupan
tmini workshop
Weizmann, 2011



tt production from top partner decays

• Inclusive σ measurements allow for 13% new incoherent contribution

• Large asymmetric contribution can reconcile the inclusive AFB measurement

• Needs to overcome symmetric QCD production

• Production of “top partners” decaying to top + invisible particles 

• Need to pass tt selection criteria and escape searches for tt+Emiss  

_

_ _
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tt production from top partner decays

• Fermionic top partners (4th gen, vectorlike T)

• Large (symmetric) QCD cross-section

• Excludes masses mT~mt

_
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TABLE II: Expected 95% CL upper limit on T �T̄ � production cross-section, σexp, and observed limit, σobs, for each

signal point in (mT � ,mX) tested with the /ET used.

mT � ,mX

(GeV)
/ET Cut
(GeV)

σexp

[pb]
+σ −σ +2σ −2σ σobs

[pb].
200,1 94 1.31 1.86 0.83 2.34 0.63 1.21
200,20 104 1.78 2.86 1.06 3.71 0.65 1.53
220,1 96 0.78 1.05 0.53 1.28 0.40 0.55
220,20 110 0.89 1.46 0.58 1.90 0.40 0.79
220,40 95 1.40 2.17 0.93 2.94 0.69 1.20
240,1 100 0.39 0.54 0.27 0.68 0.22 0.24
240,20 112 0.44 0.67 0.26 0.89 0.15 0.47
240,40 104 0.61 0.91 0.40 1.17 0.27 0.49
240,60 96 1.39 2.06 0.90 3.92 0.63 1.02
260,1 118 0.23 0.40 0.14 0.53 0.09 0.20
260,20 126 0.27 0.42 0.16 0.59 0.11 0.22
260,40 114 0.36 0.52 0.23 0.67 0.16 0.29
260,60 98 0.49 0.66 0.34 0.83 0.28 0.40
280,1 130 0.16 0.27 0.09 0.38 0.06 0.15
280,20 126 0.18 0.29 0.11 0.36 0.07 0.17
280,40 126 0.17 0.27 0.11 0.35 0.08 0.12
280,60 122 0.27 0.41 0.16 0.58 0.11 0.28
280,80 124 0.40 0.65 0.27 1.06 0.17 0.35
300,100 110 0.34 0.51 0.24 0.82 0.17 0.39
300,90 119 0.26 0.41 0.15 0.67 0.06 0.26
300,80 119 0.20 0.31 0.13 0.42 0.08 0.18
300,70 128 0.19 0.31 0.12 0.42 0.08 0.17
300,60 126 0.16 0.25 0.10 0.34 0.06 0.14
300,30 134 0.13 0.19 0.08 0.31 0.06 0.12
300,1 136 0.11 0.18 0.06 0.28 0.03 0.09
310,100 124 0.23 0.37 0.15 0.83 0.09 0.22
310,90 125 0.19 0.29 0.11 0.46 0.08 0.21
310,80 124 0.16 0.24 0.11 0.30 0.08 0.16
310,1 138 0.10 0.17 0.06 0.27 0.03 0.06
320,90 129 0.15 0.27 0.09 0.49 0.05 0.19
320,80 130 0.15 0.24 0.08 0.44 0.06 0.12

mT � ,mX

(GeV)
/ET Cut
(GeV)

σexp

[pb]
+σ −σ +2σ −2σ σobs

[pb].
320,70 132 0.12 0.19 0.07 0.28 0.05 0.09
320,60 138 0.11 0.18 0.07 0.31 0.02 0.08
320,30 136 0.09 0.15 0.06 0.21 0.04 0.06
320,1 142 0.09 0.14 0.05 0.20 0.03 0.04
330,100 131 0.14 0.23 0.08 0.40 0.04 0.21
330,90 137 0.13 0.20 0.08 0.29 0.04 0.10
330,80 136 0.11 0.17 0.06 0.30 0.02 0.07
330,70 136 0.10 0.16 0.07 0.25 0.02 0.07
330,60 136 0.09 0.14 0.06 0.21 0.02 0.07
330,30 140 0.09 0.14 0.05 0.20 0.03 0.06
330,1 136 0.08 0.12 0.05 0.17 0.03 0.04
340,100 133 0.11 0.19 0.06 0.35 0.05 0.15
340,80 143 0.10 0.15 0.06 0.29 0.02 0.04
340,70 142 0.09 0.15 0.06 0.30 0.04 0.04
340,60 150 0.08 0.14 0.06 0.24 0.03 0.03
340,30 144 0.07 0.11 0.04 0.16 0.03 0.03
340,1 144 0.07 0.11 0.04 0.15 0.03 0.01
350,110 130 0.09 0.15 0.05 0.35 0.03 0.11
350,100 138 0.10 0.17 0.06 0.47 0.02 0.05
350,70 150 0.08 0.13 0.04 0.36 0.02 0.04
350,50 150 0.07 0.10 0.04 0.17 0.01 0.02
350,30 150 0.07 0.10 0.04 0.16 0.02 0.02
350,1 143 0.07 0.11 0.04 0.21 0.03 0.02
360,110 130 0.09 0.19 0.05 0.21 0.02 0.09
360,100 146 0.08 0.14 0.05 0.29 0.02 0.03
360,70 155 0.07 0.12 0.04 0.28 0.02 0.04
360,30 148 0.06 0.10 0.04 0.20 0.02 0.03
360,1 143 0.06 0.09 0.04 0.25 0.02 0.03
370,100 148 0.07 0.11 0.05 0.19 0.01 0.04
370,70 154 0.07 0.11 0.04 0.24 0.02 0.02
370,1 160 0.06 0.10 0.04 0.19 0.02 0.05

FIG. 7: Observed versus expected exclusion in (mT � ,mX).

CDF Public Note 10374



tt production from top partner decays

• Fermionic top partners (4th gen, vectorlike T)

• Scalar top partner - “stop” (SUSY)

• QCD production mostly p-wave, vanishes at threshold!

• Low mass region still allowed with sizable cross-section

• decay to  t + χ0

• mt~190GeV, mχ~O(GeV)

_

✘
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FIG. 5: For three choices of (mT � ,mX), mTW for signals versus backgrounds in signal region.

VI. RESULTS

We convert limits on the tt̄+ /ET cross sections to exclude mT � up to 360 GeV at 95% confidence level, see Fig. 7

We reinterpret our cross section limits in terms of the supersymmetry decay, t̃ → t + χ0. We cannot make any

mass exclusion for this decay. We compare median expected and observed limits and theoretical next-to-leading-order

(NLO) cross sections(prospino2 [6]) for fixed χ0 mass; mχ0 = 1GeV (Fig. 8a) and mχ0 = 20GeV (Fig. 8b). Similar

plots can me made for different χ0 masses up to mχ0 = 100GeV .

(a) Low mass region. (b) High mass region.

FIG. 6: 95% C.L. Upper limit on cross-sections..

CDF Public Note 10374

Could easily pass top reconstruction

~

Beenakker et al., 1006.4771
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• Fermionic top partners (4th gen, vectorlike T)

• Scalar top partner - “stop” (SUSY)

• QCD production mostly p-wave, vanishes at threshold!

• Low mass region still allowed with sizable cross-section

• decay to  t + χ0

• mt~190GeV, mχ~O(GeV)
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FIG. 5: For three choices of (mT � ,mX), mTW for signals versus backgrounds in signal region.

VI. RESULTS

We convert limits on the tt̄+ /ET cross sections to exclude mT � up to 360 GeV at 95% confidence level, see Fig. 7

We reinterpret our cross section limits in terms of the supersymmetry decay, t̃ → t + χ0. We cannot make any

mass exclusion for this decay. We compare median expected and observed limits and theoretical next-to-leading-order

(NLO) cross sections(prospino2 [6]) for fixed χ0 mass; mχ0 = 1GeV (Fig. 8a) and mχ0 = 20GeV (Fig. 8b). Similar

plots can me made for different χ0 masses up to mχ0 = 100GeV .

