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LHC non-discoveries

Model ℓ, γ Jets Emiss
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ADD GKK + g/q − ≥ 1 j Yes 20.3 n = 2 1502.015185.25 TeVMD

ADD non-resonant ℓℓ 2e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 20.3 n = 6 1407.13765.82 TeVMth

ADD BH high Ntrk 2 µ (SS) − − 20.3 n = 6, MD = 3 TeV, non-rot BH 1308.40754.7 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 20.3 n = 6, MD = 3 TeV, non-rot BH 1405.42545.8 TeVMth

ADD BH high multijet − ≥ 2 j − 20.3 n = 6, MD = 3 TeV, non-rot BH 1503.089885.8 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass

RS1 GKK → γγ 2 γ − − 20.3 k/MPl = 0.1 1504.055112.66 TeVGKK mass

Bulk RS GKK → ZZ → qqℓℓ 2 e, µ 2 j / 1 J − 20.3 k/MPl = 1.0 1409.6190740 GeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 2 j / 1 J Yes 20.3 k/MPl = 1.0 1503.04677760 GeVW′ mass

Bulk RS GKK → HH → bb̄bb̄ − 4 b − 19.5 k/MPl = 1.0 1506.00285500-720 GeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 2 e, µ (SS) ≥ 1 b, ≥ 1 j Yes 20.3 1504.04605960 GeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 20.3 1405.41232.9 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 20.3 1407.74943.24 TeVW′ mass

EGM W ′ →WZ → ℓν ℓ′ℓ′ 3 e, µ − Yes 20.3 1406.44561.52 TeVW′ mass

EGM W ′ →WZ → qqℓℓ 2 e, µ 2 j / 1 J − 20.3 1409.61901.59 TeVW′ mass

EGM W ′ →WZ → qqqq − 2 J − 20.3 1506.009621.3-1.5 TeVW′ mass

HVT W ′ →WH → ℓνbb 1 e, µ 2 b Yes 20.3 gV = 1 1503.080891.47 TeVW′ mass

LRSM W ′
R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 17.3 ηLL = −1 1504.0035712.0 TeVΛ

CI qqℓℓ 2 e, µ − − 20.3 ηLL = −1 1407.241021.6 TeVΛ

CI uutt 2 e, µ (SS) ≥ 1 b, ≥ 1 j Yes 20.3 |CLL | = 1 1504.046054.3 TeVΛ

EFT D5 operator (Dirac) 0 e, µ ≥ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1502.01518974 GeVM∗
EFT D9 operator (Dirac) 0 e, µ 1 J, ≤ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1309.40172.4 TeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 20.3 β = 1 Preliminary1.05 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 20.3 β = 1 Preliminary1.0 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 Preliminary640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass

VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass

T5/3 →Wt 1 e, µ ≥ 1 b, ≥ 5 j Yes 20.3 1503.05425840 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 20.3 only u∗ and d∗, Λ = m(q∗) 1309.32303.5 TeVq∗ mass

Excited quark q∗ → qg − 2 j − 20.3 only u∗ and d∗, Λ = m(q∗) 1407.13764.09 TeVq∗ mass

Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2 j or 1 j Yes 4.7 left-handed coupling 1301.1583870 GeVb∗ mass

Excited lepton ℓ∗ → ℓγ 2 e, µ, 1 γ − − 13.0 Λ = 2.2 TeV 1308.13642.2 TeVℓ∗ mass

Excited lepton ν∗ → ℓW , νZ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ℓℓ 2 e, µ (SS) − − 20.3 DY production, BR(H±±L → ℓℓ)=1 1412.0237551 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(H±±
L
→ ℓτ)=1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 Preliminary1.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 7 TeV

√
s = 8 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: July 2015

ATLAS Preliminary∫
L dt = (4.7 - 20.3) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

Many bounds on New Physics at the TeV scale.
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CMS Searches for New Physics Beyond Two Generations (B2G)

95% CL Exclusions (TeV)
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Top partners make the Higgs potential calculable:

Bounds on Top partners are also significant.

