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!e top quark as a link to BSM

●Weakly coupled New Physics (NP) at the TeV scale -> susy

As today, still two paradigms for electroweak symmetry breaking:

●Strongly coupled NP at the TeV scale -> composite higgs
Particularly motivated is the case in which the Higgs is the 
Goldstone Boson of a  spontaneously broken  global symmetry 
(a kind of pion from a new strong sector)

= strong EW symmetry breaking with Partial Compositeness

L=LSM(H)+L"rong +Lmix



Quantum numbers of the Goldstones fixed by the 
symmetry breaking pattern in the strong sector:

G -> H 
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associated 
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Higgs scalars as pseudo-Nambu-Goldstone bosons of new 
dynamics above the weak scale

New strong sector endowed with a global symmetry G spontaneously broken to H 
→ delivers a set of Nambu Goldstone bosons
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Figure 1: Pictorial representation of our scenario.

composite inert Higgs. The last section is devoted to conclusions.

2 Two Composite Higgs Doublets as PNGBs

2.1 General Structure

The basic structure of our composite-Higgs scenario is as follows. As depicted in figure 1, there exists a

new sector, that we denote as “strong”, or “strongly-interacting” sector, which is endowed with a global

group G of symmetry, spontaneously broken to H ⇤ G. As such, the strong sector delivers a set of massless

Nambu-Goldstone bosons (NGB). The only constraints on the choice of the G/H coset that characterizes

the strong sector are of phenomenological nature and they are rather mild, a priori. The main requirement,

needed to avoid generic large contributions to the T -parameter, is that the unbroken group must contain

a “custodial” SO(4) ⇥= SU(2) � SU(2) symmetry, H ⌅ SO(4), and at least one Higgs 4-plet (i.e., a 4 of

SO(4)) must be present. Compatibly with these basic requirements, several cosets exist. The smallest ones,

chosen so that H is a maximal subgroup of G, are present in table 1. Other cosets, with non-maximal

G H NG NGBs rep.[H] = rep.[SU(2)� SU(2)]
SO(5) SO(4) 4 4 = (2,2)
SO(6) SO(5) 5 5 = (1,1) + (2,2)
SO(6) SO(4) � SO(2) 8 4+2 + 4̄�2 = 2� (2,2)
SO(7) SO(6) 6 6 = 2� (1,1) + (2,2)
SO(7) G2 7 7 = (1,3) + (2,2)
SO(7) SO(5) � SO(2) 10 100 = (3,1) + (1,3) + (2,2)
SO(7) [SO(3)]3 12 (2,2,3) = 3� (2,2)
Sp(6) Sp(4) � SU(2) 8 (4,2) = 2� (2,2), (2,2) + 2� (2,1)
SU(5) SU(4) � U(1) 8 4�5 + 4̄+5 = 2� (2,2)
SU(5) SO(5) 14 14 = (3,3) + (2,2) + (1,1)

Table 1: Cosets G/H from simple Lie groups, with H maximal subgroup of G. For each coset, its dimension NG and the
NGBs representation under H and SO(4) ⇥ SU(2)L � SU(2)R are reported. For Sp(6)/SU(2) � Sp(4), two embeddings are
possible, we will be interested only in the first one, which leads to two Higgs 4-plets.

subgroups, can be obtained from table 1 in a stepwise fashion G ⇧ H ⇧ H ⇥ etc.. The coset SO(6)/SO(4),

for instance, arises from the breaking SO(6) ⇧ SO(5) ⇧ SO(4). Besides two (2,2) Higgs 4-plets, this coset

4

[Mrazek et al, 1105.5403]

-> Agashe, Contino, Pomarol’05 



Hadron Collider Physics Symposium 2011

Fig. 4. Limits from Higgs searches at LEP, Tevatron and LHC in
the plane (mh, ⇠) for MCHM4. For the LHC constraints, we have
used the data reported at the EPS-HEP 2011 conference [14], the
Lepton-Photon 2011 symposium [15] and the ones announced in
December 2011 at CERN [11]. The individual channels are ap-
propriately rescaled according to Eqs. (7)–(11) and they are then
simply combined in quadrature. The red continuous line delin-
eates the region favoured at 99% CL by EW precision data (with
a cuto↵ scale of 2.5 TeV and after marginalizing over ✏2 and ✏b),
the region below the red dashed line survives for an additional
50% cancellation of the oblique parameters.

Fig. 5. Same as Fig. 4 but for MCHM5.

5 Conclusion

The LHC has been built to understand the dynamics at
the origin of the breaking of the electroweak symmetry.
The SM Higgs boson, namely a fundamental scalar field
with appropriate couplings to the SM particles, is a very
compelling UV completion to the Higgs mechanism which
ensures the proper decoupling at high energy of the ex-
tra polarization associated to the masses of the EW gauge
bosons, and at the same time also screens the radiative cor-

Fig. 6. Single (top left) and pair (top right) production of reso-
nances in the top sector. The production cross section (bottom)
makes a discovery plausible even with a limited integrated lumi-
nosity. From Ref. [13]

rections to the propagators of these W and Z. The main
virtue of this scenario is that it can remain perturbative,
hence calculable, up to very high energy, possibly the GUT
or the Planck scale. Nonetheless, strong dynamics could
also be responsible for the EW breaking. And surprisingly
enough, these strong models can be very similar to the SM
if a scalar field with the same quantum number as the Higgs
boson emerges as composite bound state from the strong
sector. Viewed from the low-energy perspective, this new
setup will appear as a deformation of the SM itself.
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Limits from Higgs searches on the composite Higgs 
for the two minimal composite higgs models Espinosa et al, 

1202.1286

= (v/f)^2, measures the amount of 
compositeness of the Higgs boson
(-> 0 in the SM elementary Higgs limit)



General structure -> Partial compositeness
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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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After diagonalizing through a composite/elementary rotation:
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Dual description in terms of higher-dimensional theories
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(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):
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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
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reconstruct the T5/3 invariant mass. We conclude with a critical discussion of our results.
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[ mass mixing terms 
between the 2 sectors ]

Light custodial partners of the top quark

MQ� = M2 = MQ cos �qL

custodians become 
very light if SM top  
is largely composite

MQ� � 0 sin�qL � 1for

2.3 Matter Sector

We now have to introduce the SM fermions and couple them with the Higgs. These states originate

in our construction from elementary degrees of freedom, external to the strong sector, which however

are coupled linearly to some strong sector operator. The construction is analogous to the one of

the SM vector bosons that we described in the previous sections. The vectors arise from gauging

the SM group embedded in the strong sector SO(4), which means writing down linear couplings

like g0W�
µ J

µ
� , where Jµ

� denotes the strong sector current operator. The linear coupling results

in a mixing of the elementary fields with the composite resonances of the strong sector. For the

vector bosons we indeed find, in our Lagrangian, terms of the form Lmix ⌅ g0/g⇤m2
⇤W

�
µ �

µ
�. 6

Analogously, for the SM fermions we assume a mixing of the form Lmix ⌅ yf/g⇤m⇤f ⇤, where yf

is the coupling of the elementary field with the corresponding fermionic operator and ⇤ generically

denotes the fermionic strong sector resonance. Because of the mixings, the lightest state which

eventually describe the SM particles are linear combinations of the elementary states, W and f ,

with the composite ones, � and ⇤, realizing the so-called partial compositeness scenario [2, 17].

In the case of two sites, focusing for simplicity on the top quark sector, we introduce only one

Dirac five-plet of fermionic resonances ⌥⇤. This transforms under the SO(5)R ⇥-model group 7 and

is mixed to the elementary doublet qL = {tL, bL} and singlet tR. The mixing term is

Lmix = yL f QL
I
UIJ

⌥⇤J + yR f TR
I
UIJ

⌥⇤J + h.c. , (34)

where QL and TR are the “embeddings” into incomplete five-plets of SO(5)L of the qL and tR SM

fermions. The 5 decomposes as 5 = (2,2)⇤ (1,1), where the (2,2) — of SO(4) — consists of two

SU(2)L doublets of opposite U(1)3R charge T 3
R = ±1/2. We chose to embed qL in the negative-

charge doublet and tR in the singlet. Given the explicit form of the generators in Appendix A, the

embeddings are given by

QL =
1�
2

�

⇧⇧⇧⇧⇤

bL
�i bL
tL
i tL
0

⇥

⌃⌃⌃⌃⌅
, TR =

�

⇧⇧⇧⇧⇤

0
0
0
0
tR

⇥

⌃⌃⌃⌃⌅
. (35)

6Actually, because of gauge invariance, the elementary-composite mixings arise from terms of the form
f2(g0W

�
µ � g��

�
µ)

2, see for instance eq. (15).
7This choice is merely conventional because by acting with the Goldstone matrix U one can convert �⇥ into U �⇥,

which transforms in SO(5)L. Physically, �⇥ or U �⇥ equivalently describe a 5 of the unbroken SO(5)V .
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Before EWSB the Yukawa Lagrangian is
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[Notice that in eq.(3) of arXiv:0801.1679 the terms involving two heavy
fermions were not shown, but they are important for the diagonalization
of the mass matrix after EWSB.]

After EWSB, the mass term for charge-2/3 states reads
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where r ⇥ Y⇥v/
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2 and cL,R = cos ⇥L,R, sL,R = sin ⇥L,R.
In the case of charge-(�1/3) and charge-(+5/3) states the mass term is

diagonal after EWSB (i.e. there is no mixing induced by the Higgs vev):
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After diagonalizing the charge-2/3 mass matrix by rotating the fields
(T2/3, T̃ , T, t)L.R, the charged current interaction terms in the Lagrangian
read:

L =
g⇥
2
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-> the charged current interaction reads:
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Figure 2: Associated single production of B and T5/3 at the LHC.

After rotating to the mass eigenstate basis, the Yukawa Lagrangian reads (now denoting
with qL, tR the SM fields, and with T , B, T5/3, T2/3, T̃ the heavy mass eigenstates):

Lyuk =Y⇥ sin ⇧L sin ⇧R

⇤
t̄L⌅†

0tR � b̄L⌅�tR
⌅

+ Y⇥ cos ⇧L sin ⇧R

⇤
T̄⌅†

0tR � B̄⌅�tR
⌅

+ Y⇥ sin ⇧L cos ⇧R

⇤
t̄L⌅†

0T̃ � b̄L⌅�T̃
⌅

+ Y⇥ sin ⇧R

�
T̄5/3⌅

+tR + T̄2/3⌅0tR
⇥

+ . . .
(3)

Here the dots stand for terms with two heavy fermions, and sin ⇧L,R denote the degree of
compositeness of the SM tL,R quarks: tan ⇧L = ⇥L/MQ, tan ⇧R = ⇥R/MT̃ [23]. eq.(3)
explicitly illustrates the specific pattern expected for the couplings of the heavy fermions:
they couple to one (third-generation) SM quark of defined chirality plus one longitudinal
W or Z boson, or the Higgs. The values of the couplings are linked to the SM top Yukawa
coupling yt; in the two-site model, in particular, the largest couplings are to the SM fermions
with the largest composite component. For example, if 1 < Y⇥ ⌅ 4⇤ – as one naturally
expects if the heavy fermions are bound states of a strongly coupled sector – the couplings of
T , B, T5/3, T2/3 are large in the limit of tR mainly composite, Y⇥ cos ⇧L sin ⇧R ⌥ Y⇥ sin ⇧R ⇧
yt, while those of T̃ are suppressed [23]. Also, the small ratio between the bottom and top
quark masses can be easily explained in this scheme by assuming that the bR has a very small
composite component. This in turn implies that any coupling of bR to the heavy fermions
will be suppressed (for that reason we have omitted bR and its own partner(s) from the
Lagrangian (2)). Finally, notice that the presence of flavour-changing neutral interactions
distinguishes the heavy partners T , B from a fourth generation.

As anticipated, the interactions of eq.(3) are responsible for both the decay and the single
production of the heavy fermions (see for example Ref. [23] for a more detailed discussion).
Pair production will instead proceed via QCD interactions. In this work we focus on the pair
production of B and T5/3 at the LHC, considering two values of their mass: M = 500 GeV
and M = 1 TeV. Both T5/3 and B decay exclusively to one top plus one longitudinally
polarized W , with a decay width
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These new fermions couple strongly 
to the 3rd generation 

SM quarks plus one WL , ZL or h

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 =

⇤
�†

0 �+

��� �0

⌅
. (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)

3

after rotating to mass 
eigen state basis

Single production and decays 
proceed via these couplings

Pair production proceeds via 
the usual QCD coupling

e.g
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5 Lower beam energy

In our analysis we have assumed the LHC to work at its design center–of–mass energy of
⇤

S = 14 TeV,
and there is no reason to doubt that this energy will be reached at some stage of the LHC program. It is
known, however, that the program will start with lower beam energies, so that it is worth discussing how
our result will be modified in that case. Two mechanisms are at work when lowering the beam energy.
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Figure 15: Dependence on the beam energy of the cross section for single & pair B (MB=1.0 TeV), tt̄
and W±W±. They are normalized to their 14 TeV value. We observe that the higher the intrinsic scale
is, the more it is suppressed at low beam energy.

First, all the cross-sections scale down, but those with a high intrinsic scale decrease faster as figure 15
shows. For instance, while single B(1.0 TeV) goes down by a factor � 4.0, tt̄ only decreases of a factor
� 2.3 for

⇤
s = 14 ⇥ 10 TeV. Second, since our cuts are only based on the hard transverse dynamics

resulting from the decay of the partners, their e�ciency on the signal will only depend on the mass and
not on the beam energy.
For the background, on the contrary, the e�ciency of the cuts decreases with the beam energy since hard
background events which could pass the cuts become less frequent. As an example, medium cuts on tt
have an e�ciency of 2.6 · 10�2 at 14 TeV and of 1.7 · 10�2 at 10 TeV.