(a) Low mass region. (b) High mass region.

FIG. 6: 95% C.L. Upper limit on cross-sections..

CDF Public Note 10374

Could easily pass top reconstruction

✔

~
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tt production from stop decays

• Asymmetric production mechanism

• Exchange of heavier states ⇒ Higher dim effective operators

• Up to dim 6 no asymmetry can be generated

• Exchange of light states in t- or u-channel ⇒ Need light SM singlet: χ0

• Minimal setup:

_
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and thus vanishes at threshold [10].
The stop and a light neutralino are naturally present

in supersymmetric extensions of the SM, making this
scenario particularly attractive. As we will discuss be-
low, in the minimal supersymmetric extension of the SM
(MSSM) the FBA generated by this mechanism is van-
ishingly small, but it could become sizable in more gen-
eral frameworks. Without assuming a specific model,
here we adopt a phenomenological bottom-up approach:
we assume t̃ and χ0 to be the only light relevant non-
standard particles, and we determine the nature of their
interactions mainly by looking at phenomenological con-
straints. As a remnant of R-parity in the MSSM, we also
assume a discrete Z2 symmetry under which only these
non-standard states are charged, such that they can only
be produced in pairs and such that χ0 is a stable particle.

II. IDENTIFICATION OF THE MODEL

In order to generate a large Att̄
FB , the differential par-

tonic cross-section u(p1)ū(p2) → t̃(p�1)t̃
†(p�2) should ex-

hibit a large t̂-odd dependence,1 where t̂ = (p�1 − p1)2.
This dependence is not generated by the leading QCD
contribution to uū → t̃t̃†.

A first approach to generate a sizable t̂-odd dependence
in uū → t̃t̃† is via heavy mediators (in either ŝ or t̂ chan-
nel). Integrating out the heavy mediators leads to an
appropriate set of higher-dimensional effective operators
coupling the up quarks to the tt̃† pair. Up to canonical
dimension six, the relevant operators are

ūut̃†t̃ , ūγ5ut̃
†t̃ , ūγµut̃

†∂µt̃ , ūγµγ5ut̃
†∂µt̃ . (6)

In this case the required t̂-odd dependence can only ap-
pear in the numerator of the cross section, but the kine-
matical structure of all the above operators is such that
they do not generate it. A non-vanishing t̂ dependence
can appear only introducing operators of dimension 7
or higher, which are expected to be more suppressed by
naive dimensional analysis. Since the contributions with
a t̂-odd dependence should dominate the cross section,
which receives also a sizable contribution from ordinary
QCD, this approach appears to be highly contrived.

A second approach is to assume light t̂-channel medi-
ators for uū → t̃t̃†. In this way the t̂-odd dependence
is naturally induced by the t̂-channel propagators and
gets more pronounced the lighter the mediators. The
lightness of the mediators is also required to generate a
sizable cross-section (larger than the QCD induced one)
while maintaining perturbativity of the associated media-
tor couplings to (light) quarks and t̃. The mediators need

1 The uū initial partonic state is chosen because it largely domi-
nates over dd̄ at the Tevatron, especially at high invariant masses,
while the gg initial state cannot produce a FBA.

to be neutral and, more generally, SU(2)L × U(1)Y sin-
glets, to avoid the bounds on new light states from LEP.
Assuming they couple trilinearly to u and t̃, they should
also be fermions. Since we have already introduced a
light neutral fermion in order to account for t̃ → tχ0, the
simplest possibility is to assume χ0 itself to be the me-
diator. We are thus led to consider the following simple
Lagrangian

L = LSM + (Dµt̃)
†(Dµt̃)−m2

t̃ t̃
†t̃+ χ̄0(iγµD

µ)χ0

−mχχ̄
0
cχ

0 +
�

q=u,c,t

(Ỹq q̄Rt̃χ
0 + h.c.) , (7)

where we have introduced effective qRt̃χ0 couplings for
all three generations of right-handed up quarks. Having
assumed χ0 to be an SU(2)L×U(1)Y singlet, this implies
that t̃ has the same SU(2)L×U(1)Y quantum numbers of
right-handed up quarks. As we will discuss below, beside
the minimality of the new states introduced, the choice
of a pure right-handed coupling minimizes the impact
on electroweak observables and flavour-changing neutral-
current (FCNC) transitions.
Following the principle of introducing the minimal set

of relevant new states, we have assumed χ0 to have only
a Majorana mass term. This hypothesis has essentially
no impact on collider phenomenology (provided mχ is
sufficiently small), while it is an important ingredient if
we require χ0 to be a viable dark-matter candidate (see
below).
With this choice t̃ can be identified with the right-

handed stop of the MSSM or, more generally, with
any combination of right-handed up-type squarks. In
principle, χ0 could be identified with the bino of the
MSSM. However, bino couplings are completely deter-
mined by electroweak gauge symmetries and ultimately
turn out to be too small to significantly affect the FBA.
On the other hand, the required framework can be ac-
commodated within extensions of the MSSM with extra
SU(2)L × U(1)Y singlets (such as the NMSSM). An im-
portant condition in order to implement this mechanism
in supersymmetric extensions of the SM is a sufficeintly
heavy gluino mass, such that gluino-mediated amplitudes
do not provide a significant enhancement of the tt̃† pro-
duction cross section.
As anticipated, we keep our discussion general

analysing the phenomenological implications of (7) with-
out assuming extra model-dependent conditions. In or-
der to avoid the production of χ0 pairs in charm decays
we require mχ > mD/2, while for the t̃ state we require
mt̃ > mt and we impose the contraints derived in [9] for
top-partner pair production at Tevatron.

III. COLLIDER PHENOMENOLOGY

As an illustration of the resulting phenomenology at
the Tevatron, we choose mt̃ = 200 GeV and mχ0 =
2 GeV. We simulate our signal pp̄ → t̃t̃† → tt̄χ0χ0 at the

t̄

u

ū

t

!0

!0

!0

t̃

t̃†



tt production from stop decays

• Simple(st) model:

• t can be identified with right-handed stop in MSSM

• Majorana or Dirac nature of χ0 irrelevant for collider phenomenology

• can χ0 be the MSSM bino?
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and thus vanishes at threshold [10].
The stop and a light neutralino are naturally present

in supersymmetric extensions of the SM, making this
scenario particularly attractive. As we will discuss be-
low, in the minimal supersymmetric extension of the SM
(MSSM) the FBA generated by this mechanism is van-
ishingly small, but it could become sizable in more gen-
eral frameworks. Without assuming a specific model,
here we adopt a phenomenological bottom-up approach:
we assume t̃ and χ0 to be the only light relevant non-
standard particles, and we determine the nature of their
interactions mainly by looking at phenomenological con-
straints. As a remnant of R-parity in the MSSM, we also
assume a discrete Z2 symmetry under which only these
non-standard states are charged, such that they can only
be produced in pairs and such that χ0 is a stable particle.

II. IDENTIFICATION OF THE MODEL

In order to generate a large Att̄
FB , the differential par-

tonic cross-section u(p1)ū(p2) → t̃(p�1)t̃
†(p�2) should ex-

hibit a large t̂-odd dependence,1 where t̂ = (p�1 − p1)2.
This dependence is not generated by the leading QCD
contribution to uū → t̃t̃†.