Figure 1:

1 A

bW ! tZ

bW ! th

m2
H ' 3y2t

8⇡2
m2

T

1

H H H HT

Models where H = pseudo Nambu-Goldstone boson of G/H



Option 1a: Non-standard T decays

T
t

W, Z, h



Option 1a: Non-standard T decays

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.00.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

mY1HTeVL

BR
HY1 L

6L+6R

f
=
0.
6
Te
V
,
»y R»
=
»y L»ê

2
,
g2
=
2

ht Zt Wb ht

T
t

W, Z, h

T
t

+
Beyond the Minimal Model:

Figure 1:

1 A

bW ! tZ

bW ! th

m2
H ' 3y2t

8⇡2
m2

T

SU(4)/Sp(4) ! H, ⌘

1

Figure 1:

1 A

bW ! tZ

bW ! th

m2
H ' 3y2t

8⇡2
m2

T

SU(4)/Sp(4) ! H, ⌘

⌘

1

j

j

B
R

(T
)

mT

pseudo-scalar



Option 1a: Non-standard T decays

T
t

W, Z, h

T
t

Beyond the Minimal Model:

Figure 1:

1 A

bW ! tZ

bW ! th

m2
H ' 3y2t

8⇡2
m2

T

SU(4)/Sp(4) ! H, ⌘

1

Figure 1:

1 A

bW ! tZ

bW ! th

m2
H ' 3y2t

8⇡2
m2

T

SU(4)/Sp(4) ! H, ⌘

⌘

1

DM

DM
DM

DM

Figure 1:

1 A

bW ! tZ

bW ! th

m2
H ' 3y2t

8⇡2
m2

T

SU(4)/Sp(4) ! H, ⌘

⌘

1

b

b

It successfully controls 
relic abundance

indirect detection
direct detection

+
pseudo-scalar



Option 1b: Twin Higgs

SM partners                                                                                                                .

Figure 1:

1 A

W ′, Z ′, G′

p2 < M2

t

t̄

T

yt ∼
yLyRf

MT

mh ∼ mt

MT

πf
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1

the per mille level. This bound has strongly disfavored in the past Technicolor models and other

variants [11]. From the lagrangian of Eq. (11), we find a deviation from the SM Zb
L

b̄
L

coupling

given by
�g

bL

g
bL

=
(c(1)

L

+ c
(3)
L

)⇠

1� 2
3 sin2 ✓

W

. (18)

For c
(1),(3)
L

⇠ 1, as expected for a composite q
L

, Eq. (18) gives a large deviation, excluded by the

present LEP data. This strong bound, however, can be evaded in certain custodial BSM models. As

pointed out in Ref. [7], the custodial symmetry implemented with P
LR

(that interchanges L $ R)

can protect Zbb̄ from large deviations from its SM value. This occurs when the BSM field that

couples to b
L

has the following isospin-left and isospin-right charge assignments [7]:

T
L

= T
R

= 1/2 , T 3
L

= T 3
R

= �1/2 . (19)

In this case one finds, from integrating out the BSM sector, c
(1)
L

= �c
(3)
L

, and therefore no contribu-

tions to Eq. (18) are generated. The only e↵ect on Zbb̄ will arise from loops involving SM particles

(together with BSM states) that do not respect the custodial and P
LR

symmetry. We will comment

on these e↵ects later on.

Assuming that Eq. (19) is fulfilled, and that the operator Q̄
L

⌃T
R

must be allowed to give masses

to the SM fermions, we are left with only two possible charge assignments for the states Q and T

under SU(2)
L

⇥SU(2)
R

⇥U(1)
X

2:

Q T
Case (a) (2,2)2/3 (1,1)2/3

Case (b) (2,2)2/3 (1,3)2/3 + (3,1)2/3

(20)

In this article we will concentrate only on these two possibilities.

4.1 The bT parameter

With Zbb̄ under control at tree-level, the next important observable is the T -parameter. The

contribution to T arises from the higher-dimensional operator

c
T

2f 2
|H†D

µ

H|2 , bT = c
T

⇠ , (21)

where we follow the notation of Ref. [12] in which the T -parameter is rescaled: bT = ↵T ' T/129.

As we previously said, bT is zero at the tree-level by the custodial symmetry. Nevertheless, it can

2The extra global U(1)X symmetry of the BSM sector is needed to properly embed the hypercharge of the SM,
Y = T 3

R + X.
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Production Decay

� [fb] @ NNLO

pair production

M [GeV]
p
s = 7 TeV

p
s = 8 TeV

400 (0.920) 1.41 ⇥103 (1.50) 2.30 ⇥103

500 (218) 330 (378) 570

600 (61.0) 92.3 (113) 170

700 (19.1) 29.0 (37.9) 56.9

800 (6.47) 9.88 (13.8) 20.8

900 (2.30) 3.55 (5.33) 8.07

1000 (0.849) 1.33 (2.14) 3.27

1100 (0.319) 0.507 (0.888) 1.37

1200 (0.122) 0.196 (0.375) 0.585

1300 (4.62) 7.60 ⇥10�2 (0.160) 0.253

Table 2: Cross sections for the NNLO pair production of heavy fermions at
p
s = 7, 8 TeV (the LO values

are in brackets), with HATHOR [28].

t

X
V

b

X
V

Figure 3: The single-production diagrams.

and for this reason it will not be reported here, however it is easily implemented in a Mathematica

package.