It is therefore not worth modifying the cuts for lower energies. The discovery luminosities at 10 TeV
energy in the case MB = MT and �T,B = 3, presented in table 8, are obtained with the same cuts discussed
in section 3. The table shows that for MB = MT = 0.5 or 1.0 TeV the discovery will be relatively easy,
and that even for MB = MT = 1.5 TeV discovery will be possible if the entire programmed luminosity of
300 fb�1 will be collected at this energy.

Under the assumption that enough luminosity will be collected, the phenomenological study of the
top partners and the measure of couplings and masses will still be possible, we have checked that the
discussion of section 4 is still valid, for 10 TeV energy, with minor numerical modifications.

Mass, [TeV] ⇥, [fb]
Ldiscovery, [fb�1] # events

signal background signal background
0.5 69.8 10.9 0.072 5 0
1.0 1.64 0.65 5.5 9 3
1.5 0.11 0.092 210.0 22 19

Table 8: Cross-sections and discovery luminosity for MB = MT = 0.5, 1.0 & 1.5 TeV, with a beam energy
at 10 TeV. The cuts used are the same as at 14 TeV, which leads to similar signal over background and
hence lower significance. They are nevertheless still relevant.

20
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Expected reach at 14 TeV: M~ 1.5 TeV
[Dissertori, Furlan, Moortgat, Nef ‘09]for study at 7 TeV see
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Figure 2: Masses of the lightest colored KK fermions in the MCHM5 (upper plot), and in the
MCHM10 (lower plot). Different symbols denote KKs with different quantum numbers under
SU(2)L×U(1)Y , as specified in the plots. Both plots are for ε = 0.5, N = 8. In the upper one

we have varied 0.28 < cq < 0.38, 0 < cu < 0.41, 0.32 < m̃u < 0.42, −3.5 < M̃u < −2.2 (filled

points), or 0.2 < cq < 0.35, −0.25 < cu < −0.42, −1.3 < m̃u < 0.2, 0.1 < M̃u < 2.3 (empty
points). In the lower plot we have varied 0.36 < cq < 0.45, 0 < cu < 0.38, 0.8 < m̃u < 3,

−3 < M̃u < −0.3. The black continuous line is the fit to the mass of the lightest resonance
according to Eqs. (15) and (18).
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Light Higgs wants light top partners
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-> partners above 
experimental bound

[De Curtis, Redi, Tesi 1110.1613 ]
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Doublet lightest fermion
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Large mixing:

5D
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 large mixing

f=500 GeV

Light Higgs wants light top partners

f=800 GeV
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Light Higgs wants light top partners
[Panico & Wulzer, 1106.2719 ]
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Present constraints: 
~ 550-600 GeV on the mass of b’ and t’

[CMS L=1.14 fb-1] BB̄ �WtWt̄� l±l± b 3j ET

� lll b 1j ETPAS-EXO-11-036
mB > 495 GeV

[ATLAS
 L=1.1 fb-1] 

[CMS L=1.1 fb-1] 
PAS-EXO-11-054

Exotic Heavy Quarks @ LHC - V. E. Özcan

4G Inclusive Search

Inclusive analysis including single and pair-
production of degenerate 4th gen. quarks

t’b -> bWb ; b’t -> tbWWbW ;
t’t’ -> bWbW ; b’b’ -> tbWWtbWW

Search carried in 6 subsamples, based on nb-jet 
and nW->qq, and with slightly different selection 
requirements:

{1,2+}B_0W: mainly single t’ production

1B_1W, 2+B_{1,2,3+}W: mainly pair production

Isolated muon with PT
μ>40GeV and |η|<2.1, 

vetoes on extra leptons.

HT is used as discriminating variable and a fit is 
performed to 6 subsamples together.
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NEW

PAS EXO-11-054

Exotic Heavy Quarks @ LHC - V. E. Özcan

4G Inclusive Results

Results presented in the 
(A,mq4) plane, where mq4 
is the degenerate mass 
of the quarks, A=|Vtb|2.

Using CLS, obtained 95% 
CL limit for minimal off-
diagonal mixing (A!1):
mt’=mb’ > 490GeV
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NEW

CKM4 =

�

⇧⇧⇤

1 0 0 0
0 1 0 0
0 0

⇥
A

⇥
1�A

0 0
⇥

1�A
⇥

A

⇥

⌃⌃⌅

1.1 fb−1

PAS EXO-11-054

For more details, see poster 
by Petra Van Mulders.

[CMS L=4.7 fb-1] 
PAS-EXO-11-099

at least 1 lepton and 4 jets:

dilepton[CMS L=4.7 fb-1] 
PAS-EXO-11-050 Mt0 & 552 GeV

Mt0 & 560 GeV

 update at L=4.6 fb-1 Mb0 & 600 GeV

arXiv:1202.6540  1 lepton: Mb0 & 480 GeV
same-sign dilepton + 2 jets Mb0 & 450 GeVarXiv:1202.5520

arXiv:1202.3389
arXiv:1202.3076

dilepton + 2 jets Mt0 & 350 GeV
 1 lepton: Mt0 & 404 GeV

[CMS L=1.1 fb-1] 
PAS-EXO-11-005 MT & 475 GeVT->tZ

3 leptons

[ATLAS L=2 fb-1]arXiv:1204.1265 b’->bZ Mb0 & 400GeV



opposite-sign

ATLAS limits on t’-> bW (with 1 fb-1)



same-sign

ATLAS limits on b’-> tW (with 1 fb-1)



CMS limits on t’->bW (with 4.6 fb-1)
larger data set + stronger cuts: stronger limits

400 450 500 550 600

-110

1

 [GeV]t'M

 [p
b]

σ

observed 95% C.L.
expected

 expectedσ1±
 expectedσ2±

THEORYt'

)-1), e+jets (4.7fb-1+jets (4.6fbµ: SCLCMS preliminary
=7 TeVs

Mt0 & 552 GeV

DILEPTON CHANNEL 1 LEPTON + 4 jets CHANNEL

[CMS L=4.7 fb-1] 
PAS-EXO-11-050

[CMS L=4.7 fb-1] 
PAS-EXO-11-099

Mt0 & 560 GeV



CMS limits on b’->tW (with 4.6 fb-1)

DILEPTON CHANNEL

[CMS L=4.6 fb-1] 
PAS-EXO-11-036

]2 [GeV/cb'M
450 500 550 600 650

') 
[p

b]
b

 b
'

→
(p

p 
σ

-210

-110

1 expected limit
observed limit

theory prediction

2 > 600 GeV/cb'Limit at 95% CL: M

σ2 
σ1 

 = 7 TeVs  -1CMS 2011 Preliminary           4.6 fb

Mb0 & 600 GeV



Note: 
Presented limits assume 100% BR t' -> Wb and 100% BR b' -> Wt

Presented limits on b’ apply to 
vector-like doublets, where B -> 
tW @ 100%, but not to singlets, 
which also decay into bZ and bH. 

[J-A Aguilar-Saavedra] 

Presented limits on t’ apply to 
charge -4/3 quarks in a doublet, 
but not to T singlets which also 

decay into tZ and tH



account. The resulting uncertainties on the lepton selection
efficiencies are 5.7% and 7.1% for electrons and muons,
respectively, giving a total uncertainty of 17% on the signal
selection efficiency, and an uncertainty of !0:3 events on
the background estimation. The effects of multiple pp
collisions per beam crossing (pileup) are tested with simu-
lations. Weights are assigned to the simulated events so
that the distribution of the number of pileup events matches
the target distribution in data. The associated uncertainty is
estimated by varying the weights for different distributions.
The uncertainty on the parton distribution function (PDF)
from CTEQ6 [29] and the jet energy scale [23] and reso-
lution are also accounted for. The uncertainty on the back-
ground estimation due to the statistical size of the control
samples is !0:7 events. The effect of uncertainties on the
background cross sections is considered by varying the
normalization of the relevant processes as follows:
!11% for t!t [30],!3% (! 4%) forW (Z) [31], conserva-
tively !ð27–42Þ% for dibosons [32], and !50% for
t!tþW=Z.

For each T mass hypothesis from 250 to 550 GeV=c2 we
present the predicted cross section, selection efficiency,

and yield in Table III. Upper limits on the cross section
are calculated using a Bayesian method [33] with a flat
prior for the signal cross section, and a log-normal model
for integration over the nuisance parameters. The observed
upper limit at the 95% confidence level (C.L.) on the T !T
cross section as a function of the T-quark mass hypotheses
is shown as a solid line in Fig. 2. The dotted line gives the
expected upper limit on the cross section under a
background-only hypothesis, and the solid and hatched
areas around it show the !1 and !2 standard deviation
uncertainties on the expected limit. These were found by
producing a large sample of pseudoexperiments in which
the expected number of background events was allowed to
vary according to its statistical and systematic uncertain-
ties, and the resulting upper limit was then determined. By
comparing the observed T !T upper limit with the approxi-
mate NNLO calculation of the pp ! T !TX production
cross section [27] and assuming a 100% branching fraction
for T ! tZ decays, a lower limit on the T-quark mass of
475 GeV=c2 is derived at the 95% confidence level.
In conclusion, using a data sample corresponding to an

integrated luminosity of 1:14 fb%1 collected by the CMS
experiment, we have searched for a vectorlike charge-2=3
T quark that is pair produced in pp collisions at a center-
of-mass energy of 7 TeVand decays to a top quark and a Z
boson. Seven events are observed in data, consistent with
4:6! 1:0 events expected from SM processes. Assuming a
100% branching fraction for the decay T ! tZ, we exclude
a T quark with a mass less than 475 GeV=c2 at the 95%
confidence level. This is the first search for a pair-produced
T quark at hadron colliders.
We wish to congratulate our colleagues in the CERN

accelerator departments for the excellent performance of
the LHC machine. We thank the technical and administra-
tive staff at CERN and other CMS institutes, and acknowl-
edge support from FMSR (Austria); FNRS and FWO
(Belgium); CNPq, CAPES, FAPERJ, and FAPESP
(Brazil); MES (Bulgaria); CERN; CAS, MoST, and
NSFC (China); COLCIENCIAS (Colombia); MSES
(Croatia); RPF (Cyprus); Academy of Sciences and
NICPB (Estonia); Academy of Finland, ME, and HIP
(Finland); CEA and CNRS/IN2P3 (France); BMBF,
DFG, and HGF (Germany); GSRT (Greece); OTKA and
NKTH (Hungary); DAE and DST (India); IPM (Iran); SFI
(Ireland); INFN (Italy); NRF and WCU (Korea); LAS

TABLE III. Summary of the predicted T !T cross sections, selection efficiencies, and expected yields for various T masses,
normalized to an integrated luminosity of 1:14 fb%1, and the observed upper limits at the 95% confidence level on the cross section.
The expected yields include the combined branching fraction of 5.4% from the W and Z leptonic decays.

MðTÞ [GeV=c2] 250 300 350 400 450 500 550

Cross section [pb] 22.6 7.99 3.20 1.41 0.662 0.330 0.171
Efficiency [%] 14:4! 2:8 24:0! 4:4 29:4! 5:3 32:8! 5:8 34:3! 6:1 32:7! 5:8 35:6! 6:3
Expected yield 200 118 57.8 28.3 13.9 6.6 3.7

Observed limit [pb] 1.09 0.65 0.53 0.48 0.45 0.48 0.44
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FIG. 2 (color online). The 95% confidence level (C.L.) upper
limit on the cross section of the pp ! T !TX process, as a
function of the T-quark mass. The branching fraction of
T ! tZ is assumed to be 100%. The solid line shows the
observed limit. The dotted line corresponds to the expected limit
under a background-only hypothesis. The solid (hatched) area
shows the !1 (!2) standard deviation uncertainties on the
expected limit. The dot-dashed line shows the value of the
theoretical cross section [27] for the T !T process.
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Recently, there has been renewed interest in the search
for fourth-generation particles [1] that could have escaped
the stringent bounds set by precision measurements [2,3].
Searches for b0 ! tW [4,5] and t0 ! bW; qW [6] decays
have been performed at the Tevatron and LHC, setting
lower bounds on the masses of fourth-generation quarks
b0 and t0. The decays b0 ! bZ and t0 ! tZ are flavor-
changing-neutral-current (FCNC) processes and, since
they proceed through loop diagrams, they are expected
[7] to have branching fractions of Oð10#5–10#4Þ. Lower
bounds on the mass of a b0 decaying to bZ have been
established [8]. If a vectorlike quark of charge 2=3 (de-
noted T) exists, however, as expected in several models of
new physics [9–11], it would have tree-level FCNC cou-
plings that could result in a large branching fraction for
FCNC T decays. For example, for a vectorlike T with a
new Yukawa coupling [12,13], the decays T ! tZ and
T ! tH could be dominant, where H is the Higgs boson.
If the Higgs decay channel is kinematically forbidden, the
T ! tZ branching fraction could be close to 100%.

In this Letter, we report the results of a first search for
pair-produced T quarks that decay to top quarks and Z
bosons, with the Compact Muon Solenoid (CMS) detector
at the Large Hadron Collider (LHC). The decay chain,
pp ! T !TX, with T !T ! tZ!tZ ! b !bWþW#ZZ, can gen-
erate a very clean signature if at least one Z boson decays
to ‘þ‘#, where ‘ is an electron or a muon, and the decay of
one of the W bosons yields an additional isolated charged
lepton. A search for singly produced vectorlike quarks has
been performed by the D0 Collaboration [14].