A first approach to generate a sizable t̂-odd dependence
in uū → t̃t̃† is via heavy mediators (in either ŝ or t̂ chan-
nel). Integrating out the heavy mediators leads to an
appropriate set of higher-dimensional effective operators
coupling the up quarks to the tt̃† pair. Up to canonical
dimension six, the relevant operators are

ūut̃†t̃ , ūγ5ut̃
†t̃ , ūγµut̃

†∂µt̃ , ūγµγ5ut̃
†∂µt̃ . (6)

In this case the required t̂-odd dependence can only ap-
pear in the numerator of the cross section, but the kine-
matical structure of all the above operators is such that
they do not generate it. A non-vanishing t̂ dependence
can appear only introducing operators of dimension 7
or higher, which are expected to be more suppressed by
naive dimensional analysis. Since the contributions with
a t̂-odd dependence should dominate the cross section,
which receives also a sizable contribution from ordinary
QCD, this approach appears to be highly contrived.

A second approach is to assume light t̂-channel medi-
ators for uū → t̃t̃†. In this way the t̂-odd dependence
is naturally induced by the t̂-channel propagators and
gets more pronounced the lighter the mediators. The
lightness of the mediators is also required to generate a
sizable cross-section (larger than the QCD induced one)
while maintaining perturbativity of the associated media-
tor couplings to (light) quarks and t̃. The mediators need

1 The uū initial partonic state is chosen because it largely domi-
nates over dd̄ at the Tevatron, especially at high invariant masses,
while the gg initial state cannot produce a FBA.

to be neutral and, more generally, SU(2)L × U(1)Y sin-
glets, to avoid the bounds on new light states from LEP.
Assuming they couple trilinearly to u and t̃, they should
also be fermions. Since we have already introduced a
light neutral fermion in order to account for t̃ → tχ0, the
simplest possibility is to assume χ0 itself to be the me-
diator. We are thus led to consider the following simple
Lagrangian

L = LSM + (Dµt̃)
†(Dµt̃)−m2

t̃ t̃
†t̃+ χ̄0(iγµD

µ)χ0

−mχχ̄
0
cχ

0 +
�

q=u,c,t

(Ỹq q̄Rt̃χ
0 + h.c.) , (7)

where we have introduced effective qRt̃χ0 couplings for
all three generations of right-handed up quarks. Having
assumed χ0 to be an SU(2)L×U(1)Y singlet, this implies
that t̃ has the same SU(2)L×U(1)Y quantum numbers of
right-handed up quarks. As we will discuss below, beside
the minimality of the new states introduced, the choice
of a pure right-handed coupling minimizes the impact
on electroweak observables and flavour-changing neutral-
current (FCNC) transitions.
Following the principle of introducing the minimal set

of relevant new states, we have assumed χ0 to have only
a Majorana mass term. This hypothesis has essentially
no impact on collider phenomenology (provided mχ is
sufficiently small), while it is an important ingredient if
we require χ0 to be a viable dark-matter candidate (see
below).
With this choice t̃ can be identified with the right-

handed stop of the MSSM or, more generally, with
any combination of right-handed up-type squarks. In
principle, χ0 could be identified with the bino of the
MSSM. However, bino couplings are completely deter-
mined by electroweak gauge symmetries and ultimately
turn out to be too small to significantly affect the FBA.
On the other hand, the required framework can be ac-
commodated within extensions of the MSSM with extra
SU(2)L × U(1)Y singlets (such as the NMSSM). An im-
portant condition in order to implement this mechanism
in supersymmetric extensions of the SM is a sufficeintly
heavy gluino mass, such that gluino-mediated amplitudes
do not provide a significant enhancement of the tt̃† pro-
duction cross section.
As anticipated, we keep our discussion general

analysing the phenomenological implications of (7) with-
out assuming extra model-dependent conditions. In or-
der to avoid the production of χ0 pairs in charm decays
we require mχ > mD/2, while for the t̃ state we require
mt̃ > mt and we impose the contraints derived in [9] for
top-partner pair production at Tevatron.

III. COLLIDER PHENOMENOLOGY

As an illustration of the resulting phenomenology at
the Tevatron, we choose mt̃ = 200 GeV and mχ0 =
2 GeV. We simulate our signal pp̄ → t̃t̃† → tt̄χ0χ0 at the
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tt production from stop decays

• Simple(st) model:

• t can be identified with right-handed stop in MSSM

• Majorana or Dirac nature of χ0 irrelevant for collider phenomenology

• can χ0 be the MSSM bino? 

• singlino in NMSSM or similar
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and thus vanishes at threshold [10].
The stop and a light neutralino are naturally present

in supersymmetric extensions of the SM, making this
scenario particularly attractive. As we will discuss be-
low, in the minimal supersymmetric extension of the SM
(MSSM) the FBA generated by this mechanism is van-
ishingly small, but it could become sizable in more gen-
eral frameworks. Without assuming a specific model,
here we adopt a phenomenological bottom-up approach:
we assume t̃ and χ0 to be the only light relevant non-
standard particles, and we determine the nature of their
interactions mainly by looking at phenomenological con-
straints. As a remnant of R-parity in the MSSM, we also
assume a discrete Z2 symmetry under which only these
non-standard states are charged, such that they can only
be produced in pairs and such that χ0 is a stable particle.

II. IDENTIFICATION OF THE MODEL

In order to generate a large Att̄
FB , the differential par-

tonic cross-section u(p1)ū(p2) → t̃(p�1)t̃
†(p�2) should ex-

hibit a large t̂-odd dependence,1 where t̂ = (p�1 − p1)2.
This dependence is not generated by the leading QCD
contribution to uū → t̃t̃†.

A first approach to generate a sizable t̂-odd dependence
in uū → t̃t̃† is via heavy mediators (in either ŝ or t̂ chan-
nel). Integrating out the heavy mediators leads to an
appropriate set of higher-dimensional effective operators
coupling the up quarks to the tt̃† pair. Up to canonical
dimension six, the relevant operators are

ūut̃†t̃ , ūγ5ut̃
†t̃ , ūγµut̃

†∂µt̃ , ūγµγ5ut̃
†∂µt̃ . (6)

In this case the required t̂-odd dependence can only ap-
pear in the numerator of the cross section, but the kine-
matical structure of all the above operators is such that
they do not generate it. A non-vanishing t̂ dependence
can appear only introducing operators of dimension 7
or higher, which are expected to be more suppressed by
naive dimensional analysis. Since the contributions with
a t̂-odd dependence should dominate the cross section,
which receives also a sizable contribution from ordinary
QCD, this approach appears to be highly contrived.

A second approach is to assume light t̂-channel medi-
ators for uū → t̃t̃†. In this way the t̂-odd dependence
is naturally induced by the t̂-channel propagators and
gets more pronounced the lighter the mediators. The
lightness of the mediators is also required to generate a
sizable cross-section (larger than the QCD induced one)
while maintaining perturbativity of the associated media-
tor couplings to (light) quarks and t̃. The mediators need

1 The uū initial partonic state is chosen because it largely domi-
nates over dd̄ at the Tevatron, especially at high invariant masses,
while the gg initial state cannot produce a FBA.

to be neutral and, more generally, SU(2)L × U(1)Y sin-
glets, to avoid the bounds on new light states from LEP.
Assuming they couple trilinearly to u and t̃, they should
also be fermions. Since we have already introduced a
light neutral fermion in order to account for t̃ → tχ0, the
simplest possibility is to assume χ0 itself to be the me-
diator. We are thus led to consider the following simple
Lagrangian