The single production cross-sections are quadratic polynomials in the couplings, with coe�cients

that encapsulate the e↵ect of the QCD interactions, the integration over the phase-space and the

convolution with the parton distribution functions. These coe�cients depend uniquely on the mass

of the partner and can be computed by Monte Carlo integration. Once the latter are known we obtain

semi-analytical formulae for the cross-sections. The production in association with the b is simply

proportional to g2
Xb

L

while the one with t would be, a priori, the sum of three terms proportional

to g2
Xt

L

, g2
Xt

R

and g
Xt

L

· g
Xt

R

which account, respectively, for the e↵ect of the left-handed coupling,

of the right-handed one and of the interference among the two. However in the limit of massless

top quark, m
t

⌧ m
X

, the processes mediated by the left-handed and by the right-handed couplings

become physically distinguishable because the anti-top produced in association with X will have

opposite chirality in the two cases. Therefore in the limit m
t

! 0 the interference term can be

neglected. Moreover, the coe�cients of the g
Xt

L

2 and g
Xt

R

2 terms will be equal because the QCD
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Figure 1: Pair production of T5/3 and B to same-sign dilepton final states.

(section 4). Sections 5 and 6 present our main analysis: first, we show the optimal cuts and
characterize the best observables for discovering the heavy T5/3 and B without making any
sophisticated reconstruction; then, we reconstruct the W and t candidates and pair them to
reconstruct the T5/3 invariant mass. We conclude with a critical discussion of our results.

2 A simple model for the top partners

Although the main results of our analysis will be largely independent of the specific real-
ization of the new sector, we will adopt as a working example the “two-site” description of
Ref. [23], which reproduces the low-energy regime of the 5D models of [13, 14] (see also [24]
for an alternative 4D construction). Its two building blocks are the weakly-coupled sec-
tor of the elementary fields qL = (tL, bL) and tR, and a composite sector comprising two
heavy multiplets (2, 2)2/3, (1, 1)2/3 plus the Higgs (the case with partners of the tR in a
[(1, 3)⊕ (3, 1)]2/3 can be similarly worked out):

Q = (2, 2)2/3 =

[

T T5/3

B T2/3

]

, T̃ = (1, 1)2/3 , H = (2, 2)0 =

[

φ†
0 φ+

−φ− φ0

]

. (1)

The two sectors are linearly coupled through mass mixing terms, resulting in SM and heavy
mass eigenstates that are admixtures of elementary and composite modes. The Higgs dou-
blet couples only to the composite fermions, and its Yukawa interactions to the SM and
heavy eigenstates arise only via their composite component. The Lagrangian in the elemen-
tary/composite basis is (we omit the Higgs potential and kinetic terms and we assume, for
simplicity, the same Yukawa coupling for both left and right composite chiralities):

L =q̄L ̸∂ qL + t̄R ̸∂ tR
+ Tr

{

Q̄ ( ̸∂ −MQ)Q
}

+ ¯̃T ( ̸∂ −MT̃ ) T̃ + Y∗Tr{Q̄H} T̃ + h.c

+∆L q̄L (T,B) +∆R t̄RT̃ + h.c.

(2)
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Figure 4: In red dashed: the cross sections of pair production. In green and blue the single production of
the �T (in association with a b) and of the X5/3(in association with a t), respectively in model M15 and M45.
The point chosen in the parameter space is � = 0.2, c1 = 1 and y = 1. The value of c2 is fixed, at each value
of M�, in order to reproduce the top quark mass.