The central feature of the CMS apparatus is a super-
conducting solenoid that provides an axial magnetic field

of 3.8 T. Charged particle trajectories are measured within
the field volume by a pixel and silicon strip tracker. The
calorimeter enclosing the tracker includes a lead tungstate
crystal electromagnetic calorimeter (ECAL), which is
composed of a barrel part and two end caps, a lead and
silicon preshower detector in front of the ECAL end caps,
and a brass or scintillator hadron calorimeter (HCAL) that
together provide an energy measurement for electrons,
photons, and hadronic jets. Muons are identified and mea-
sured in gas-ionization detectors embedded in the steel
return yoke outside the solenoid. The detector is nearly
hermetic, allowing accurate energy balance measurements
in the plane transverse to the beam direction. The direction
of particles measured inside the CMS detector is described
using the azimuthal angle (!) and the pseudorapidity ("),
which is defined as " & # ln½tan#=2(, where # is the polar
angle relative to the counterclockwise proton beam direc-
tion, as measured from the nominal interaction vertex. A
more detailed description of the CMS detector can be
found elsewhere [15].
This study is based on a sample of pp collisions atffiffiffi
s

p ¼ 7 TeV recorded in March–June 2011, and corre-
sponds to an integrated luminosity of (1:14) 0:05 fb#1).
The CMS trigger system consists of hardware and software
triggers [16] that are used to select events for further
analysis. Events selected for this search are required to
pass one of several dilepton triggers. The efficiencies of the
dilepton triggers are measured using an independent data
sample collected with a jet-based trigger and containing at
least two fully reconstructed leptons, and found to be 99%
for two-electron, 89% for two-muon, and 97% for electron-
muon triggers.
Muon candidates are required to have a transverse mo-

mentum pT > 15 GeV=c and be within the fiducial range
j"j< 2:4. The reconstructed muon track must be associ-
ated with signals in the pixel and silicon strip detectors,
as well as track segments in the muon system, and have a
high-quality global fit using the information of both
the central tracker and the muon detector. The muon

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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sured in gas-ionization detectors embedded in the steel
return yoke outside the solenoid. The detector is nearly
hermetic, allowing accurate energy balance measurements
in the plane transverse to the beam direction. The direction
of particles measured inside the CMS detector is described
using the azimuthal angle (!) and the pseudorapidity ("),
which is defined as " & # ln½tan#=2(, where # is the polar
angle relative to the counterclockwise proton beam direc-
tion, as measured from the nominal interaction vertex. A
more detailed description of the CMS detector can be
found elsewhere [15].
This study is based on a sample of pp collisions atffiffiffi
s

p ¼ 7 TeV recorded in March–June 2011, and corre-
sponds to an integrated luminosity of (1:14) 0:05 fb#1).
The CMS trigger system consists of hardware and software
triggers [16] that are used to select events for further
analysis. Events selected for this search are required to
pass one of several dilepton triggers. The efficiencies of the
dilepton triggers are measured using an independent data
sample collected with a jet-based trigger and containing at
least two fully reconstructed leptons, and found to be 99%
for two-electron, 89% for two-muon, and 97% for electron-
muon triggers.
Muon candidates are required to have a transverse mo-

mentum pT > 15 GeV=c and be within the fiducial range
j"j< 2:4. The reconstructed muon track must be associ-
ated with signals in the pixel and silicon strip detectors,
as well as track segments in the muon system, and have a
high-quality global fit using the information of both
the central tracker and the muon detector. The muon

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.

PRL 107, 271802 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

30 DECEMBER 2011

0031-9007=11=107(27)=271802(15) 271802-1 ! 2011 CERN, for the CMS Collaboration



ATLAS limits on b’->bZ (with 2 fb-1)
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Prospects for T-> tH & B-> bH with H->bb

[Aguilar-Saavedra, 0907.3155] 
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Prospects for T->tH
[Azatov et al, 

Les Houches report, 1203.1488] 
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FIG. 1. Branching fraction of T to t + h, mh = 120 GeV
(solid), b + W (dotted) and t + Z (dashed) as a function of
mT . An ⌘ value of 0.5 has been chosen, though the branching
ratios are essentially independent of ⌘.
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FIG. 2. Comparison of the production cross sections �(pp !
T T̄ ) (solid) and �(pp ! T+j, T̄+j) (dotted) with at least one
T ! th at a 14 TeV LHC. The ⌘ parameter, which enters into
single production, has been set to 1/2. Smaller ⌘ decreases
the cross section slightly.

depends on the b-quark pdf of proton, proportional to
the electroweak coupling, and additionally suppressed
because of W exchange in the T�channel. As long as
mT . 1.1 TeV, single production is always subdominant
with respect to the QCD pair production of T [20, 37].
The dominance of the pair production below 1.1 TeV is
demonstrated in Fig. 2.

Single production, while subdominant, does neverthe-
less create a cleaner final state compared to pair produc-
tion, for example pp ! T+q. Cleaner states are certainly
easier to reconstruct, however one T resonance in the
event obviously provides fewer handles for distinguishing
signal and background compared to T pair production.
We find the cleaner final state does not compensate su�-
ciently for the lack of handles, so single production is al-
ways inferior to pair production, at least for the purpose
of Higgs discovery. Therefore, in this work we concen-
trate on the following set of topologies: pair production
of T followed by the decay of one T to t+h and the other

FIG. 3. A sample Feynman diagram for T T̄ pair production
followed by decays to a Higgs boson and a W or Z.

T to b+W or t+ Z.

B. Search Strategy

In order to come up with a successful search strategy,
we first need to understand the standard model back-
grounds as well as new physics backgrounds that we must
overcome. Every interesting signal event contains multi-
ple resonances, meaning Higgs bosons, W , Z, or tops.
More specifically, in addition to the Higgs boson, there
is always at least one top quark, one gauge boson and
one b quark. Signal W bosons and b quarks can either
come directly from the decay of the top-partner, or they
can come from the decay of the top. The dominant SM
backgrounds are t̄t+jets, t̄t+ b̄b and W/Z+jets – all pro-
cesses with large cross section containing gauge bosons
and multiple hard jets. We will restrict our search to fi-
nal states which contain at least one lepton to avoid an
overwhelming QCD multi-jet background. The specifics
of the backgrounds, including cross sections and genera-
tor details, will be given in Sec. IV.
The success of our search for a boosted Higgs boson

relies crucially on combinations of conventional handles
(such as existence of isolated leptons and large HT i.e.

scalar sum of visible energies in an event) and slightly
unconventional tools (boosted object taggers). Each of
these handles is described in more detail in the following
subsection.

• isolated lepton: In our simulation leptons
are considered as isolated they have pT >
15 GeV, |⌘| < 2.5 and if the energy deposited by
hadrons within a cone of size R = 0.4 surrounding
the lepton is less than 20% of the energy deposited
by the lepton. Our simple implementation tags lep-
tons with a 90% e�ciency.

• HT: HT is defined as the scalar sum of all visible
energy in the detector with |⌘| < 4.0. We calculate
it by summing up the energies of all particles except
neutrinos. Also note that after the hadrons are
granularized into calorimeter cells, we disregard all
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FIG. 4: Distributions of the diphoton mass, M2� , and of the reconstructed heavy recoil mass, Mre nj (see text), after all
selection cuts. Signal and background distributions, normalized to the expected events for 20 fb�1, are shown stacked to
indicate their relative contributions. Signal distributions for points A1 and A2 correspond to a Higgs mass mh = 125 GeV.

VII. CONCLUSIONS

In this paper, we have shown that there exist regions of the parameter space in beyond SM scenarios, allowed
by present phenomenological and experimental constraints, in particular by the direct Higgs searches, where heavy
vector-like top partner production at the LHC may give rise to new Higgs production channels, over a large Higgs
mass range, extending from ⇠ 120 GeV to more than 500 GeV. Indeed the SM Higgs mass exclusion, in the range
between ⇠ 130 and 600 GeV, does not hold in these beyond SM scenarios. In this context, we have also illustrated
how the possible observation of a 125 GeV Higgs signal in the diphoton channel at LHC, with a cross section larger
than expected in the SM, could be compatible with the presence of vector-like heavy quarks.

We have shown that for a variety of characteristic top-partner and Higgs mass values, the expected heavy top pair
production cross sections and decay branching fractions lead to a signal of Higgs production (from the decay of the
heavy top quark) which could be detectable at the 14 TeV LHC, with an integrated luminosity between ⇠20 fb�1 and
⇠200 fb�1, over a large Higgs mass range (⇠120 GeV to ⇠550 GeV). The good diphoton and four lepton invariant
mass resolution (. 10%), in spite of the large number of jets present in the signal events, makes the discovery possible
with moderate luminosity. Finally, we have proposed new mass variables from which the heavy top mass could be
estimated.
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• YS , the signal event number produced, per unit of integrated luminosity, given for each signal parameter set
and final state under study, as reported in Table II;

• �, the background cross sections, as calculated from the ALPGEN generator, for the background processes
included in the present study;

• N2� , the number of events after diphoton and M2� > 90 GeV requirements;

• NNj>6 and NNj>8 the number of events after the additional jet multiplicity cuts;

• S and B, the total number of signal (summed over all signal final states) and background (summed over all
background processes), after a cut M2� , with �B being the expected statistical uncertainty (standard deviation)
on the total number of background events. An estimation of the expected signal sensitivity can then be evaluated
as the ratio S/�B, measuring the signal in terms of background standard deviations.

Signal: thbW/thtZ/thth, h ! �� Total signal S, M2�(GeV) cut
Parameter set YS (fb) N2� NNj>6 NNj>8 M2� > 90 M2� 2[115,135]

Point A1 3.1 / 10.1 / 22.1 5.4 / 15.4 / 30.4 4.1 / 12.7 / 27.1 1.4 / 6.2 / 14.5 22.1 17.7
Point A2 0.16 / 0.73 / 4.1 0.34 / 1.35 / 6.98 0.27 / 1.17 / 6.6 0.10 / 0.62 / 3.8 4.5 3.2

Background Total background B, M2�(GeV) cut
Process �(fb) NM2�>90 NNj>6 NNj>8 M2� > 90 M2� 2 [115,135]

W�� + jets 450 422 110 19.6 27.8 4.38
tt̄�� + jets 15.5 11.8 11.3 8.18 Statistical �B, M2�(GeV) cut

tt̄W�� + jets 0.0678 0.0577 0.0515 0.0272 M2� > 90 M2� 2[115,135]
5.3 2.1

TABLE IV: Cross section and number of expected events after di↵erent selection cuts (see text), for an integrated luminosity of
20 fb�1 at

p
s = 14 TeV, in the search for thbW, thtZ and thth final states, with h ! ��, in the diphoton plus multijets channel.

The number of events is given separately for each signal final state (thbW/thtZ/thth) and for each background process. In the
two rightmost columns, S, the total number of signal events (summed over all signal final states), and B, the total number
of background events (summed over all background processes), are given after all selection cuts in column “M2� > 90” and
within a mass window M2� 2[115,135] GeV in the next column. The S values for points A1 and A2 are given in the same lines
as indicated in column “Parameter set”. The B values in the column “M2� > 90” are the sum of the individual background
contributions as reported in the background column under “NNj>8”. The quantity �B =

p
B is the expected statistical

uncertainty on the total number of background events. In the text, the signal sensitivity is given as the ratio S/�B.

In virtue of the good diphoton mass resolution (⇠1% to 5% for a 110 to 130 GeV Higgs boson, depending on photon
selection criteria) of the detector, a highly discriminating quantity after selection is the reconstructed diphoton mass.
The diphoton invariant mass distribution for signals and backgrounds events, after the Nj > 8 requirement, is shown
in Figure 4. Also shown is the distribution of an additional variable, Mre nj , that could help estimating the mass
of the heavy top-like quark. This is defined as the invariant mass of the system of n jets recoiling against the
diphoton+m jets system, where the m jets are the closest in �R to the diphoton direction. The recoiling n jets, with
n = Nj � m, are counted to minimize, among all m and n choices in the event, the di↵erence between the mass of
the diphoton+m jets system and the mass of the recoiling n jets. The goal of this procedure is to separate the event
into two hemispheres, one identified by the diphoton+m jets system and the other by the recoiling n jets, with m and
n chosen in such a way that the invariant masses of the physics objects in the two hemispheres are about the same
(within resolution), as in the case of two heavy particles decaying in diphoton plus jets, in one hemisphere, and into
jets, in the other hemisphere.
On the distributions of Mre nj for signals and backgrounds, after all but the M2� window cut, shown in Figure 4, a
broad peak, whose width is dominated by the jet energy resolution, is observed centered at about the generated t2
masses. Hence, this mass reconstruction method will provide an early indication that two heavy particles of equal mass
have been produced in the event and a first estimation of the t2 mass. In real data, where the detailed measurements
of the experimental resolutions are available, kinematic fits can be applied to test the pair production and decay
hypothesis and possibly to reduce the uncertainty on the t2 mass estimation.