L = LSM + (Dµt̃)
†(Dµt̃)−m2

t̃ t̃
†t̃+ χ̄0(iγµD

µ)χ0

−mχχ̄
0
cχ

0 +
�

q=u,c,t

(Ỹq q̄Rt̃χ
0 + h.c.) , (7)

where we have introduced effective qRt̃χ0 couplings for
all three generations of right-handed up quarks. Having
assumed χ0 to be an SU(2)L×U(1)Y singlet, this implies
that t̃ has the same SU(2)L×U(1)Y quantum numbers of
right-handed up quarks. As we will discuss below, beside
the minimality of the new states introduced, the choice
of a pure right-handed coupling minimizes the impact
on electroweak observables and flavour-changing neutral-
current (FCNC) transitions.
Following the principle of introducing the minimal set

of relevant new states, we have assumed χ0 to have only
a Majorana mass term. This hypothesis has essentially
no impact on collider phenomenology (provided mχ is
sufficiently small), while it is an important ingredient if
we require χ0 to be a viable dark-matter candidate (see
below).
With this choice t̃ can be identified with the right-

handed stop of the MSSM or, more generally, with
any combination of right-handed up-type squarks. In
principle, χ0 could be identified with the bino of the
MSSM. However, bino couplings are completely deter-
mined by electroweak gauge symmetries and ultimately
turn out to be too small to significantly affect the FBA.
On the other hand, the required framework can be ac-
commodated within extensions of the MSSM with extra
SU(2)L × U(1)Y singlets (such as the NMSSM). An im-
portant condition in order to implement this mechanism
in supersymmetric extensions of the SM is a sufficeintly
heavy gluino mass, such that gluino-mediated amplitudes
do not provide a significant enhancement of the tt̃† pro-
duction cross section.
As anticipated, we keep our discussion general

analysing the phenomenological implications of (7) with-
out assuming extra model-dependent conditions. In or-
der to avoid the production of χ0 pairs in charm decays
we require mχ > mD/2, while for the t̃ state we require
mt̃ > mt and we impose the contraints derived in [9] for
top-partner pair production at Tevatron.

III. COLLIDER PHENOMENOLOGY

As an illustration of the resulting phenomenology at
the Tevatron, we choose mt̃ = 200 GeV and mχ0 =
2 GeV. We simulate our signal pp̄ → t̃t̃† → tt̄χ0χ0 at the

~

No (bino couplings determined by symmetry)
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Collider constraints

• tt cross section at the LHC

• QCD gg fusion process dominates: 

σSM

LHC
= (158± 24) pbσLHC = (180± 19) pb

ATLAS-CONF-2011-040 Campbell & Ellis, 1007.3492

σ(t̃t̃†)LHC � 10 pb
Beenakker et al., 1006.4771
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Collider constraints

• tt cross section at the LHC

• QCD gg fusion process dominates: 

• SUSY searches at LHC, low mass region (35pb-1)

• ATLAS 2 jets+Emiss search:

• background uncertainty of 42 events

• less than 1pb of signal pass kinematic cuts

σSM

LHC
= (158± 24) pbσLHC = (180± 19) pb

ATLAS-CONF-2011-040 Campbell & Ellis, 1007.3492

σ(t̃t̃†)LHC � 10 pb
Beenakker et al., 1006.4771

✔
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Figure 1. Tevatron constraints in the mt̃–Ỹu plane. The in-
clusive Att̄

FB and σtt̄ are reproduced within 1 σ in the central
green band. The region below the continuous (dashed) blue
line is excluded by Ah at 95% C.L. (90% C.L.). The region
above the continuous (dotted) red line is excluded by σh at
95% C.L. (90% C.L.).

partonic level with MadGraph/MadEvent 4.4.57 [11] and

using CTEQ6L1 set of PDFs [12]. For Ỹu � 0.85 we find

that the total t̃t̃† production cross-section reaches 12% of

the SM tt̄ cross-section, exhibiting a 50% FBA. Assum-

ing t̃ decays dominantly into tχ0
(or assuming Ỹt � Ỹu,c)

and applying the tt̄ reconstruction cuts, this leads to a

predicted Att̄

FB
within one standard deviation from the

experimental data in (2). At the same time, with this

parameter choice the value of the total cross-section is

within one standard deviation from the measured one,

using the prediction in [4] as a conservative SM normal-

ization. Some tension does develop only when comparing

the high invariant-mass data, where the predicted cross-

section and FBA tend to be higher and smaller than data,

respectively. In particular, the predicted σh exhibits a

tension of 1.6 σ when compared with (5), while he SM

tension of 3.4 σ in Ah is only relieved to around 1.9 σ.
In general, as long as χ0

is much lighter than t̃ and

Ỹt � Ỹu,c, the results do not depend on the precise val-

ues of mχ0 and Ỹt. For this reason, we have performed

a more accurate evaluation of the various constraints on

the parameter space of the model at fixed mχ0 and Ỹt.

In particular, we have set mχ0 = 2 GeV and Ỹt = 3 (the

largest value to ensure a perturbative behavior in Ỹt) and

varied the remaining relevant parameters, namely Ỹu and

m
t̃
. Since the condition Ỹt � Ỹu is not always fulfilled,

we have taken into account the actual t̃ → tχ0
branching

ratio when computing our signals. The resulting com-

parison with the relevant constraints coming from tt̄ pro-
duction at the Tevatron is displayed in Fig. 1.

As shown in Fig. 1, the requirements of a large FBA

and a small impact on the cross section are partly in

conflict, especially at high invariant masses. However,

there is a region of the parameter space where all con-

straints are satisfied at the 90% C.L. This happens for

190 � m
t̃
� 200 GeV and Ỹu ≈ 1.1 (part of the green

area where the dotted line is above the dashed one). The

reason for that lies in the interplay of the Ỹu dependence

in the χ0
-mediated cross-section generating a large FBA

and in Br(t̃ → tχ). In particular, for |Ỹu| � |Ỹt| the
t̂-even QCD contribution is suppressed by Br(t̃ → tχ)
more than the t̂-odd contribution, which enables us to

obtain a larger FBA value for a given contribution to the

cross-section.

Recently top-pair production production has also been

measured at the LHC. The value reported in [13] for the

total tt̄ cross section in pp collisions at
√
s = 7 TeV

center-of-mass energy is

σtt̄

LHC
= (194± 78) pb , (8)

in agreement with the SM prediction of 158± 24 pb [14].

For our preferred choice of parameters the corresponding

t̃t̃† production cross-section is only around 10 pb [10]
2
,

still below the present sensitivity of the LHC experi-

ments.

The t̃t̃† pairs decaying to two up quarks and two χ0
’s

contribute to the jets plus missing transverse energy

(Emiss
T

) signatures, searched for both at the Tevatron [15]

and at the LHC [16, 17]. At present the most sensitive

search is the ATLAS analysis of two jets plus Emiss
T

[17],

based on 35 pb
−1

of data, and in particular the scenario A
of [17], which is optimized for low-mass squark pair pro-

duction. Here two jets with pT > 140, 40 GeV respec-

tively, and Emiss
T

> 100 GeV are required. Additional

kinematic cuts are also imposed, among which the most

relevant are meff =
�2

i=1 |piT | + Emiss
T

> 500 GeV and

Emiss
T

/meff > 0.3. Under these conditions 87 events are

found passing all the cuts, with a SM background estima-

tion of 118± 42. We have simulated our signal contribu-

tion using MadGraph, interfaced with Pythia 6.4.14 [18]

for showering and hadronization and the ATLAS PGS

for detector simulation with a kT jet reconstruction al-

gorithm. For the most interesting region of the model’s

parameter space, we find that the signal cross-section

passing the pT and Emiss
T

cuts alone is at the level of 1 pb

or less, still below the present experimental sensitivity.