It total, all the single-production processes are parameterized in terms of 5 universal coe⇥cient

functions ⇥W±t, ⇥Zt and ⇥W±b. Notice that a possible ⇥Zb vanishes because flavor-changing neutral

couplings are forbidden in the charge �1/3 sector as explained in the previous section. As such,

the single production of the B in association with a bottom quark does not take place. We have

computed the coe⇥cient functions ⇥W±t and ⇥W±b, including the QCD corrections up to NLO,

using the MCFM code [33]. To illustrate the results, we report in Table 3 the single production

cross-section with coupling set to unity, for di�erent values of the heavy fermion mass, and for the 7

and 8 TeV LHC. The values in the table correspond to the sum of the cross sections for producing

the heavy fermion and its antiparticle, on the left side we show the results for tB production, on

the right one we consider the case of b �T . In our parametrization of eq.s (3.3) and (3.4) the cross-

sections in the table correspond respectively to ⇥W+t + ⇥W�t and to ⇥W+b + ⇥W�b. We see that the

production with the b is one order of magnitude larger than the one with the t, this is not surprising

because the t production has a higher kinematical threshold and therefore it is suppressed by the

steep fall of the partonic luminosities. The values in the table do not yet correspond to the physical

single-production cross-sections, they must still be multiplied by the appropriate couplings.

The last coe⇥cient function ⇥Zt cannot be computed in MCFM and therefore to extract it

we used a LO cross section computed with MadGraph 5 [34] using the model files produced

with FeynRules package [35]. To account for QCD corrections in this case we used the k-factors

computed with MCFM for the tB production process.

In order to quantify the importance of single production we plot in figure 4 the cross-sections for

the various production mechanisms in our models as a function of the mass of the partners and for

a typical choice of parameters. We see that the single production rate can be very sizeable and that

it dominates over the QCD pair production already at moderately high mass. This is again due to

the more favorable lower kinematical threshold, as carefully discussed in Ref. [20].

Let us finally discuss the decays of the top partners. The main channels are two-body decays

to vector bosons and third-family quarks, mediated by the couplings in eq. (3.2). For the partners

of charge 2/3 and �1/3 also the decay to the Higgs boson is allowed, and competitive with the

others in some cases. This originates from the interactions of the partners with the Higgs reported
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 Two main production modes:

 Typical spectrum of top partners
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Option 1b: Twin Higgs

SM partners                                                                                                                .

Figure 1:
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yt ∼
yLyRf
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MT

πf

SU(2)L × SU(2)R

1

the per mille level. This bound has strongly disfavored in the past Technicolor models and other

variants [11]. From the lagrangian of Eq. (11), we find a deviation from the SM Zb
L

b̄
L

coupling

given by
�g

bL

g
bL

=
(c(1)

L

+ c
(3)
L

)⇠

1� 2
3 sin2 ✓

W

. (18)

For c
(1),(3)
L

⇠ 1, as expected for a composite q
L

, Eq. (18) gives a large deviation, excluded by the

present LEP data. This strong bound, however, can be evaded in certain custodial BSM models. As

pointed out in Ref. [7], the custodial symmetry implemented with P
LR

(that interchanges L $ R)

can protect Zbb̄ from large deviations from its SM value. This occurs when the BSM field that

couples to b
L

has the following isospin-left and isospin-right charge assignments [7]:

T
L

= T
R

= 1/2 , T 3
L

= T 3
R

= �1/2 . (19)

In this case one finds, from integrating out the BSM sector, c
(1)
L

= �c
(3)
L

, and therefore no contribu-

tions to Eq. (18) are generated. The only e↵ect on Zbb̄ will arise from loops involving SM particles

(together with BSM states) that do not respect the custodial and P
LR

symmetry. We will comment

on these e↵ects later on.

Assuming that Eq. (19) is fulfilled, and that the operator Q̄
L

⌃T
R

must be allowed to give masses

to the SM fermions, we are left with only two possible charge assignments for the states Q and T

under SU(2)
L

⇥SU(2)
R

⇥U(1)
X

2:

Q T
Case (a) (2,2)2/3 (1,1)2/3

Case (b) (2,2)2/3 (1,3)2/3 + (3,1)2/3

(20)

In this article we will concentrate only on these two possibilities.

4.1 The bT parameter

With Zbb̄ under control at tree-level, the next important observable is the T -parameter. The

contribution to T arises from the higher-dimensional operator

c
T

2f 2
|H†D

µ

H|2 , bT = c
T

⇠ , (21)

where we follow the notation of Ref. [12] in which the T -parameter is rescaled: bT = ↵T ' T/129.