The total number of signal and background events, after diphoton and jet multiplicity requirements, with a diphoton
mass in the window between 115 GeV and 135 GeV, is also given in Table IV. We estimate that for an integrated
luminosity of 20 fb�1, a signal, corresponding to the benchmark point A1, is detectable with a significance S/�B ⇠ 9.
For this benchmark point the Bt2!th ⇠ 0.6. Then, for a similar t2 cross section and t2, h mass values, a signal could
still be discovered, with a signal significance of about or above five, if Bt2!th & 0.3. For point A2, where the �t̄2t2
is about an order of magnitude lower than in point A1, while Bt2!th ⇠ 0.8, the expected signal significance is ⇠ 1.5.
Then, to reach a signal significance of five, at least a factor of ten larger luminosity, or a better background rejection,
is needed to observe this signal.
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The largest SM background after the event selection of eq.(16) is the irreducible back-
ground WWbb+ jets, which includes the resonant sub-processes Wtb+ jets (single top) and
tt̄+ jets. The latter, in particular, gives the largest contribution. Other backgrounds which
will turn out to be relevant after imposing our full set of kinematic cuts are Wbb+ jets and
W + jets, where at least two of the light jets are mistagged as b-jets .
For each event of the samples with b quarks (with only light jets), we estimate, taking into
account a binomial distribution, the e�ciency "AL2b (⇣AL2b) of tagging at least two b-jets as:

"AL2b =
X

2knb

✓

nb

k

◆

(✏b)
nb (1 � ✏b)

nb�k , ⇣AL2b =

✓

nj

2

◆

⇣2
b , (17)

where "b = 0.6 is the e�ciency of the b-tag and ⇣b = 0.01 is the probability of mistagging a
light jet as a b-jet. nb is the number of b quarks with |⌘b| < 2.5, nj is the number of light
jet with |⌘j| < 2.5. We found e�ciencies of about 0.81 for the signal events (which have
typically four central b quarks), of about 0.35 for the WWbb + jets and the Wbb + jets
background (with typically two central b quarks) and of about 4 · 10�4 for the W + jets
background.

We have simulated the WWbb events by using MadGraph, while the other backgrounds
are generated with ALPGEN. For simplicity, in our analysis we include all the samples with
increasing multiplicity of light jets in the final state. This is a redundant procedure which
could lead to a double counting of kinematic configurations. A correct procedure would be
resumming soft and collinear emissions by means of a parton shower, and adopting some
matching technique to avoid double counting. However, retaining all the W +n jets samples,
we expect to obtain a conservative estimate of the background. Moreover some of the cuts
we will impose tend to suppress the events with larger number of jets and thus to reduce
the amount of double counting.

3.2 Reconstruction of the heavy bottom and of the Higgs reso-
nances

We are focusing our analysis on the channel pp ! (B̃ ! (h ! bb)b)t+X. The physical final
state is that in eq. (16).

We have n > 4 jets in the final state; two of these jets should not come from B̃, one is
the b-jet from the top decay, the other is the light jet from the initial parton that emits the
intermediate W . In order to reconstruct the B̃ resonance, we need to tag these two jets and
discard them from the possible constituents of the heavy-bottom resonance.

At a first step we tag the top and its decay products. The procedure we adopt requires
the reconstruction of the momentum of the neutrino. The transverse momentum of the
neutrino can be reconstructed from the transverse missing momentum; this latter can be
estimated, considering a pTOT

T = 0 hypothesis, as pmiss
T = �P

pT , where
P

pT is the sum
over the pT of all the detected final states. Once we have estimated the neutrino transverse
momentum, we can derive the neutrino longitudinal momentum, pz, by requiring that the
neutrino and the lepton reconstruct an on-mass-shell W , Ml⌫ = 80.4 GeV. The condition

(El + E⌫)2 � (plx + p⌫x)
2 � (ply + p⌫y)

2 � (plz + p⌫z)
2 = M2

W (18)
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mB̃ 5j 4j (3j + 1Mj) 3j

0.4TeV 0.53 0.38 (13%) 0.08

0.6TeV 0.56 0.37 (13%) 0.07

0.8TeV 0.57 0.36 (16%) 0.07

1.0TeV 0.57 0.36 (19%) 0.07

1.2TeV 0.55 0.37 (26%) 0.08

Table 1: Fraction of signal events where the jet content is reconstructed to be respectively 5j
(where j denotes either a light jet or a b-jet), 4j and 3j, for di↵erent values of the B̃ mass andp
s = 14TeV. The numbers in parenthesis in the third column represent the percentage of the

events with four jets where one of the four jets is a fat jet (Mj) resulting from the merging of the
bb̄ pair from the Higgs.

cuts:
pTj � 30GeV |⌘j|  5 �Rjj � 0.4

pT l � 20GeV |⌘l|  2.5 �Rjl � 0.4 .
(15)

Here pTj (pT l) and ⌘j (⌘l) are respectively the jet (lepton) transverse momentum and pseu-
dorapidity, and �Rjj, �Rjl denote the jet-jet and jet-lepton separations.

Detector e↵ects are roughly accounted for by performing a simple Gaussian smearing on
the jet energy and momentum absolute value with �E/E = 100%/

p

E/GeV, and on the jet
momentum direction using an angle resolution �� = 0.05 radians and �⌘ = 0.04. Moreover,
the missing energy 6ET of each event has been computed by including a Gaussian resolution
�( 6ET ) = a · pP

i E
i
T/GeV, where

P

i E
i
T is the scalar sum of the transverse energies of all

the reconstructed objects (electrons, muons and jets). We choose a = 0.49. 2

Table 1 shows the fraction of signal events where the jet content is reconstructed to be
respectively 5j (where j denotes either a light jet or a b-jet), 4j and 3j, for di↵erent values of
the B̃ mass and for

p
s = 14TeV (very similar numbers hold for

p
s = 8TeV). The numbers

in parenthesis in the 4j column represent the percentage of the events, among those with
four jets, where the bb̄ pair from the Higgs merges into a single fat jet (which we denote as
Mj).

The events with 4j are mainly constituted by events where one jet is soft, with pT < 30
GeV. Events where one jet is a merged jet increase with larger masses, because the Higgs is
more boosted in this case, but the percentage is not so relevant; sophisticated technique of
tagging boosted object could not be useful in this case. Tab. 1 shows that the fraction of
events with four jets is not negligible. For this reason in our analysis we will select events
with at least four jets and exactly one lepton. We further require the b-tagging of at least
two b-jets.

pp ! l±+ n jets+ 6ET , n � 4 , At least 2 b-tag (16)

where all objects must satisfy the acceptance and isolation cuts of eq.(15).

2This numerical value, as well as the b-tagging e�ciency and rejection rate and the resolution parameters
considered in the jet smearing, have been chosen according to the performance of the ATLAS detector [26].
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Figure 1: B̃ single production.

We will present a simple parton-level analysis aimed at assessing the LHC discovery reach.
We consider two center-of-mass energies:

p
s = 8TeV, the energy of the current phase of

data taking, and
p

s = 14TeV, the design energy that will be reached in the second phase
of operation of the LHC. Our selection strategy and the set of kinematic cuts that we will
design do not depend, however, on the value of the collider energy. This is because they will
be optimized to exploit the peculiar kinematics of the signal, and a change in the collider
energy mainly implies a rescaling of the production cross sections of signal and background
via the parton luminosities, without a↵ecting the kinematic distributions.

3.1 Montecarlo simulation of signal and background

We simulate the signal by using MadGraph v4 [23], after implementing the TS10 model with
Feynrules [24], while for the background we make use of both MadGraph and ALPGEN [25]. 1

In our parton-level analysis jets are identified with the quarks and gluons from the hard
scattering. If two quarks or gluons are closer than the separation �R = 0.4, they are
merged into a single jet whose four-momentum is the vectorial sum of the original momenta.
We require that the jets and the leptons satisfy the following set of acceptance and isolation

1 The factorization and renormalization scales have been set to be equal and chosen as follows: Q = mB̃/4

for the signal; Q =
q

m2
W +

P

j p
2
Tj for WWbb+ jets; Q =

p

m2
W + p2TW for Wbb+ jets and W + jets.
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CMS limit 
on B->tW

[L. Gauthier]

Single production may start to play 
an important role for M>~600 GeV
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Figure 2: Associated single production of B and T5/3 at the LHC.

where MQ, MT̃ are the masses of the composite states, Y∗ their Yukawa coupling and ∆L,
∆R are the mixing masses between elementary and composite fields. After rotating to the
mass eigenstate basis, the Yukawa Lagrangian reads (now denoting with qL, tR the SM fields,
and with T , B, T5/3, T2/3, T̃ the heavy mass eigenstates):

Lyuk =Y∗ sinϕL sinϕR

(

t̄Lφ
†
0tR − b̄Lφ

−tR
)

+ Y∗ cosϕL sinϕR

(

T̄φ†
0tR − B̄φ−tR

)

+ Y∗ sinϕL cosϕR

(

t̄Lφ
†
0T̃ − b̄Lφ

−T̃
)

+ Y∗ sinϕR

(

T̄5/3φ
+tR + T̄2/3φ0tR

)

+ . . .
(3)

Here the dots stand for terms with two heavy fermions, and sinϕL,R denote the degree of
compositeness of the SM tL,R quarks: tanϕL = ∆L/MQ, tanϕR = ∆R/MT̃ [23]. Equation (3)
explicitly illustrates the specific pattern expected for the couplings of the heavy fermions:
they couple to one (third-generation) SM quark of defined chirality plus one longitudinal
W or Z boson, or the Higgs. The values of the couplings are linked to the SM top Yukawa
coupling yt; in the two-site model, in particular, the largest couplings are to the SM fermions
with the largest composite component. For example, if 1 < Y∗ " 4π – as one naturally
expects if the heavy fermions are bound states of a strongly coupled sector – the couplings of
T , B, T5/3, T2/3 are large in the limit of tR mainly composite, Y∗ cosϕL sinϕR # Y∗ sinϕR $
yt, while those of T̃ are suppressed [23]. Also, the small ratio between the bottom and top
quark masses can be easily explained in this scheme by assuming that the bR has a very small
composite component. This in turn implies that any coupling of bR to the heavy fermions
will be suppressed (for that reason we have omitted bR and its own partner(s) from the
Lagrangian (2)). Finally, notice that the presence of flavour-changing neutral interactions
distinguishes the heavy partners T , B from a fourth generation.

As anticipated, the interactions of eq.(3) are responsible for both the decay and the single
production of the heavy fermions (see for example Ref. [23] for a more detailed discussion).
Pair production will instead proceed via QCD interactions. In this work we focus on the pair
production of B and T5/3 at the LHC, considering two values of their mass: M = 500GeV
and M = 1TeV. Both T5/3 and B decay exclusively to one top plus one longitudinally
polarized W , with a decay width

Γ(T5/3/B → tRWL) =
λ2

32π
M

[(

1 +
m2

t −m2
W

M2

)(

1 +
m2

t + 2m2
W

M2

)

− 4
m2

t

M2

]

× ζ1/2 , (4)

where

ζ ≡ 1− 2
m2

t +m2
W

M2
+

(m2
t −m2

W )2

M4
, (5)
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Abstract

This letter presents a search for singly produced vector-like quarks, Q, coupling to light quarks, q. The search is sensitive to both
charged current (CC) and neutral current (NC) processes, pp → Qq → Wqq′ and pp → Qq → Zqq′ with a leptonic decay of
the vector gauge boson. In 1.04 fb−1 of data taken in 2011 by the ATLAS experiment at a center-of-mass energy

√
s = 7 TeV,

no evidence of such heavy vector-like quarks is observed above the expected Standard Model background. Limits on the heavy
vector-like quark production cross section times branching ratio as a function of mass mQ are obtained. For a coupling κqQ = v/mQ,
where v is the Higgs vacuum expectation value, 95% C.L. lower limits on the mass of a vector-like quark are set at 900 GeV and
760 GeV from CC and NC processes, respectively.

1. Introduction

Vector-like quarks (VLQ), defined as quarks for which both
chiralities have the same transformation properties under the
electroweak group SU(2) × U(1), are predicted by many ex-
tensions of the SM, relating to Grand Unification, dynamical
electroweak symmetry breaking scenarios or theories with ex-
tra dimensions [1, 2, 3, 4, 5, 6, 7, 8]. Since the couplings of
the light quarks are well constrained, if VLQs exist they are
generally expected to only couple sizably to the third genera-
tion. However, in certain scenarios, corrections to quark mix-
ings can cancel, relaxing these constraints. The motivation and
phenomenology of heavy VLQs coupling to light generations is
discussed for the Tevatron [9], where a baseline model is intro-
duced which considers two degenerate VLQ doublets having
hypercharges 1/6 and 7/6 and mixing only with the up quark.
This scenario can occur naturally in certain models [10]. Be-
cause the doublets are degenerate, cancellations occur which
allow VLQ coupling to the first two generations, leading to a
potentially strong signal at the Large Hadron Collider (LHC).

Following the notation of more recent work [11] which de-
scribes a model-independent approach to VLQ sensitivity at the
LHC, a coupling κqQ = (v/mQ)κ̃qQ is defined here, where q
stands for any light quark, Q is the VLQ, mQ is the VLQ mass,
v is the Higgs vacuum expectation value and κ̃qQ encodes all
the model dependence of the qVQ vertex (V = W or Z). Elec-
troweak precision measurements constrain the contribution of
heavy quarks to loop diagrams, but under certain conditions, as
for the degenerate VLQ doublet model above, mild bounds ap-
ply on the dimensionless coupling κ, allowing it to be as large as
∼ 1 [11]. The masses of VLQs are not constrained by vacuum
stability in the SM [12].

It has been shown that single production provides a favor-
able process to probe for the existence of these heavy quarks if
the coupling to light quarks is large, and that a significant mass

reach could be achieved at the LHC with early data [9, 11]. Sin-
gle production of a VLQ occurs via the process qq′

V∗
−→ q′′Q

(Fig. 1). A quark produced by this process of gauge boson
exchange can have a charge of 5/3, 2/3,−1/3 or −4/3. As a
benchmark, we consider theories with only VLQs U of charge
+2/3 or only with D of charge −1/3, without regard to the mul-
tiplet structure of the model. The experimental limits obtained
on cross section times branching ratio can then be interpreted
as limits on the couplings for different VLQ models [11]. The
contribution from the s-channel diagram is negligible compared
to that of the t-channel process. Therefore one characteristic of
the signal is the presence of a forward jet: after one of the ini-
tial state quarks emits the electroweak gauge boson, it will con-
tinue in the forward direction with little transverse momentum
(pT ), while the other quark couples to the W or Z to produce
the heavy quark. Because the LHC is a proton-proton collider,
the charged current (CC) production of a D quark is expected
to have a higher cross section than that of a U quark. Similarly,
for the neutral current (NC) process, U quarks are expected to
be produced more abundantly. Anti-quark production is sup-
pressed since it involves antiquarks in the initial state.