In principle, also the Tevatron analyses for single top

production could be used to set bounds on the parame-

ter space of our model. However, in this case it is very

difficult to assess the sensitivity. Present experimental

analyses employ sophisticated multivariate discriminants

including tight constraints on the missing transverse en-

ergy distribution, which is required to agree with expec-

tations from a single, leptonically decaying W boson in

2
At the LHC, the QCD production through gg initial state com-

pletely dominates over the anomalous t̂-channel contributions for
our choices of parameters.
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Figure 1. Tevatron constraints in the mt̃–Ỹu plane. The in-
clusive Att̄

FB and σtt̄ are reproduced within 1 σ in the central
green band. The region below the continuous (dashed) blue
line is excluded by Ah at 95% C.L. (90% C.L.). The region
above the continuous (dotted) red line is excluded by σh at
95% C.L. (90% C.L.).

partonic level with MadGraph/MadEvent 4.4.57 [11] and

using CTEQ6L1 set of PDFs [12]. For Ỹu � 0.85 we find

that the total t̃t̃† production cross-section reaches 12% of

the SM tt̄ cross-section, exhibiting a 50% FBA. Assum-

ing t̃ decays dominantly into tχ0
(or assuming Ỹt � Ỹu,c)

and applying the tt̄ reconstruction cuts, this leads to a

predicted Att̄

FB
within one standard deviation from the

experimental data in (2). At the same time, with this

parameter choice the value of the total cross-section is

within one standard deviation from the measured one,

using the prediction in [4] as a conservative SM normal-

ization. Some tension does develop only when comparing

the high invariant-mass data, where the predicted cross-

section and FBA tend to be higher and smaller than data,

respectively. In particular, the predicted σh exhibits a

tension of 1.6 σ when compared with (5), while he SM

tension of 3.4 σ in Ah is only relieved to around 1.9 σ.
In general, as long as χ0

is much lighter than t̃ and

Ỹt � Ỹu,c, the results do not depend on the precise val-

ues of mχ0 and Ỹt. For this reason, we have performed

a more accurate evaluation of the various constraints on

the parameter space of the model at fixed mχ0 and Ỹt.

In particular, we have set mχ0 = 2 GeV and Ỹt = 3 (the

largest value to ensure a perturbative behavior in Ỹt) and

varied the remaining relevant parameters, namely Ỹu and

m
t̃
. Since the condition Ỹt � Ỹu is not always fulfilled,

we have taken into account the actual t̃ → tχ0
branching

ratio when computing our signals. The resulting com-

parison with the relevant constraints coming from tt̄ pro-
duction at the Tevatron is displayed in Fig. 1.

As shown in Fig. 1, the requirements of a large FBA

and a small impact on the cross section are partly in

conflict, especially at high invariant masses. However,

there is a region of the parameter space where all con-

straints are satisfied at the 90% C.L. This happens for

190 � m
t̃
� 200 GeV and Ỹu ≈ 1.1 (part of the green

area where the dotted line is above the dashed one). The

reason for that lies in the interplay of the Ỹu dependence

in the χ0
-mediated cross-section generating a large FBA

and in Br(t̃ → tχ). In particular, for |Ỹu| � |Ỹt| the
t̂-even QCD contribution is suppressed by Br(t̃ → tχ)
more than the t̂-odd contribution, which enables us to

obtain a larger FBA value for a given contribution to the

cross-section.

Recently top-pair production production has also been

measured at the LHC. The value reported in [13] for the

total tt̄ cross section in pp collisions at
√
s = 7 TeV

center-of-mass energy is

σtt̄

LHC
= (194± 78) pb , (8)

in agreement with the SM prediction of 158± 24 pb [14].

For our preferred choice of parameters the corresponding

t̃t̃† production cross-section is only around 10 pb [10]
2
,

still below the present sensitivity of the LHC experi-

ments.

The t̃t̃† pairs decaying to two up quarks and two χ0
’s

contribute to the jets plus missing transverse energy

(Emiss
T

) signatures, searched for both at the Tevatron [15]

and at the LHC [16, 17]. At present the most sensitive

search is the ATLAS analysis of two jets plus Emiss
T

[17],

based on 35 pb
−1

of data, and in particular the scenario A
of [17], which is optimized for low-mass squark pair pro-

duction. Here two jets with pT > 140, 40 GeV respec-

tively, and Emiss
T

> 100 GeV are required. Additional

kinematic cuts are also imposed, among which the most

relevant are meff =
�2

i=1 |piT | + Emiss
T

> 500 GeV and

Emiss
T

/meff > 0.3. Under these conditions 87 events are

found passing all the cuts, with a SM background estima-

tion of 118± 42. We have simulated our signal contribu-

tion using MadGraph, interfaced with Pythia 6.4.14 [18]

for showering and hadronization and the ATLAS PGS

for detector simulation with a kT jet reconstruction al-

gorithm. For the most interesting region of the model’s

parameter space, we find that the signal cross-section

passing the pT and Emiss
T

cuts alone is at the level of 1 pb

or less, still below the present experimental sensitivity.

In principle, also the Tevatron analyses for single top

production could be used to set bounds on the parame-

ter space of our model. However, in this case it is very

difficult to assess the sensitivity. Present experimental

analyses employ sophisticated multivariate discriminants

including tight constraints on the missing transverse en-

ergy distribution, which is required to agree with expec-

tations from a single, leptonically decaying W boson in

2
At the LHC, the QCD production through gg initial state com-

pletely dominates over the anomalous t̂-channel contributions for
our choices of parameters.

(+ additional selection cuts)
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Flavor constraints

• Model interactions consistent with conserved Z2 symmetry (“R-parity”)

• No FCNCs at tree level

•  At one loop contribution to DD mixing observables

4

the final state [19]. Here we simply note that the t̃t̃† pro-
duction is small compared to the main SM backgrounds,
namely W+jets and tt̄ production, which have a similar
signature. Thus we do not expect very stringent con-
straints from the present single-top production searches.

IV. FLAVOUR PHYSICS AND DARK MATTER

A very significant constraint on Ỹq comes from the D0–
D̄0 mixing amplitude, to which χ0 and t̃ can contribute at
one loop. Introducing the following low-energy effective
dimension-six Hamiltonian

Heff = CR
ud (c̄RγµuR)

2, (9)

the one-loop induced contribution by our Lagrangian in
(7) is

CR
ud = − 1

32π2m2
t̃

(ỸcỸ
∗
u )

2 . (10)

Using the bound |CR
ud|

−1/2 < 1.2×10−3 TeV−2 [20], this
implies

���Ỹc/Ỹu

��� < 4× 10−3 , (11)

for our preferred values of mt̃ and Ỹu. This is certainly
a fine-tuned condition, although it is comparable to the
hierarchies exhibited by the Yukawa couplings within the
SM.

Another interesting consequence of our scenario are
FCNC top quark decays to a light quark jet and miss-
ing energy (i.e. t → uχ0χ̄0). Neglecting the χ0 mass
dependence, the decay rate is given by

Γ(t → uχ0χ̄0) =
|ỸtỸu|

2m5
t

6144π3m4
t̃

. (12)

For our illustrative choice of parameters, the branching
ratio might reach the level of 10−3, which could be within
the projected LHC sensitivity [21].

Finally, it is interesting to note that a stable Majorana
fermion χ0 with mass of a few GeV, annihilating to light
quark pairs via effective dimension six operators is a good

dark-matter candidate [22]. In our case, the low-energy
coupling of χ0 to light quarks induced by the t̃ exchange
leads to

L
eff
annih. =

|Ỹu|
2

4m2
t̃

ūRγµuRχ̄
0γµ(1− γ5)χ

0 . (13)

The dominant contribution to the thermal χ0χ0 annihi-
lation rate comes from the vector current part (χ̄0γµχ0)
of the above operator. Using the results of [22], and set-
ting mt̃ � 200 GeV and |Ỹu| ∼ 1 in (13) we find that
the correct relic abundance of χ0 can be reproduced for
mχ0 � 3 GeV, that would perfectly fit with the collider
data. A Majorana particle with such a mass, coupled
to SM fields only via (13), is presently not constrained
by direct or indirect dark-matter search experiments (see
e.g. [22, 23]).