As we previously said, bT is zero at the tree-level by the custodial symmetry. Nevertheless, it can

2The extra global U(1)X symmetry of the BSM sector is needed to properly embed the hypercharge of the SM,
Y = T 3

R + X.
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Production Decay

� [fb] @ NNLO

pair production

M [GeV]
p
s = 7 TeV

p
s = 8 TeV

400 (0.920) 1.41 ⇥103 (1.50) 2.30 ⇥103

500 (218) 330 (378) 570

600 (61.0) 92.3 (113) 170

700 (19.1) 29.0 (37.9) 56.9

800 (6.47) 9.88 (13.8) 20.8

900 (2.30) 3.55 (5.33) 8.07

1000 (0.849) 1.33 (2.14) 3.27

1100 (0.319) 0.507 (0.888) 1.37

1200 (0.122) 0.196 (0.375) 0.585

1300 (4.62) 7.60 ⇥10�2 (0.160) 0.253

Table 2: Cross sections for the NNLO pair production of heavy fermions at
p
s = 7, 8 TeV (the LO values

are in brackets), with HATHOR [28].

t

X
V

b

X
V

Figure 3: The single-production diagrams.

and for this reason it will not be reported here, however it is easily implemented in a Mathematica

package.

The single production cross-sections are quadratic polynomials in the couplings, with coe�cients

that encapsulate the e↵ect of the QCD interactions, the integration over the phase-space and the

convolution with the parton distribution functions. These coe�cients depend uniquely on the mass

of the partner and can be computed by Monte Carlo integration. Once the latter are known we obtain

semi-analytical formulae for the cross-sections. The production in association with the b is simply

proportional to g2
Xb

L

while the one with t would be, a priori, the sum of three terms proportional

to g2
Xt

L

, g2
Xt

R

and g
Xt

L

· g
Xt

R

which account, respectively, for the e↵ect of the left-handed coupling,

of the right-handed one and of the interference among the two. However in the limit of massless

top quark, m
t

⌧ m
X

, the processes mediated by the left-handed and by the right-handed couplings

become physically distinguishable because the anti-top produced in association with X will have

opposite chirality in the two cases. Therefore in the limit m
t

! 0 the interference term can be

neglected. Moreover, the coe�cients of the g
Xt

L

2 and g
Xt

R

2 terms will be equal because the QCD
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Figure 1: Pair production of T5/3 and B to same-sign dilepton final states.

(section 4). Sections 5 and 6 present our main analysis: first, we show the optimal cuts and
characterize the best observables for discovering the heavy T5/3 and B without making any
sophisticated reconstruction; then, we reconstruct the W and t candidates and pair them to
reconstruct the T5/3 invariant mass. We conclude with a critical discussion of our results.

2 A simple model for the top partners

Although the main results of our analysis will be largely independent of the specific real-
ization of the new sector, we will adopt as a working example the “two-site” description of
Ref. [23], which reproduces the low-energy regime of the 5D models of [13, 14] (see also [24]
for an alternative 4D construction). Its two building blocks are the weakly-coupled sec-
tor of the elementary fields qL = (tL, bL) and tR, and a composite sector comprising two
heavy multiplets (2, 2)2/3, (1, 1)2/3 plus the Higgs (the case with partners of the tR in a
[(1, 3)⊕ (3, 1)]2/3 can be similarly worked out):

Q = (2, 2)2/3 =

[

T T5/3

B T2/3

]

, T̃ = (1, 1)2/3 , H = (2, 2)0 =

[

φ†
0 φ+

−φ− φ0

]

. (1)

The two sectors are linearly coupled through mass mixing terms, resulting in SM and heavy
mass eigenstates that are admixtures of elementary and composite modes. The Higgs dou-
blet couples only to the composite fermions, and its Yukawa interactions to the SM and
heavy eigenstates arise only via their composite component. The Lagrangian in the elemen-
tary/composite basis is (we omit the Higgs potential and kinetic terms and we assume, for
simplicity, the same Yukawa coupling for both left and right composite chiralities):

L =q̄L ̸∂ qL + t̄R ̸∂ tR
+ Tr

{

Q̄ ( ̸∂ −MQ)Q
}

+ ¯̃T ( ̸∂ −MT̃ ) T̃ + Y∗Tr{Q̄H} T̃ + h.c

+∆L q̄L (T,B) +∆R t̄RT̃ + h.c.

(2)
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Figure 4: In red dashed: the cross sections of pair production. In green and blue the single production of
the �T (in association with a b) and of the X5/3(in association with a t), respectively in model M15 and M45.
The point chosen in the parameter space is � = 0.2, c1 = 1 and y = 1. The value of c2 is fixed, at each value
of M�, in order to reproduce the top quark mass.