Bounds on the mass of new heavy quarks were obtained pre-
viously from a search in the pair production process at the Teva-
tron [13, 14] and LHC [15, 16]. Limits have also been ob-
tained at the Tevatron [17, 18] on single production processes
σ(p  p → qQ) × BR(Q → qW), which in the model [9] of de-
generate doublets with κ̃uD = 1 and decaying 100% via CC
gives a 95% confidence level (C.L.) upper limit exclusion for
D quarks with masses up to 690 GeV. Limits at 95% C.L. on
σ(p  p→ qQ)× BR(Q→ qZ) in the same model yield an exclu-
sion of a U quark with κ̃uU =

√
2 and 100% branching ratio via

NC up to a mass of 550 GeV.
This Letter reports on a search for singly produced VLQs

in the ATLAS detector at the LHC. The search is conducted
in events with at least two jets and a vector boson, indicated

Preprint submitted to Physics Letters B December 30, 2011

negligible

W/Z
lν/

q

W*/Z*
l

Q
l

q

q'

q"

/lν

l

W/Z

W* */Z

q'

q"

q
Q

q

Figure 1: Vector-like quark production and decay diagrams for s-channel (top)
and t-channel (bottom). The thick line indicates the vector-like quark.

by either two high-pT leptons (electrons or muons) in the case
of a Z, or a single lepton and missing transverse momentum
(Emiss

T ) in the case of a W. The data used in this analysis were
collected from March to June 2011, at a center of mass energy√
s = 7 TeV and correspond to an integrated luminosity of L =

(1.04 ± 0.04) fb−1 [19].

2. The ATLAS Detector

The ATLAS detector is a multi-purpose particle physics de-
tector system optimized to record information coming from pp
collisions [20]. Closest to the interaction point is the inner de-
tector (ID) for charged particle tracking, which is performed
by silicon pixel and microstrip detectors in addition to a straw-
tube tracker with radiators to produce transition radiation. The
tracking system is embedded in a 2 T axial magnetic field. Sur-
rounding the solenoid are the lead and liquid argon electromag-
netic (EM) calorimeter and hadronic tile calorimeter subsys-
tems. Forward calorimetry is accomplished with liquid argon
detectors and copper and tungsten absorbers. These systems al-
low the reconstruction of electrons and jets, both essential for
this analysis. Surrounding the calorimeter systems is a muon
spectrometer (MS) that uses drift chambers to record muon tra-
jectories in a toroidal magnetic field. A three-level trigger is
used to select events for subsequent offline analysis. Events
recorded when a subsystem was not properly functioning are
not used in this analysis.

3. Signal and background modeling

Signal Monte Carlo (MC) samples are generated using Mad-
Graph [21] based on Ref. [9, 11], then hadronized and showered

through PYTHIA [22]. The CTEQ6L1 parton distribution func-
tion (PDF) [23] is used, with factorization and renormalization
scales of mW (mZ) for the CC (NC) channel. Nine reference
masses are generated for both CC and NC decays: 225 GeV,
300 GeV, then continuing in steps of 100 GeV up to 1 TeV. The
production cross section times branching ratio to a vector boson
and jets ranges from 194 pb to 0.47 pb for CC and from 88 pb
to 0.28 pb for NC, assuming κ̃qQ = 1.

The dominant SM backgrounds are W → "ν + jets and
Z → "" + jets for the CC and NC channels, respectively.
Other sources of background are from multijet events, t  t, sin-
gle top, and diboson processes, which can have electrons or
muons and jets in the final states. With the exception of multi-
jets, the contributions of these backgrounds are estimated using
MC samples. W + jets and Z + jets samples are generated by
ALPGEN [24] using CTEQ6L1 PDFs with parton showering per-
formed by HERWIG [25] and using JIMMY [26] for simulation
of the underlying event model. The cross section times lep-
tonic branching ratios are 10.3 pb and 1.06 pb per lepton flavor
for W and Z’s, respectively, with pT of the leptons > 20 GeV.
This includes K-factors of 1.22 and 1.25, respectively, to re-
produce the inclusive cross sections at next-to-leading order in
QCD [27]. MC@NLO [28] is used to simulate t  t production, giv-
ing a cross section of 165 pb. Single top quark events decay-
ing leptonically (σ = 37.5 pb) are generated with AcerMC [29]
combined with parton showering and hadronization by PYTHIA.
Diboson backgrounds are simulated with ALPGEN and HERWIG

parton shower for the NC channel (σ × BR = 5.97 pb), which
requires two leptons in the final state, and standalone HERWIG

(with a K-factor of 1.52 to reproduce the inclusive cross sec-
tion at next-to-leading order in QCD [30]) for the CC channel
(σ × BR = 69.1 pb) where a single lepton is required. Mul-
tijet backgrounds from QCD processes are derived both from
PYTHIA and data samples, described below.

The detector response simulation [31] is based on
GEANT4 [32, 33]. The MC samples are generated with super-
imposed minimum bias events to simulate the conditions that
occur in data. In order to improve the modeling of both signal
and backgrounds, lepton reconstruction and identification effi-
ciencies, energy scales and resolutions in the MC are corrected
to correspond to the values measured in the data.

4. Analysis

The analysis is subdivided into four channels: charged and
neutral current, each with either electrons or muons in the fi-
nal state. Particle definitions and selections are identical in all
channels, but signal and control regions for the CC and NC
channels are defined independently.

Events are selected in which there is at least one vertex recon-
structed with at least three tracks. The vertex with the greatest
total transverse momentum,

∑

pT , of the associated tracks is
designated as the primary vertex. The trigger requires at least
one cluster in the EM calorimeter with pT > 20 GeV or at least
one muon candidate in the MS with a track originating from the
primary vertex with pT > 18 GeV. In both cases, the trigger
requires a matching ID track.
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by either two high-pT leptons (electrons or muons) in the case
of a Z, or a single lepton and missing transverse momentum
(Emiss

T ) in the case of a W. The data used in this analysis were
collected from March to June 2011, at a center of mass energy√
s = 7 TeV and correspond to an integrated luminosity of L =

(1.04 ± 0.04) fb−1 [19].

2. The ATLAS Detector

The ATLAS detector is a multi-purpose particle physics de-
tector system optimized to record information coming from pp
collisions [20]. Closest to the interaction point is the inner de-
tector (ID) for charged particle tracking, which is performed
by silicon pixel and microstrip detectors in addition to a straw-
tube tracker with radiators to produce transition radiation. The
tracking system is embedded in a 2 T axial magnetic field. Sur-
rounding the solenoid are the lead and liquid argon electromag-
netic (EM) calorimeter and hadronic tile calorimeter subsys-
tems. Forward calorimetry is accomplished with liquid argon
detectors and copper and tungsten absorbers. These systems al-
low the reconstruction of electrons and jets, both essential for
this analysis. Surrounding the calorimeter systems is a muon
spectrometer (MS) that uses drift chambers to record muon tra-
jectories in a toroidal magnetic field. A three-level trigger is
used to select events for subsequent offline analysis. Events
recorded when a subsystem was not properly functioning are
not used in this analysis.

3. Signal and background modeling

Signal Monte Carlo (MC) samples are generated using Mad-
Graph [21] based on Ref. [9, 11], then hadronized and showered

through PYTHIA [22]. The CTEQ6L1 parton distribution func-
tion (PDF) [23] is used, with factorization and renormalization
scales of mW (mZ) for the CC (NC) channel. Nine reference
masses are generated for both CC and NC decays: 225 GeV,
300 GeV, then continuing in steps of 100 GeV up to 1 TeV. The
production cross section times branching ratio to a vector boson
and jets ranges from 194 pb to 0.47 pb for CC and from 88 pb
to 0.28 pb for NC, assuming κ̃qQ = 1.

The dominant SM backgrounds are W → "ν + jets and
Z → "" + jets for the CC and NC channels, respectively.
Other sources of background are from multijet events, t  t, sin-
gle top, and diboson processes, which can have electrons or
muons and jets in the final states. With the exception of multi-
jets, the contributions of these backgrounds are estimated using
MC samples. W + jets and Z + jets samples are generated by
ALPGEN [24] using CTEQ6L1 PDFs with parton showering per-
formed by HERWIG [25] and using JIMMY [26] for simulation
of the underlying event model. The cross section times lep-
tonic branching ratios are 10.3 pb and 1.06 pb per lepton flavor
for W and Z’s, respectively, with pT of the leptons > 20 GeV.
This includes K-factors of 1.22 and 1.25, respectively, to re-
produce the inclusive cross sections at next-to-leading order in
QCD [27]. MC@NLO [28] is used to simulate t  t production, giv-
ing a cross section of 165 pb. Single top quark events decay-
ing leptonically (σ = 37.5 pb) are generated with AcerMC [29]
combined with parton showering and hadronization by PYTHIA.
Diboson backgrounds are simulated with ALPGEN and HERWIG

parton shower for the NC channel (σ × BR = 5.97 pb), which
requires two leptons in the final state, and standalone HERWIG

(with a K-factor of 1.52 to reproduce the inclusive cross sec-
tion at next-to-leading order in QCD [30]) for the CC channel
(σ × BR = 69.1 pb) where a single lepton is required. Mul-
tijet backgrounds from QCD processes are derived both from
PYTHIA and data samples, described below.

The detector response simulation [31] is based on
GEANT4 [32, 33]. The MC samples are generated with super-
imposed minimum bias events to simulate the conditions that
occur in data. In order to improve the modeling of both signal
and backgrounds, lepton reconstruction and identification effi-
ciencies, energy scales and resolutions in the MC are corrected
to correspond to the values measured in the data.

4. Analysis

The analysis is subdivided into four channels: charged and
neutral current, each with either electrons or muons in the fi-
nal state. Particle definitions and selections are identical in all
channels, but signal and control regions for the CC and NC
channels are defined independently.

Events are selected in which there is at least one vertex recon-
structed with at least three tracks. The vertex with the greatest
total transverse momentum,

∑

pT , of the associated tracks is
designated as the primary vertex. The trigger requires at least
one cluster in the EM calorimeter with pT > 20 GeV or at least
one muon candidate in the MS with a track originating from the
primary vertex with pT > 18 GeV. In both cases, the trigger
requires a matching ID track.

2

dominant 

signal regions for both channels. These distributions are used
in a binned likelihood fit to extract signal yields and production
cross section upper limits.

5. Systematic uncertainties

Systematic uncertainties on the simulation of the signal arise
from uncertainties in PDFs and the factorization and renormal-
ization scales. In order to estimate the uncertainty due to the
parton distributions, the CTEQ66 [40] PDF set is used, for
which the eigenvectors of the Hessian matrix are known. The
difference in signal cross section due to the PDF uncertainty is
found to range from 3.0% at a signal mass of 225 GeV to 4.4%
at 1000 GeV. The uncertainty due to the factorization and renor-
malization scales is estimated by taking the difference between
signal cross sections at the nominal value of the scales, and at
values of one-half and twice the nominal. The uncertainty is
found to vary between 4% and 12% for the same mass range.
Uncertainties due to the simulation of initial and final state ra-
diation are found to be about 1%. These uncertainties on the
theoretical cross section are added in quadrature.
For signal and background events, the jet-energy-scale un-

certainty is calculated by shifting the pT of all jets up and down
by factors that vary as a function of pT and η. The factors range
from 4.6% for jets with pT = 20 GeV to 2.5% for jets with pT
above 60 GeV [37]. This procedure results in an uncertainty
of about 20% on the background normalization, and about 5%
on the signal efficiency. The jet-energy-resolution uncertainty
is calculated by smearing the pT of each jet depending on the
jet pT and η, typically by around 10%. This source of uncer-
tainty is found to impact both the background normalization
and signal efficiency by about 1%. The lepton-energy-scale un-
certainty is evaluated and found to be much less than 1% for
both signal and background. The effect of the previously men-
tioned EM calorimeter inefficiency is also found to be much
less than 1%. Uncertainties also arise from the trigger, identifi-
cation, and reconstruction efficiency corrections applied to the
MC simulation. They affect the signal efficiency uncertainty by
1-2% depending on the mass. The rate uncertainty from MC
statistics after event selection is 3-5%. Finally, the uncertainty
on the luminosity is 3.7% [19]. None of the systematics studied
have been found to significantly affect the shape of the VLQ
candidate mass distribution.