V. CONCLUSIONS

Our knowledge of top-quark physics is still rather lim-
ited. As we have shown, it could well be that the tt̄ sam-
ple analysed at the Tevatron is enriched by non-standard
contributions coming from decays of a scalar top-partner,
with the electric and color charge of the top quark. The
top partners should be produced in pairs (t̃t̃†), have a
mass slightly above mt, and a large t̃ → tχ0 branching
ratio, where χ0 is a SM singlet with mass of a few GeV
(escaping detection). With a proper tuning of the qt̃χ0

effective couplings, the additional tt̄ pairs produced in
this way could account for the large Att̄

FB observed at
CDF.
The simple model we have proposed, where t̃ and χ0

are the only relevant new light states, is fully consistent
with present high-energy data and can naturally account
for the correct dark-matter abundance. Beside a non-
trivial flavour structure, such that t̃ has large couplings to
both χ0tR and χ0uR, and a vanishing coupling to χ0cR,
this setup is quite natural and could be part of a more
ambitious supersymmetric extension of the SM.
Interestingly, this framework can soon be tested in

more detail at the LHC. In particular: i) the large Emiss
T

of the sub-leading t̃ → uχ0 decay mode, and ii) the rise
of the pp → t̃t̃† → tt̄ QCD cross-section at large mtt̃† ,
offer powerful tools to disproof or find evidences of this
non-standard framework.
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namely W+jets and tt̄ production, which have a similar
signature. Thus we do not expect very stringent con-
straints from the present single-top production searches.

IV. FLAVOUR PHYSICS AND DARK MATTER

A very significant constraint on Ỹq comes from the D0–
D̄0 mixing amplitude, to which χ0 and t̃ can contribute at
one loop. Introducing the following low-energy effective
dimension-six Hamiltonian

Heff = CR
ud (c̄RγµuR)

2, (9)

the one-loop induced contribution by our Lagrangian in
(7) is

CR
ud = − 1

32π2m2
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2 . (10)

Using the bound |CR
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implies
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for our preferred values of mt̃ and Ỹu. This is certainly
a fine-tuned condition, although it is comparable to the
hierarchies exhibited by the Yukawa couplings within the
SM.

Another interesting consequence of our scenario are
FCNC top quark decays to a light quark jet and miss-
ing energy (i.e. t → uχ0χ̄0). Neglecting the χ0 mass
dependence, the decay rate is given by
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For our illustrative choice of parameters, the branching
ratio might reach the level of 10−3, which could be within
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Finally, it is interesting to note that a stable Majorana
fermion χ0 with mass of a few GeV, annihilating to light
quark pairs via effective dimension six operators is a good
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ūRγµuRχ̄
0γµ(1− γ5)χ

0 . (13)

The dominant contribution to the thermal χ0χ0 annihi-
lation rate comes from the vector current part (χ̄0γµχ0)
of the above operator. Using the results of [22], and set-
ting mt̃ � 200 GeV and |Ỹu| ∼ 1 in (13) we find that
the correct relic abundance of χ0 can be reproduced for
mχ0 � 3 GeV, that would perfectly fit with the collider
data. A Majorana particle with such a mass, coupled
to SM fields only via (13), is presently not constrained
by direct or indirect dark-matter search experiments (see
e.g. [22, 23]).

V. CONCLUSIONS

Our knowledge of top-quark physics is still rather lim-
ited. As we have shown, it could well be that the tt̄ sam-
ple analysed at the Tevatron is enriched by non-standard
contributions coming from decays of a scalar top-partner,
with the electric and color charge of the top quark. The
top partners should be produced in pairs (t̃t̃†), have a
mass slightly above mt, and a large t̃ → tχ0 branching
ratio, where χ0 is a SM singlet with mass of a few GeV
(escaping detection). With a proper tuning of the qt̃χ0

effective couplings, the additional tt̄ pairs produced in
this way could account for the large Att̄

FB observed at
CDF.
The simple model we have proposed, where t̃ and χ0

are the only relevant new light states, is fully consistent
with present high-energy data and can naturally account
for the correct dark-matter abundance. Beside a non-
trivial flavour structure, such that t̃ has large couplings to
both χ0tR and χ0uR, and a vanishing coupling to χ0cR,
this setup is quite natural and could be part of a more
ambitious supersymmetric extension of the SM.
Interestingly, this framework can soon be tested in

more detail at the LHC. In particular: i) the large Emiss
T

of the sub-leading t̃ → uχ0 decay mode, and ii) the rise
of the pp → t̃t̃† → tt̄ QCD cross-section at large mtt̃† ,
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than the associated statistical uncertainties. We have

also compared the reconstructed transverse leptonic W

masses (m
W

T
=

�
2E

miss

T
E

�
T
[1− cos(φ� − φE

miss
T

)], where

φi are the corresponding azimuthal angles) and found

good agreement between the distributions of the two sig-

nals. Most important, the distribution peak in the tt̄χ0χ0

sample does not appear shifted with respect to the SM

tt̄ case. Therefore, we expect that resulting effects on

tt̄ cross-section or top-quark mass measurements using

the semileptonic mode to be within the present statis-

tical and systematic uncertainties. Finally, for the all-

hadronic mode, we find that the requirement of no sig-

nificant E
miss

T
reduces the fraction of tt̄χ0χ0

signal events

passing the cuts to one third, compared to the SM tt̄ sam-

ple (assuming an uncertainty in E
miss

T
reconstruction of

σE
miss
T

� 0.5
√
HT GeV

1/2
[16]). The resulting discrep-

ancy in the measured total tt̄ production cross-section

compared to the semileptonic and leptonic modes for pre-

ferred values of our model parameters would be of the

order of 7%, that is less than the present uncertainties of

the individual analyses.

Recently top-pair production production has also been

measured at the LHC. The value reported in [17] for the

total tt̄ cross section in pp collisions at
√
s = 7 TeV

center-of-mass energy is

σtt̄

LHC
= (194± 78) pb , (8)

in agreement with the SM prediction of 158± 24 pb [18].

For our preferred choice of parameters the corresponding

t̃t̃
†
production cross-section is only around 10 pb [10]

2
,

still below the present sensitivity of the LHC experi-

ments.

The t̃t̃
†
pairs decaying to two up quarks and two χ0

’s

contribute to the jets plus missing transverse energy

(E
miss

T
) signatures, searched for both at the Tevatron [19]

and at the LHC [20, 21]. At present the most sensitive

search is the ATLAS analysis of two jets plus E
miss

T
[21],

based on 35 pb
−1

of data, and in particular the scenario

A of [21], which is optimized for low-mass squark pair

production. Here two jets with pT > 140, 40 GeV re-

spectively, and E
miss

T
> 100 GeV are required. Addi-

tional kinematic cuts are also imposed, among which the

most relevant are meff =
�

2

i=1
|pi

T
|+ E

miss

T
> 500 GeV

and E
miss

T
/meff > 0.3. Under these conditions 87 events

are found passing all the cuts, with a SM background

estimation of 118± 42. Again we have simulated our sig-

nal contribution using MadGraph, interfaced with Pythia

6.4.14 [22] for showering and hadronization and the AT-

LAS PGS for detector simulation with a kT jet recon-

struction algorithm. For the most interesting region of

the model’s parameter space, we find that the signal

2
At the LHC, the QCD production through gg initial state com-

pletely dominates over the anomalous t̂-channel contributions for
our choices of parameters.

cross-section passing the pT and E
miss

T
cuts alone is at

the level of 1 pb or less, still below the present experi-

mental sensitivity.