It total, all the single-production processes are parameterized in terms of 5 universal coe⇥cient

functions ⇥W±t, ⇥Zt and ⇥W±b. Notice that a possible ⇥Zb vanishes because flavor-changing neutral

couplings are forbidden in the charge �1/3 sector as explained in the previous section. As such,

the single production of the B in association with a bottom quark does not take place. We have

computed the coe⇥cient functions ⇥W±t and ⇥W±b, including the QCD corrections up to NLO,

using the MCFM code [33]. To illustrate the results, we report in Table 3 the single production

cross-section with coupling set to unity, for di�erent values of the heavy fermion mass, and for the 7

and 8 TeV LHC. The values in the table correspond to the sum of the cross sections for producing

the heavy fermion and its antiparticle, on the left side we show the results for tB production, on

the right one we consider the case of b �T . In our parametrization of eq.s (3.3) and (3.4) the cross-

sections in the table correspond respectively to ⇥W+t + ⇥W�t and to ⇥W+b + ⇥W�b. We see that the

production with the b is one order of magnitude larger than the one with the t, this is not surprising

because the t production has a higher kinematical threshold and therefore it is suppressed by the

steep fall of the partonic luminosities. The values in the table do not yet correspond to the physical

single-production cross-sections, they must still be multiplied by the appropriate couplings.

The last coe⇥cient function ⇥Zt cannot be computed in MCFM and therefore to extract it

we used a LO cross section computed with MadGraph 5 [34] using the model files produced

with FeynRules package [35]. To account for QCD corrections in this case we used the k-factors

computed with MCFM for the tB production process.

In order to quantify the importance of single production we plot in figure 4 the cross-sections for

the various production mechanisms in our models as a function of the mass of the partners and for

a typical choice of parameters. We see that the single production rate can be very sizeable and that

it dominates over the QCD pair production already at moderately high mass. This is again due to

the more favorable lower kinematical threshold, as carefully discussed in Ref. [20].

Let us finally discuss the decays of the top partners. The main channels are two-body decays

to vector bosons and third-family quarks, mediated by the couplings in eq. (3.2). For the partners

of charge 2/3 and �1/3 also the decay to the Higgs boson is allowed, and competitive with the

others in some cases. This originates from the interactions of the partners with the Higgs reported
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 Two main production modes:

 Typical spectrum of top partners
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Option 2: EFT approach

Give up on new light particles, probe properties of SM particles.
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current LHC data

The LHC is not a precision machine
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Option 2: EFT approach
The LHC is a high Energy machine
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Option 2: EFT approach
The LHC is a high Energy machine
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Figure 2: Partonic cross section for the process W�t ! W�t as a function of the center
of mass energy

p
s. A rapidity cut |⌘| < 2 has been applied, to eliminate the collinear

singularity (cos ✓ ! 1, t ! 0). The soft singularity s ! (m
W

+ m
t

)2, t ! 0 is evident
from the plot. The values quoted for the coe�cients c

i

actually refer to c
i

v2/f 2; we set

c(1)
L

+ c(3)
L

= 0, so that the correction to the Zb
L

b
L

coupling vanishes. Both red and green
curves diverge like s for large s. The SM cross section (blue) falls as 1/s at large s .

6

The sensitivity to non-SM top-Z couplings is enhanced.



Option 2: EFT approach
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Probes of Vacuum Energy

0.01 100 106 1010 1014 1018
10-11

1000

1017

1031

1045

1059

1073

T HGeVL

p
HGe

V
4 L

QCD + EW + GUT

pT

pR »pL»
»pLadj»

The constant term in Einstein eq.’s changes during Phase Transitions.

1 A

a(v0 = 0) ∼ v1

ds2 = −dt2 + a2(t)dx2

i

Gµν = Tµν

(

ȧ
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How could we probe this behaviour?

Gravitational waves, neutron stars, …



Thank you and see you around

NP: Themes
1. Necessity for new particles at TeV mass

2. Candidate TeV particles
weakly coupled: SUSY, Dark Matter, Long-lived

strongly coupled/composite: Randall-Sundrum, KK 
and Z’ resonances, long-lived particles

evolution of robust search strategies

3. Connection to dark matter problem
4. Connection to flavor issues

the questions of fine tuning 
and dark matter are still open
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New particle searches at the current LHC.

current LHC searches

CMS Exotics Searches 
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*similar results obtained by ATLAS!

ATLAS Supersymmetry Searches 

4!*similar results obtained by CMS!
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