6. Results

To determine signal yields, a binned maximum likelihood
fit is performed using template histograms of the VLQ can-
didate mass distribution. The fit is performed separately for
each signal mass. The electron and muon final states are fit-
ted simultaneously. Signal templates are determined from MC,
while background templates are as shown in Fig. 2, with an
additional correction described below. The overall signal and
background normalizations are left floating in the fit. System-
atic uncertainties on the template normalizations are incorpo-
rated as Gaussian-distributed nuisance parameters. The signal
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Figure 2: Invariant mass distribution of VLQ candidates in both the CC (top)
and NC (bottom) channels, summed over both the electron and muon final
states. The dashed line shows the signal shape, normalized by 100 times the
leading order theoretical cross section. The bottom part of each plot shows the
ratio of the data to the background model. The last bin contains events with
invariant mass candidates equal to or higher than 1200 GeV.
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Mass [GeV] CC σ× BR [pb] NC σ× BR [pb] κ̃2uD κ̃2uU CC− σ× BR [pb]
225 15 18 0.075 0.21 12
300 17 11 0.24 0.31 5.6
400 5.3 2.4 0.21 0.19 3.8
500 2.1 1.4 0.19 0.26 1.1
600 1.9 1.5 0.37 0.56 1.9
700 2.2 1.0 0.86 0.75 2.2
800 0.93 1.0 0.66 1.33 0.97
900 0.80 0.9 1.0 2.1 0.70
1000 0.91 1.1 1.9 4.0 0.50

Table 3: Observed upper limits at 95% confidence level on the cross section times branching ratio σ(pp → Qq) × BR(Q → Vq) as a function of mass and the
corresponding upper limit on a model-independent heavy-to-light quark coupling. The final column shows the limit on the CC process after selecting negatively
charged leptons.
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Figure 3: Upper limits at 95% confidence level on the cross section times
branching ratio σ(pp → Qq) × BR(Q → Vq) for the CC (top) and NC (bot-
tom) channels as a function of mass. The leading-order (LO) theoretical cross
section assumes κ̃uD = 1 and κ̃uU = 1 on the top and bottom respectively. The
width of the dark band around it corresponds to the theoretical uncertainty de-
scribed in the text. The expected cross section upper limit is determined by the
median result of background-only pseudoexperiments, and is shown with its 1σ
and 2σ uncertainties, respectively.

7. Conclusion

A search for single production of vector-like quarks coupling
to light generations has been presented. No evidence is found
for such quarks above the expected background in either the CC
or NC channel. Upper limits on the production cross section
times branching ratio to a vector boson and a jet were deter-
mined at 95% confidence level. Assuming couplings κ̃2uD = 1
and κ̃2uU = 1, the upper bounds obtained for the mass of vector-
like quarks are 900 GeV for the CC channel and 760 GeV for
the NC channel. These limits, which can be used to constrain
different models of vector-like quarks [11], are the most strin-
gent to date on this benchmark model.
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Figure 9: Di↵erential cross section as a function of the total invariant mass of the Wtb system,
mtot ⌘ m(WtbtW6 tb6 t), after the cuts at ‘zero cost’ of eq.(23) at

p
s = 7TeV. The dashed curve

denotes the total background; the orange, purple, and blue continuous curves denote the signal
respectively at MG⇤ = 1.5, 2.0, 3.0TeV. The long tail of the signal curves at low mtot is due to
events with an o↵-shell G⇤. When two Wl candidates exist in an event, the corresponding two
solutions for mtot have been both included, each with weight 1/2.

G⇤ masses and widths, requires additional and more sophisticated tools, like for the example
the use of a left-right polarization asymmetry [5, 6]. The peculiar topology of the process
G⇤ ! T̃ t + Bb, on the other hand, suggests a further simple strategy, namely requiring that
the invariant mass of the (W6 tb6 t) system be much bigger than the top mass mt. In the case
of G⇤ ! T̃ t, indeed, m(W6 tb6 t) peaks at mT̃ , and even in G⇤ ! Bb events it tends to be much
larger than mt. This is shown by the contour plot of Fig. 10, which reports the isocurves
of the (doubly di↵erential) cross section in the plane (mtot, mWb), where mWb ⌘ m(W6 tb6 t)
and mtot ⌘ m(W6 tb6 tWtbt). By simple inspection, one can see that the SM tt̄ background
can be strongly reduced by cutting at the same time on mtot and on mWb. We find that an
additional cut on mWt ⌘ m(W6 tWtbt) is useful at large MG⇤ to further reduce the background
and increase the signal significance, see Fig. 11. Although cutting on mWb removes almost
entirely the tt̄ component of the signal, this can still be detected by adopting the strategies
proposed in previous analyses. In the following, instead, we will focus on the G⇤ ! T̃ t + Bb
signal.

For each value of MG⇤ we find a set of optimized cuts that minimizes the integrated
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Figure 13: LHC discovery reach in the plane (MG� , tan �3). The blue area shows the region
where a discovery of the signal pp � G⇥ � T̃ t + Bb � Wtb is possible at 5⇥ with sin⇤tR = 0.6,
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s = 7TeV with an integrated

luminosity L = 10 fb�1; Lower plot: LHC at
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s = 14TeV with L = 100 fb�1.
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Other signature: Gluonic resonance

pp� G� � tt̄

decay mainly into tops which have sizable 
coupling to the strong sector

6

TABLE I: Selection cuts in the semileptonic tt̄ channel.

3. Differential cross section

The SM top pair production rate falls steeply as a func-
tion of the invariant mass. The uncertainty from PDF’s
in this shape is far less than that in the total cross-section.
Hence we look for a signal from KK gluons in the differ-
ential tt̄ cross-section as opposed to simply counting the
total number of tt̄ events. We do not expect a sharp
resonance in this distribution due to the large width of
the KK gluon, but we do obtain a statistically significant
“bump” as discussed below.

The differential cross section as a function of mtt̄ is
shown in Figs. 4 and 5 for MKKG = 3 TeV produced
at the LHC. In Fig. 4 we compare the total (signal +
background) distribution to the SM (background) distri-
bution, based on a partonic-level analysis. In Fig. 5, we
focus on the area near the peak and we consider con-
tributions from the reducible background (from Wjj).
We show the particle level results and the correspond-
ing statistical uncertainties of event reconstruction. The
predictions for the SM and SM+RS models, based on
partonic-level analysis (same as in Fig. 4), are also shown
for comparison. We see that, since the partonic and par-
ticle level data are consistent with each other, we do not
expect a large bias in the ability to reconstruct the KKG
mass.
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FIG. 4: Invariant tt̄ mass distribution for MKKG = 3 TeV
production at the LHC. The solid curve presents sig-
nal+background distribution, while the dashed curve presents
the tt̄ SM background, based on partonic level analysis.

In the following we describe the reconstruction effi-
ciency and how we estimate our signal to background
ratio and the sensitivity to the KK gluon mass based on
this analysis. Following [13], we assume a 20% efficiency
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FIG. 5: Invariant tt̄ mass distribution for 3 TeV KKG, fo-
cusing on the area near the peak. The error bars corre-
spond to statistical uncertainties and represent our particle
level analysis. The dotted line stands for the SM predic-
tion. The dashed-dotted line shows the Wjj background.
The dashed line shows the signal+background from Sherpa’s
partonic level analysis.

for tagging b-jets (εb), independent of the b-jet energy.
Our particle level study shows that the efficiency of the
additional cuts described, εcut, in Table I for the recon-
struction of tt̄ system in the mass window around KKG
is about 20(21)% for mtt̄ = 3(4)TeV. We find that for
the SM the reconstruction efficiency is lower, 9(10)% for
mtt̄ = 3(4) TeV. The signal+background (BG+KKG)
and background (BG) reconstruction efficiencies differ
because the BG and BG+KKG events have different
kinematics. The background is dominated by gg fusion
events which are more forwardly-peaked in the top pair
center of mass (cm) frame than the qq̄ fusion events.
Hence, the gg events have a smaller PT

9 than the qq̄
events. Since KK gluon signal comes only from qq̄ fu-
sion, the pT cut on the top-quark reduces background
more than the signal.

In addition, the branching ratio for the lj decay is given
by BRlj = 2 × 2/9 × 2/3 " 0.3. The total efficiency is
given by BRlj × εcut × εb ∼ 1%.

We estimate the statistical significance of our signal
by looking at the bump. An invariant tt̄ mass window
cut 0.85MKKG < Mtt̄ < 1.5MKKG is applied. The
lower bound corresponds roughly to the width. The
upper bound is not particularly important due to the
steep falloff in cross section. Below the MKKG thresh-
old, the signal+background distribution is actually be-
low the background one due to destructive interference.
Therefore, we choose an asymmetric mass window cut.
We estimate the ratio of the signal, S, to the statistical
error in the the background,

√
B, via our particle level

9 Note that, inside the mass window, the total momentum/energy
of each top quark in cm frame is roughly fixed at MKKG/2.
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Possible 
up to 4 TeV

Other “easy” signature: Gluonic resonances

pp � g� � tt̄

Expected to decay 
mainly into tops 
since they have a 

sizable coupling to 
the Strong Sector



Let us now imagine the top partners are too heavy to 
be accessible at the LHC (i.e >~1.5-2 TeV),
 and heavy gluons also too heavy (>~4 TeV )

Where shall we search for signs of top compositeness ?



F#r-top events at $ LHC

spectacular events with 12 partons in the final state 



Four-top production in the Standard Model
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σLHC  ~ 7.5 fb  @ 14 TeV 

➾ 4 top final state sensitive to several classes of new TeV scale physics

88 %

σLHC  ~ 0.2 fb  @ 7 TeV 

e.g. SUSY (gluino pair production with g → t t χ0)~ -

top compositeness

σtevatron  < 10^-4 fb  



Low energy effective theory approach

After integrating out heavy resonances, we are 
left with higher dimensional operators such as 

1
�2

(tR�µtR)(tR�µtR)

leading to:

 well-motivated class of composite higgs models where new 
heavy resonances have a preference for the top quark

 [Pomarol-Serra,’08]
 [Lillie-Shu-Tait,’08]

t

t
g

g

t

t
Xt

t
-



Z’ has suppressed couplings to light quarks  
-> no observable        resonances

Four-top events from a top-philic and Dark Matter-philic Z’

instead:

 Jackson, Servant, Shaughnessy,Tait, Taoso,’09 
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A simple UV completion

the light mass eigen state identified with top 
quark is an admixture of t and T ~

Add T (vector-like) charged under U(1)’ with same gauge 
SM quantum numbers as tR

~

All SM fermions are uncharged under U(1)’

to realize coupling of top quark to Z’ and h:

yHQ3tR + µT̃LT̃R + Y �T̃LtR

higgs of U(1)’



2.1.3 process pp → ttt̄t̄ with a Z’
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Figure 2.8 – cross section of pp → ttt̄t̄ for the new Model(with a Z’) and for the SM for different energies
in the COM versus mass(Z’)

We consider here that the Z’ decay only to the top and the antitop. So the cross-section is the same
that the process pp → tt̄Z ′. We see the new Model is dominant to the SM if MZ′ < 1500GeV .
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Figure 2.9 – cross section of pp → ttt̄t̄ versus MZ′ at the Tevatron

15

production cross section at the LHC

(gZ�

tR
= 3)

Use top-philic Z’ as benchmark model 
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for 14TeV in the COM. We can see that the maximum of the distribution for the random combination
depends on the mass of the Z’. So we plot this maximum versus the mass of the Z’.
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Fig. 19 – distribution of the maximum of the distribution M(tt̄) for a random combination versus the
mass of the Z’

Thanks to a fit on the figure 19 we find this dependance is linear and the parameters are :
– origin of the curve : 306.5 ± 74.97
– slope of the curve : 0.379 ± 0.12

3.3.3 Angle between the quarks
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Fig. 20 – distribution of the angle between the top and antitop quarks from the Z’, for the spectator tt̄
and for the SM (a) and distribution of this angle for different cuts if M(Z’)=800GeV (b)

For low Z’ masses the quarks are emitted with low angles due to small values of the transverse momen-
tum and for higher masses it is the contrary. For the SM we take the random combination. For this figure
the curves are normalized to 1.
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The figure 2.13 represents the distribution of the mass Mtt̄ for the tt̄ from the Z’ and the spectator
tt̄ for 14TeV in the COM. We can see that the maximum of the distribution for the random combination
depends on the mass of the Z’. So we plot this maximum versus the mass of the Z’.
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Figure 2.15 – distribution of the maximum of the distribution M(tt̄) for a random combination versus
the mass of the Z’

Thanks to a fit on the figure 2.15 we find this dependance is linear and the parameters are :
– origin of the curve : 306.5 ± 74.97
– slope of the curve : 0.379 ± 0.12
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3.3.4 top polarisation [4]

The polarisation of the top quarks is studied from the angular distribution of their decay products. In
the decay channel t → W+b → l+ν the angular distribution of the particle X (X = W+, l+, ν) is given by :

1

Γ

dΓ

d cos θX
=

1

2
(1 + αX cos θX) (6)

where θX is the angle between the direction of X and the top spin axis in the top rest frame.

The constants αX take the values [8] :
– αl+ = αd̄ = 1
– αν = αu = −0.32
– αW+ = −αb = 0.41

From the equation 6 we obtain the top production differential cross-section :

1

σ

dσ

d cos θX
= FR + FL =

A

2
(1 + αX cos θX) +

1 − A

2
(1 − αX cos θX) = (A −

1

2
)αX cos θX +

1

2
(7)

top production differential cross-section

We study here the distribution of cos θl+ for M(Z’)=800 GeV and 14 TeV in the COM. For the SM we
take the lepton coming from the top with the highest Pt.
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Fig. 21 – distribution of cos(θ) for the Exotic Model with a top right and for the SM

With a fit on the figure 21 thanks to the formula 7, we find :
– A # 0.78 ± 0.18 for the exotic model with a right top
– A # 0.50 ± 0.11 for the SM.
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The value of the parameter A depends on the value of the mass of Z’. We can see this dependance on
the figure 22.
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Fig. 22 – value of the parameter A versus the mass of the Z’ for the tops (from the Z’ and spectator) (a)
and value of this parameter for the top from the Z’, the closest (anti)top from the Z’ (spectator top 1) and
the other spectator (anti)top (spectator top 2) (b)

The value of the parameter A decrease at low masses of the Z’ because at low transverse momentum
the spin of the lepton has time to flip. For high masses of the Z’, the maximum value at 0.8 is due the mass
of the top [9]. If the top was massless we can expect that A ∼ 1.