In principle, also the Tevatron analyses for single top

production could be used to set bounds on the parame-

ter space of our model. However, in this case it is very

difficult to assess the sensitivity. Present experimental

analyses employ sophisticated multivariate discriminants

including tight constraints on the missing transverse en-

ergy distribution, which is required to agree with expec-

tations from a single, leptonically decaying W boson in

the final state [23]. Here we simply note that the t̃t̃
†
pro-

duction is small compared to the main SM backgrounds,

namely W+jets and tt̄ production, which have a similar

signature. Thus we do not expect very stringent con-

straints from the present single-top production searches.

If χ is a Majorana particle, then in priciple one can ex-

pect a non-vanishing production of same-sign tops from

the uu → t̃t̃ process; however, this amplitue is strongly

suppressed by the smallness of mχ. For mχ = 2 GeV and

m
t̃
> mt the production of same sign tops is suppressed

by (mχ/mt̃
)
2 ∼ 10

−4
with respect to the χ-mediated

stop anti-stop production (that is a small fraction of the

SM tt̄ cross section). Beside the (mχ/mt̃
)
2
power sup-

pression, the same-sign top cross section receives loga-

rithimic enhencements both near threshold and at large

dilepton invariant masses; however, these are compen-

sated by the small probability distribution for the initial

uu state. As a confirmation of this qualitative evaluation,

we have perfomed a quantitative study of the same-sign

top cross section for our preferred range of parameters

finding σ(tt)Tevatron ∼ 0.01 fb and σ(tt)[LHC7TeV] ∼ 3 fb:

a level well below the present sensitivity.

IV. FLAVOUR PHYSICS AND DARK MATTER

A very significant constraint on Ỹq comes from the D
0
–

D̄
0
mixing amplitude, to which χ0

and t̃ can contribute at

one loop. Introducing the following low-energy effective
dimension-six Hamiltonian

Heff = C
R

ud
(c̄RγµuR)

2
, (9)

the one-loop induced contribution by our Lagrangian in

(7) is

C
R

ud
= − 1

32π2m
2

t̃

(ỸcỸ
∗
u
)
2
. (10)

Using the bound |CR

ud
| < 1.2 × 10

−3
TeV

−2
[24], this

implies

���Ỹc/Ỹu

��� < 0.06 , (11)

for our preferred values of m
t̃
and Ỹu. This is certainly

a fine-tuned condition, although it is comparable to the

_

using G. Isidori, Y. Nir & G. Perez, 1002.0900

Requires sizable flavor hierarchy (comparable to CKM)



Dark Matter Implications

• stable light fermions χ0 

• mass of a few GeV

• annihilating via effective interaction

Beltran et al., 0808.3384
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FIG. 1: The thermal relic density of fermionic dark matter with scalar, pseudoscalar, vector, and axial interactions. In
the upper left and upper right frames, results are given for e!ective couplings to each species of standard model fermion of
Gf ! (1GeV/mf ) = 10!8, 10!7, 10!6, 10!5, and 10!4GeV!2. In the remaining four frames, results are shown for Gf = 10!8,
10!7, 10!6, 10!5, and 10!4 GeV!2. If resonances, coannihilations, or annihilations to final states other than fermion-antifermion
pairs are significant, the relic abundance is expected to be significantly lower than shown here. Also shown as horizontal lines
is the range of the cold dark matter density measured by WMAP [14].

The WIMP-nucleus cross section for spin-independent elastic scattering is given by

!!N =
4

"

M2
!m2

N

(M! + mN )2
[Zfp + (A ! Z)fn]2 (20)

where A and Z are the atomic mass and atomic number of the target nuclei. The e!ective couplings to protons and

4

the final state [19]. Here we simply note that the t̃t̃† pro-
duction is small compared to the main SM backgrounds,
namely W+jets and tt̄ production, which have a similar
signature. Thus we do not expect very stringent con-
straints from the present single-top production searches.

IV. FLAVOUR PHYSICS AND DARK MATTER

A very significant constraint on Ỹq comes from the D0–
D̄0 mixing amplitude, to which χ0 and t̃ can contribute at
one loop. Introducing the following low-energy effective
dimension-six Hamiltonian

Heff = CR
ud (c̄RγµuR)2, (9)

the one-loop induced contribution by our Lagrangian in
(7) is

CR
ud = − 1

32π2m2
t̃

(ỸcỸ
∗
u )2 . (10)

Using the bound |CR
ud|

−1/2 < 1.2×10−3 TeV−2 [20], this
implies

���Ỹc/Ỹu

��� < 4× 10−3 , (11)

for our preferred values of mt̃ and Ỹu. This is certainly
a fine-tuned condition, although it is comparable to the
hierarchies exhibited by the Yukawa couplings within the
SM.

Another interesting consequence of our scenario are
FCNC top quark decays to a light quark jet and miss-
ing energy (i.e. t → uχ0χ̄0). Neglecting the χ0 mass
dependence, the decay rate is given by

Γ(t→ uχ0χ̄0) =
|ỸtỸu|

2m5
t

6144π3m4
t̃

. (12)

For our illustrative choice of parameters, the branching
ratio might reach the level of 10−3, which could be within
the projected LHC sensitivity [21].

Finally, it is interesting to note that stable fermions like
χ0 with mass of a few GeV, annihilating to light quark
pairs via effective dimension six operators have been pre-
viously considered as dark-matter candidates [22]. In our
case, assuming for the moment that χ0 is a Dirac fermion,
the low-energy coupling of χ0 to light quarks induced by
the t̃ exchange leads to

L
eff
annih. =

|Ỹu|
2

4m2
t̃

ūRγµuRχ̄0γµ(1− γ5)χ0 . (13)

In this case the dominant contribution to the thermal
annihilation rate of χ0 comes from the vector current
part (χ̄0γµχ0) of the above operator. Using the results
of [22], and setting mt̃ � 200 GeV and |Ỹu| ∼ 1 in (13)
we find that the correct relic abundance of χ0 is repro-
duced for mχ0 � 3 GeV, that would perfectly fit with the

collider data. Such contributions are however in some
tension with existing direct dark-matter detection exper-
iments [23]. Furthermore, a recent dark-matter search
using the WMAP CMB [24] spectrum disfavors thermal
relics of masses below 5 GeV. Therefore in order for χ0

to have escaped these existing searches, its thermal an-
nihilation cross-section has to be somewhat smaller than
suggested by the dark-matter relic abundance measure-
ments. This could happen if χ0 is of Majorana type, so
that its thermal annihilation cross-section is velocity sup-
pressed. Alteratively, we could assume that χ0 represents
only a fraction of the total relic abundance. A third pos-
sibility is to lower the χ0 mass below the sensitivity range
of the present direct detection experiments, ignoring the
cosmological bounds. If χ0 is a Majorana particle, then
only the axial current (χ̄0γµγ5χ0) part of (13) is allowed
and current dark-matter searches (both direct and indi-
rect) do not exclude a particle of this type with mass of a
couple GeV or less (see e.g. [22, 23, 25]). In this case the
correct dark-matter abundance can in principle still be
obtained if χ0 is produced non-thermally as in the asym-
metric dark-matter scenarios [26], for example through
the out-of-equilibrium decays of heavier particles, not in-
cluded in our low-energy model.

V. CONCLUSIONS

Our knowledge of top-quark physics is still rather lim-
ited. As we have shown, it could well be that the tt̄ sam-
ple analysed at the Tevatron is enriched by non-standard
contributions coming from decays of a scalar top-partner,
with the electric and color charge of the top quark. The
top partners should be produced in pairs (t̃t̃†), have a
mass slightly above mt, and a large t̃ → tχ0 branching
ratio, where χ0 is a SM singlet with mass of a few GeV
or less (escaping detection). With a proper tuning of the
qt̃χ0 effective couplings, the additional tt̄ pairs produced
in this way could account for the large Att̄

FB observed at
CDF.

The simple model we have proposed, where t̃ and χ0

are the only relevant new light states, is fully consis-
tent with present high-energy data and contains a dark-
matter candidate. Beside a non-trivial flavour structure,
such that t̃ has large couplings to both χ0tR and χ0uR,
and a vanishing coupling to χ0cR, this setup is quite nat-
ural and could be part of a more ambitious supersym-
metric extension of the SM.

Interestingly, this framework can soon be tested in
more detail at the LHC. In particular: i) the large Emiss

T
of the sub-leading t̃ → uχ0 decay mode, and ii) the rise
of the pp → t̃t̃† → tt̄ QCD cross-section at large mtt̃† ,
offer powerful tools to disproof or find evidences of this
non-standard framework.mχ0 � 2 GeV

If Dirac, correct cosmological DM abundance can be reproduced!

fixed by AFB



Dark Matter Constraints

• stable light fermions χ0 as viable DM candidates?

• Tension with direct DM searches? 

• Cosmological (CMB) constraints on annihilation of light thermal relics

• for masses below 5GeV, in conflict with thermal annihilation
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To calculate a single exclusion limit, the data from the
individual Ge and Si detectors have to be appropriately
combined. Traditionally, CDMS has combined the detec-
tor ensemble into a single averaged detector, where the
individual-detector masses and e!ciencies are averaged
according to their exposures. This “averaged” method
for combining detectors makes use of the entire exposure,
and comingles the candidate event energies for di"erent
detectors before forming the energy intervals required by
the optimum interval method. Figure 8 represents the
averaged version of the candidate event data for this anal-
ysis. The averaging method is appropriate when the de-
tectors involved have approximately equal sensitivity to
WIMP interactions, as was the case for previous CDMS
WIMP-search results in which the analyses were either
background-free or nearly so.

When the averaging technique is applied to detectors
with variable event rates, the detectors with especially
high event rates e"ectively pollute the lower-rate detec-
tors by filling in the most sensitive intervals with a dispro-
portionate number of events. For this reason, we decided
to adopt a novel “serialization” technique for combining
the detector data. Energy intervals are separately pre-
pared for each detector in order to preserve the most
sensitive intervals. The intervals are then concatenated
in an arbitrary order which, to avoid possible bias, was
selected before the e"ect of the order was known. We
chose to place the 3V data before the 6V data, and then
to order them according to their position within the de-
tector tower (from top to bottom). If the limit-setting
intervals do not span multiple detectors, the order will
not a"ect the result. This technique allows the opti-
mum interval method to calculate the limit from the best
individual-detector energy intervals. The resulting limit
reflects only a fraction of the exposure, rather than the
total exposure for the entire detector ensemble. This is
a trade-o" we decided to accept before calculating the
limits. Each detector is clearly background-limited, par-
ticularly near threshold where our low-mass WIMP sensi-
tivity resides. Trading exposure for cleaner energy inter-
vals should yield stronger limits for low masses. In hind-
sight, this turned out to be true for WIMP masses less
than 8GeV/c2. The serialization technique also allows
for di"erent detector types within the detector ensemble,
providing a natural method for combining the Ge and Si
data.

To include the e"ect of non-zero energy resolution
properly, expected WIMP rates were separately calcu-
lated for each detector and WIMP search (3V and 6V
data) in a series of steps. The limit was calculated for
75 WIMP masses between 1GeV/c2 and 100GeV/c2.
At each mass, the halo model predicts the di"eren-
tial WIMP-nucleon scattering rate in terms of an ideal,
perfect-resolution recoil energy (see Fig. 1 for example).
Each detector’s ideal spectrum was then convolved with
its YNR-corrected recoil-energy resolution listed in Ta-
ble III (first two columns). Recall that the hardware
trigger and software phonon thresholds depend solely
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FIG. 10. (color online). Comparison of 90% confi-
dence level upper limits from the combined Ge and Si
(black/dark solid, our main result) and Si only (gray/light
solid) data, with potential signal regions based on data from
the DAMA/LIBRA [34] and CoGeNT [35] experiments. The
two (larger) oval-shaped filled regions (pink/light shaded)
represent the DAMA/LIBRA annular modulation signal as
interpreted by Savage et al. [13] (99.7%C.L.), and include
the e!ect of ion channeling as modeled by Bozorgnia et
al. [31]. The (smaller) oval-shaped filled region is the
99% (gray/medium shaded) confidence level signal region
found by Hooper et al.’s [36] simultaneous best fit to the
DAMA/LIBRA and CoGeNT data. The elongated filled re-
gions are SUSY theory predictions by Bottino et al. [12]
for "WIMP < "CDMmin (dark-yellow/medium shaded) and
"WIMP ! "CDMmin (blue/dark shaded). Our limits assume a
galactic escape velocity of 544 km/s [15], while the potential
signal regions are based on a value of 600 km/s.

on the phonon signal. The expected WIMP spectrum
should therefore include noise from only the phonon
channel when the hardware and software threshold ef-
ficiencies are applied. After application of these phonon-
only e!ciencies, the spectrum was further smeared to
include the electronic noise of the ionization channel via
a second convolution with the quadrature di"erence be-
tween the Q-corrected (third and fourth columns of Ta-
ble III) and YNR-corrected recoil-energy resolutions. The
threshold-reduced expected WIMP spectrum, in terms
of Q-corrected recoil energy as measured by a ZIP detec-
tor, was then multiplied by the remaining analysis cut
e!ciencies, which either depend weakly on this energy
estimator or are constant. Finally each detector’s dou-
bly smeared and e!ciency-reduced expected WIMP rate
was scaled by the detector’s mass and exposure (listed
in Tables I and IV). The resulting distribution of ex-
pected events per Q-corrected keV for each detector was
used to construct a cumulative probability that describes
how likely it is that a WIMP interaction deposited an
energy within each energy interval defined by that de-
tector’s candidate event energies. The 10 (4) individ-

(SI nucleon σ~10-37cm2)

CDMS, 1010.4290

Huetsi et al., 1103.2766

See also Hector et al.,1105.5644



Dark Matter Constraints

• stable light fermions χ0 as viable DM candidates?

• Alternative possibilities if χ0 Majorana 

• thermal annihilation cross-section velocity suppressed 

• nucleon cross-section spin-dependent

• DM needs to be produced non-thermally (i.e. asymmetric DM)
D. B. Kaplan, Phys. Rev. Lett. 68 (1992)
D. E. Kaplan et al., 0901.4117



Prospects for LHC discovery

• Generic SUSY searches in 2 jets + Emiss, sensitive to low squark masses

• Benefits of lower luminosity (trigger menu)!

• Can a scalar admixture be disentangled from top properties measurements?

• Top Mass, Width measurements?

• Spin (correlation) measurements?

• QCD produced top quarks not polarized, tt spins correlated

Best LHC sensitivity expected this year

ATLAS, 1102.5290

CMS, 1101.1628

Mahlon & Parke, 1001.3422

Godbole et al., 1010.1458

Jung et al., 1011.5976

Degrande et al., 1010.6304

_



Conclusions

• The most significant hints of BSM physics at the Tevatron in top sector

• Large measured AFB could be due to O(few TeV) (s-channel) resonances or 
sub TeV contributions in u- or t-channel

• Even incoherent contributions to σ(tt) still consistent with present data

• Example: light stop + neutralino 

_

possible implications for DM searches

not vanilla SUSY

c.f. J.F.K @
FPCP 2011

Hector et al.,1105.5644

(or even CDF Wjj anomaly)

predicted LHC signatures in jets+Emiss

G. Punzi @ Recontres de Blois 2011