3.3.5 Spin correlation

We consider here the distribution

1

N

d2N

d cos θ1.d cos θ2
=

1

4
(1 − A cos θ1 cos θ2 + b1 cos θ1 + b2 cos θ2) (8)

where θx is the angle between the direction of the lepton x in the top frame and the direction of the
top.
We study here the same sign dilepton decay (the explanation about the choice of this channel is given in
the chapter 6).
The leptons 1 and 2 represent the 2 leptons of same sign in the final state.

This distribution doesn’t depends on the mass of the Z’ for the top-philic model. But the distriution
for the SM is very different. We have here a discriminant variable.

After a fit on the figure 23 we find the coefficients A, b1 and b2 of the formula 8.

- Z’(500GeV) Z’(1TeV) Z’(1.5TeV) SM
A -0.25 -0.23 -0.31 0.038
b1 0.44 0.55 0.54 -0.0073
b2 0.41 0.55 0.60 -0.03

Tab. 2 – Value of the coefficient A for the SM and the signal for differents masses of Z’
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top polarization

The lightest mass eigenstate is identified as the top quark. It can have a large coupling to Z ′ through its

ψ component.

Four-top production arises via the diagrams shown in Fig. 3. Given that the Z ′ under consideration

has suppressed couplings to all SM fields (induced by the kinetic mixing χ) but the top quarks, constraints
are weak and a mass of a few hundreds of GeV is allowed, which can lead to large four-top signals at the

LHC. A detailed study is presented in [14] and compares with the non-resonant four-top events obtained

from the effective four-fermion interaction (tRγµtR)(tRγµtR)/Λ2 leading to the diagram 1(d). The

corresponding cross sections at LHC as a function of the Z ′ mass and Λ are shown in Fig. 2.
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Fig. 3: Four-top production via Z ′

An interesting way to probe the properties of the top interactions relies on measuring the top

polarization. The SM four top production being dominated by parity invariant QCD processes, we expect

to generate an equal number of left and right-handed pairs. However, in the new physics models discussed

here, there is a strong bias towards RH tops. The angular distribution of the leptons from the top decays

enables to analyze the polarisation of the top quarks. The differential cross section can be written as

1

σ

dσ

d cos θ
=

A

2
(1 + cos θ) +

1 − A

2
(1 − cos θ) (3)

where θ is the angle between the direction of the lepton in the top rest frame and the direction of the top
polarization. The corresponding distribution is illustrated in Fig. 4.

In Fig. 5, we show the invariant mass Mtt of the tt pair coming from the Z ′ for different MZ′

masses as well as Mtt from the SM four-top events. The latter peaks close to 600 GeV. We also display

the maximum of the tt pair transverse energy distribution as a function ofMZ′ . Fig. 6 compares theMtt

distributions of the tt pair emitted by a Z ′ withMZ′ = 1.2 TeV, the spectator tt pair, which peaks around
500 GeV and the tt pair produced by the effective 4-fermion contact interaction.

3. RECONSTRUCTION

Reconstruction of four top events is a challenge to the detector and event reconstruction. The decay of the

top quarks gives rise to twelve fermions. To benefit from the same-sign lepton signature two W bosons

must decay to lepton-neutrino. The presence of two escaping neutrinos then prevents a complete recon-

struction of the twelve momenta. In the most abundantly produced final states, most of the remaining

fermions will be quarks, giving rise to a large jet multiplicity.

The minimal approach to reconstruction merely registers the scalar sum of the transverse energy

of all final state objects. The HT distribution for a 500 GeV and 1 TeV Z’ resonance as described in

the previous section are shown in Figure 7. For sufficiently large resonance mass, i.e. for mZ′ = 1

TeV in the central panel, the signal distribution clearly differs from that of some important (reducible)

backgrounds like tt̄W±+ jets and tt̄W+W−.

A further experimental signature of the four-top final states is the large b-jet multiplicity which

can be used as a powerful tool to extract the signal even coming from a heavy resonance as shown in

θ is the angle between the direction of the (highest pT) lepton 
in the top rest frame and the direction of the top polarisation

A: fraction of RH tops

In the models of interest, 4-top production yields an excess of right-handed tops 



background  in same-sign dilepton channel @LHC
 

final state: l± l± + n jets + ET

(of which 4 are b-jets)

➙

tt+jets with charge mis-ID is the main background (more 
precisely ttbar+ 2 hard jets)
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Figure 3.8 – total transverse energy versus the mass of the Z’

Thanks to a fit on the figure 3.1.3, we find :
– slope of the curve : 0.58 ± 0.12
– origin of the curve : 578 ± 80

3.2 Study of the signal and the background

We choose here the 2 same sign dilepton channel (e or µ). This lets us eliminate the background tt̄+jets
which has a very important cross section (800pb−1).
The background and the cross sections are reported in the table 3.1 [8] :

process σ [fb] σ.BR(l±l±) [fb]
signal m(Z’)=500GeV 838 35
signal m(Z’)=1TeV 61 2.6

signal + 1jet m(Z’)=500GeV 164 6.9
signal + 1jet m(Z’)=1TeV 21.5 0.9

ttt̄t 7.5 0.3
tt̄W+W− + 0, 1, 2jets 450 13.7
tt̄W± + 0, 1, 2, 3jets 595 18.4

W+W−W± + 0, 1, 2jets 603 18.7
W±W± + 0, 1, 2, 3jets 340 15.5

tt̄ 442 657 203
tt̄ + 1 jet 315 999 145
tt̄ + 2 jets 182 868 84
tt̄ + 3 jets 101 057 46
tt̄ + 4 jets 36 236 17

Table 3.1 – Signal and background cross sections at the leading order and cross sections times the branching
ratio to 2 same-sign leptons final states (e or µ)

3.2.1 Study with a b-tagging efficiency of 100%

We work here with a b-efficiency of 100% and no mistage for the light jets.
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Fig. 3.10 – Distribution of njet (a) and nbjet (b) for Pt > 30GeV . These distributions are normalized to 1
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Fig. 3.11 – Distribution of njet (a) and nbjet (b) for Pt > 30GeV . These distributions are normalized to 1
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Fig. 3.11 – Distribution of njet (a) and nbjet (b) for Pt > 30GeV . These distributions are normalized to 1
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Figure 3.23 – Distribution of MT1 (a) and MT2 (b)
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Figure 3.24 – Distribution of HT for : (a) the tt̄ background, (b) the signal and the background

As the transverse mass is quasi-equivalente to the total transverse energy, we chosse to work with HT .

We define 2 values for the significance :
– σ1 =

S√
B+1

– σ2 =
√

2[(S +B)log(1 + S
B )− S]

We want to increase the value of the significance by differents cuts in the 2 next sections.
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tt̄H topology. An alternative approach presents itself when one considers the reconstruction of tt̄ events
originating in the decay of a heavy resonance. Due to the boost of the top quark, its decay products

are collimated in a narrow cone. This top mono-jet can be identified as such by techniques revealing

the jet substructure [15, 9, 16, 17, 18, 19]. Importantly, for sufficiently large resonance mass the decay

products of top and anti-top are cleanly separated. A simple assignment based on (geometrical) vicinity

is sufficient to find the correct assignment of jets to top candidates. Thus, the ambiguities found in

reconstruction of “tops at rest” disappear in regime of large top pT .

To quantify this statement a parton level simulation of pp → X → tt̄ has been analysed. Lep-
ton+jets events are selected, where one of the W bosons decays to a lepton and a neutrino and the second

nb jets � 3

3.2.2 Study with a b-tagging efficiency of 60% (extrapolation)

In order to extrapolate the results for an efficiency of 60%, we renormalize the distributions with n
b-jets by 0.6n.
In the figure 3.26 the distributions for one b-efficiency are added.
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Figure 3.26 – Distribution of MTot for b-efficiency=100% and b-efficiency=60% for (a) nbjet ≥ 6, nbb−jet ≥
3 and HT > 700GeV (b) nbjet ≥ 5, nbb−jet ≥ 3, HT > 1.2TeV
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Figure 3.27 – Distribution of MTot if b-efficiency=60% for the same cuts than previously

In the table 3.5 are reported the number of events and background extrapolated for a b-efficiency of
60% :
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Figure 3.26 – Distribution of MTot for b-efficiency=100% and b-efficiency=60% for (a) nbjet ≥ 6, nbb−jet ≥
3 and HT > 700GeV (b) nbjet ≥ 5, nbb−jet ≥ 3, HT > 1.2TeV

  [GeV]totM
0 1000 2000 3000 4000 5000 6000 7000 8000

N
um

be
r o

f e
ve

nt
s

0

2

4

6

8

10
=14TeVs,  -1L = 10fb

background, b-efficiency=0.6

signal, b-efficiency=0.6 

 = 500 GeVZ’M

  [GeV]totM
0 1000 2000 3000 4000 5000 6000 7000 8000

N
um

be
r o

f e
ve

nt
s

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9 =14TeVs,  -1L = 10fb

background, b-efficiency=0.6

signal, b-efficiency=0.6 

 = 1 TeVZ’M

Figure 3.27 – Distribution of MTot if b-efficiency=60% for the same cuts than previously

In the table 3.5 are reported the number of events and background extrapolated for a b-efficiency of
60% :
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HT & 1.2 TeVHT & 700 GeV

4-top production cross 
section: ~ 800 fb

4-top production cross 
section: ~ 60 fb

� 2 �

    5σ excess luminosity
~ 45 fb-1

    5σ excess luminosity
~ 1 fb-1

⇠ 20 �



With cut nbjets ≥ 6 and MT >800 GeV :
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Fig. 4.5 – Distribution of the number of distincts top candidates for a luminosity of 10fb−1 if b-tagging
efficiency=1 (a) or 0.6 (b)

With cut nbjet ≥ 6 and nbbjet ≥ 3 :
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Fig. 4.6 – Distribution of the number of distincts top candidates for a luminosity of 10fb−1 if b-tagging
efficiency=1 (a) or 0.6 (b)

With cut nbjet ≥ 6, nbbjet ≥ 3 and MT >800GeV :
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Fig. 4.31 – Invariant mass of : the first reconstructed top, the leading lepton and the b-jet the clothest to
the lepton for MZ′=500GeV (a) and MZ′=1TeV (b) for b-tagging efficiency=100%

 hadronic top + leading lepton + b-jet) [GeV]
st

(1invM
0 500 1000 1500 2000

n
u

m
b

e
r 

o
f 

e
v

e
n

ts

0

0.5

1

1.5

2

2.5

3

=14TeVs, -1L = 10fb

=500GeV
Z’

signal M

background

 onlytt

(a)

 hadronic top + leading lepton + b-jet) [GeV]
st

(1invM
0 500 1000 1500 2000

n
u

m
b

e
r 

o
f 

e
v

e
n

ts

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22 =14TeVs, -1L = 10fb
=1TeV

Z’
signal M

background

 onlytt

(b)

Fig. 4.32 – Invariant mass of : the first reconstructed top, the leading lepton and the b-jet the clothest to
the lepton for MZ′=500GeV (a) and MZ′=1TeV (b) for b-tagging efficiency=60%
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Fig. 4.7 – Distribution of the number of distincts top candidates for a luminosity of 10fb−1 if b-tagging
efficiency=1 (a) or 0.6 (b)

4.2 Study of the top candidate after finding the 2 leptonic tops

In all this part we work with a b-tagging efficiency of 100%. We use the same algorithm than previously
to find the 2 hadronic tops but before that we find the 2 b-jets which decays from the leptonic tops. As
we have 2 neutrinos in the final state we can’t reconstruct the tops with an easy way. So we look at the
invariant mass of the lepton and the b-jet which come from the leptonic top at the generator level and the
distance between them. We obtain the figure 4.8 and 4.9.
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With cut nbjets ≥ 6 and HT>700 GeV :
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Figure 4.5 – Distribution of the number of distincts top candidates for a luminosity of 10fb−1 if b-tagging
efficiency=1 (a) or 0.6 (b)

With cut nbjet ≥ 6 and nbbjet ≥ 3 :
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Figure 4.6 – Distribution of the number of distincts top candidates for a luminosity of 10fb−1 if b-tagging
efficiency=1 (a) or 0.6 (b)

With cut nbjet ≥ 6, nbbjet ≥ 3 and HT>700GeV :
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With cut nbjet ≥ 6 and nbbjet ≥ 3 :
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Fig. 4.14 – Distribution of the number of distincts top candidates for a luminosity of 10fb−1 if b-tagging
efficiency=1 (a) or 0.6 (b)

With cut nbjet ≥ 6, nbbjet ≥ 3 and MT >800GeV :
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Fig. 4.15 – Distribution of the number of distincts top candidates for a luminosity of 10fb−1 if b-tagging
efficiency=1 (a) or 0.6 (b)
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top polarisation [12]

The polarisation of the top quarks is studied from the angular distribution of their decay products. In
the decay channel t → W+b → l+ν the angular distribution of the particle X (X = W+, l+, ν) is given by :

1

Γ

dΓ

d cos θX
=

1

2
(1 + αX cos θX) (2.2)

where θX is the angle between the direction of X and the top spin axis in the top rest frame.

The constants αX take the values [13] :
– αl+ = αd̄ = 1
– αν = αu = −0.32
– αW+ = −αb = 0.41

From the equation 2.2 we obtain the top production differential cross-section :

1

σ

dσ

d cos θX
= FR + FL =

A

2
(1 + αX cos θX) +

1 − A

2
(1 − αX cos θX) = (A −

1

2
)αX cos θX +

1

2
(2.3)

top production differential cross-section

We study here the distribution of cos θl+ for M(Z’)=800 GeV and 14 TeV in the COM. For the SM we
take the lepton coming from the top with the highest Pt.
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Fig. 2.16 – distribution of cos(θ) for the Exotic Model with a top right and for the SM

With a fit on the figure 2.16 thanks to the formula 2.3, we find :
– A # 0.78 ± 0.18 for the exotic model with a right top
– A # 0.50 ± 0.11 for the SM.
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Fig. 6.20 – Polarization of the tops for the signal and the background
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If instead of taking the b-jet which minimizes the difference between the invariant mass and the mass
of the top we take the b-jet which minimizes the distance between it and the lepton we find : A ∼ 0.85 for
the signal and A ∼ 0.66 for the background.
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Chapitre 13

Superposition of all the processes
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four-top events from 
different models



four-top events from gluino pair 
production is easily distinguishable
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Superposition of all the processes
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four-top events from 
gluino pair production
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Superposition of all the processes
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Chapitre 13

Same sign dilepton decay for Z’ at 7TeV

13.1 Study of the signal and the background

The background and the cross sections are reported in the table 13.1. We consider only the tt̄ back-
ground.

process σ [fb] σ.BR(l±l±) [fb]
signal m(Z’)=500GeV 41 1.7

ttt̄t 0.74 0.031
tt̄ 93 142 42.7

tt̄ + 1 jet 71 746 32.90
tt̄ + 2 jets 37 190 17.06
tt̄ + 3 jets 15 851 7.27
tt̄ + 4 jets 4 215 1.93

Table 13.1 – Signal and background cross sections at the leading order and cross sections times the
branching ratio to 2 same-sign leptons final states (e or µ)
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13.2.1 Study with a b-tagging efficiency of 60% (extrapolation)
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Figure 13.8 – Distribution of Mtot for b-efficiency=60% and nbjets ≥ 6, nbbjets ≥ 3, HT > 500GeV

signal : M(Z’)=500GeV
b-efficiency=100% : S 13

B 1.3
S/B 9.96
σ 8.57

Ldisc[fb−1] 4.92
b-efficiency=60% : S 3

B 0.3
S/B 10
σ 2.63

Ldisc[fb−1] 21.34

Table 13.5 – S/B for MZ′=500GeV and luminosity= 10fb−1 with nbjets ≥ 6, nbbjets ≥ 3, HT > 500GeV
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four-top events at 7 TeV
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!e top quark-Dark Ma"er connection

if the WIMP hypothesis is correct: likely to be 
connected to the physics of EW symmetry breaking 

and Dark Matter may have enhanced couplings to 
massive states
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A very simple effective theory 

The WIMP is a Dirac fermion, ν, singlet under the SM, 

charged under a new spontaneously broken U(1)’.

The only SM particle charged under the Z’ is the top quark

There is no SM state the WIMP can decay into:  ν is stable.  

This model can be UV completed as an SO(10) RS model Agashe-Servant ’04

More generally, in models of partial fermion compositeness, natural to expect 
that only the top couples sizably to a new strongly interacting sector.

see also Belanger-Pukhov-Servant ’07
Jackson, Servant, Shaughnessy,Tait, Taoso,’09 
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Dirac Dark Matter annihilation into γ H 

 Jackson, Servant, Shaughnessy,Tait, Taoso,’09 
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 Seeing the light from Dark Matter



NFW profile
 adiabatically
contracted

 γ-ray lines from the Galactic Center ΔΩΩ= 10-5 sr

Spectra for parameters leading to 
correct relic density and satisfying 

direct detection constraints
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Higgs in Space!

Z’ H Z



[Weniger 1204.2797]

 “A Tentative γ-Ray Line With E~ 130 GeV from Dark 
Matter Annihilation at the Fermi Large Area Telescope.”

and a very recent claim ...

Z’ H Z
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Figure 8: Spectra obtained for di↵erent choices of mass parameters and coupling g

Z0
⌫,t = 1 (black),

g

Z0
⌫,t = 3 (gray), ⌘ = 10�3 (solid), ⌘ = 10�2 (dotted) that lead to the correct relic density and satisfy
direct detection constraints. Upper plots are for ⌘ = 10�3 only since for these choices of couplings
and MZ0 mass ⌘ = 10�2 is excluded by direct detection constraints. �⌦ = 10�5, and a NFW dark
matter profile is assumed. Dot-dashed lines are for the adiabatically-contracted profile in Table 1,
�⌦ = 10�5, gZ

0
⌫,t = 1 and ⌘ = 10�3

. EGRET data are from [33, 34], HESS from [32] and Fermi
from [35].
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The additional line due to 
Z’ disappears if the Z’ is 

heavier than 300 GeV

 Jackson, Servant, Shaughnessy,Tait, Taoso,’09 

http://inspirehep.net/record/1110710
http://inspirehep.net/record/1110710
http://inspirehep.net/record/1110710
http://inspirehep.net/record/1110710


If gauge resonances 
are heavier

-> Effective Field 
Theory (EFT) approach



 EW precision data together with constraints from flavour physics make 
plausible if not likely that there exists a mass gap  between the SM degrees 
of freedom and any new physics threshold.
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effective 4-fermion interaction

@ E<M

In this case, new physics can be integrated out and simply gives new 
(higher dimensional) interactions among the SM degrees of freedom

in the rest of the talk: 
no bias on what the TeV new physics should be



Low-energy effective field theory approach to BSM

New interactions are assumed to respect all symmetries of the SM.
Buchmuller-Wyler ‘86

Scott Willenbrock - Top2010 13
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Effective Field Theory

Weinberg 1979

60& operatorsBad news:

Leung, Love, Rao 1984

Buchmuller, Wyler 1986

Good news: Only a few operators contribute to top quark physics



Our goal: 

study new physics in tt final state in the most general
 model-independent approach

-



Zhang & Willenbrock’10, Aguilar-Saavedra ‘10 , 
Degrande & al ’10 ...

Dimension 6 operators for top physics

There are only 15 relevant operators:

Rikkert Frederix, University of Zurich
20C. Zhang & S. Willenbrock

operator process

OtW = (q̄σµντI t)φ̃W I
µν (with imaginary coefficient) top decay, single top

OtG = (q̄σµνλAt)φ̃GA
µν (with imaginary coefficient) single top, qq̄, gg → tt̄

OG̃ = gsfABCG̃Aν
µ GBρ

ν GCµ
ρ gg → tt̄

OφG̃ = 1
2 (φ

+φ)G̃A
µνG

Aµν gg → tt̄

Table 2: CP-odd operators that have effects on top-quark processes at order 1/Λ2. Notations are the same
as in Table 1, and G̃µν = εµνρσGρσ.

generation. In single top production, this is the only (independent) four-quark operator that contributes.
However, there are many other four-quark operators with different isospin and color structures [2, 3]. In the
top pair production process qq̄ → tt̄, seven such operators contribute. The details are discussed in Section 4.

In Table 2, the CP-odd operators are listed. These interactions interfere with the SM only if the spin of
the top quark is taken into account. The reason is that the SM conserves CP to a good approximation (the
only CP violation is in the CKM matrix), and the inteference between a CP-odd operator and a CP-even
operator is a CP violation effect. It was shown in Ref. [10] that, in the absence of final-state interactions,
any CP violation observable can assume non-zero value only if it is TN -odd, where TN is the “naive” time
reversal, which means to apply time reversal without interchanging the initial and final states. Thus an
observable is TN -odd if it is proportional to a term of the form εµνρσvµvνvρvσ. If we don’t consider the
top quark spin, v must be the momentum of the particles, and such a term will not be present because
the reactions we consider here involve at most three independent momenta. Therefore top polarimetry is
essential for the study of CP violation. Since the top quark rapidly undergoes two-body weak decay t → Wb
with a time much shorter than the time scale necessary to depolarize the spin, information on the top spin
can be obtained from its decay products. CP violation will be discussed in Section 5.

There is an argument that can be used to neglect some of the new operators [11]. Some new operators can
be generated at tree level from an underlying gauge theory, while others must be generated at loop order.
In general the loop generated operators are suppressed by a factor of 1/16π2. However, the underlying
theory may not be a weakly coupled gauge theory (technicolor, for example), or the loop diagrams could
be enhanced due to the index of a fermion in a large representation. Furthermore, the underlying theory
may not be a gauge theory at all. Fortunately, the effective field theory approach does not depend on the
underlying theory. We will consider all dimension-six operators, without making any assumptions about the
nature of the underlying theory.

We do not make any assumptions about the flavor structure of the dimension-six operators, although we
don’t consider any flavor-changing neutral currents in this paper. The charged-current weak interaction of
the top quark is proportional to Vtb, so the SM rate for top decay and single top production is proportional
to V 2

tb. We write all dimension-six operators in terms of mass-eigenstate fields, so no diagonalization of the
new interactions is necessary. Hence, in charged-current weak interactions, the interference between the SM
amplitude and the new interaction is proportional to VtbCi, where Ci is the (real) coefficient of the dimension-
six Hermitian operator Oi (also recall that Vtb itself is purely real in the standard parameterization [12]).
If the operator is not Hermitian, the coefficient Ci is complex; CP-conserving processes are proportional to
VtbReCi, while CP-violating processes are instead proportional to VtbImCi.

Deviations of top-quark processes from SM predictions have often been discussed using a vertex-function
approach, where the Wtb vertex is parameterized in terms of four unknown form factors [13]. Given our
precision knowledge of the electroweak interaction, this approach is too crude. The effective field theory
approach is well motivated; it takes into consideration the unbroken SU(3)C × SU(2)L ×U(1)Y gauge sym-
metry; it includes contact interactions as well as vertex corrections; it is valid for both on-shell and off-shell
quarks; and it can be used for loop processes [14]. None of these virtues are shared by the vertex function
approach [15].

3

CP-even

CP-odd

A systematic description of all dimension-6 operators relevant 
for top quark physics. There are only 15 relevant operators

At dimension five, the only operator allowed by gauge invariance is [1]

Leff =
cij

Λ
(LiT εφ)C(φT εLj) + h.c. (2)

where Li is the lepton doublet field of the ith generation and φ is the Higgs doublet field. When the Higgs
doublet acquires a vacuum-expectation value, this term gives rise to a Majorana mass for neutrinos. Due to
the tiny neutrino masses, the scale Λ is probably around 1015 GeV. In contrast to this unique dimension-five
operator, there are many independent dimension six operators [2, 3].

Because the top quark is heavy relative to all the other observed SM fermions, we expect that the new
physics at higher energy scales may reveal itself at lower energies through the effective interactions of the top
quark, and deviations with respect to the SM predictions might be detectable. In this paper we will study
the effect of these dimension-six operators on top quark interactions. We focus on three different processes:
top quark decay, single top production, and top pair production. If no deviation is observed experimentally,
then one can place bounds on the coefficients of the dimension six operators.

We choose the effective Lagrangian to realize the weak symmetry linearly, as the precision electroweak
data favors a light Higgs boson. The situation where the weak symmetry is realized nonlinearly is studied in
Ref. [4, 5, 6, 7, 8]. We will use the operator set introduced by Buchmuller and Wyler [3]. In their paper they
categorize all possible gauge-invariant dimension-six operators, and use the equations of motion (EOM) to
simplify them into 80 independent operators (for one generation). Subsequently it was found that several of
these operators are actually not independent [9]. We focus on the operators that have an influence on the
top quark.

We expect the leading modification to SM processes at order 1
Λ2 . In this paper we don’t consider higher

order contributions. We expect the scale Λ to be large (at least larger than the scale we can probe directly)
so 1

Λ4 contributions would be small compared to the uncertainty on top quark measurements. Thus we ignore
all dimension-eight (and higher) operators, as well as effects involving two dimension-six operators.

For any physical observable, the 1
Λ2 contribution comes from the interference between dimension-six

operators and the SM Lagrangian. This contribution might be suppressed for a variety reasons. For example,
since all quark and lepton masses are negligible compared to the top quark mass, a new interaction that
involves a right-handed quark or lepton (except for the top quark) has a very small interference with the
SM charged-current weak interactions, which only involve left-handed fermions. It turns out that although
there are a large number of dimension-six operators, only a few of them have significant effects at order 1

Λ2 .
We list these operators in Tables 1 and 2.

operator process

O(3)
φq = i(φ+τIDµφ)(q̄γµτIq) top decay, single top

OtW = (q̄σµντI t)φ̃W I
µν (with real coefficient) top decay, single top

O(1,3)
qq = (q̄iγµτIqj)(q̄γµτIq) single top

OtG = (q̄σµνλAt)φ̃GA
µν (with real coefficient) single top, qq̄, gg → tt̄

OG = fABCGAν
µ GBρ

ν GCµ
ρ gg → tt̄

OφG = 1
2 (φ

+φ)GA
µνG

Aµν gg → tt̄
7 four-quark operators qq̄ → tt̄

Table 1: CP-even operators that have effects on top-quark processes at order 1/Λ2. Here q is the left-handed
quark doublet, while t is the right-handed top quark. The field φ (φ̃ = εφ∗) is the Higgs boson doublet.
Dµ = ∂µ−igs

1
2λ

AGA
µ −ig 1

2τ
IW I

µ −ig′Y Bµ is the covariant derivative. W I
µν = ∂µW I

ν −∂νW I
µ+gεIJKW J

µ W
K
ν

is the W boson field strength, and GA
µν = ∂µGA

ν −∂νGA
µ +gsfABCGB

µG
C
ν is the gluon field strength. Because

of the Hermiticity of the Lagrangian, the coefficients of these operators are real, except for OtW and OtG.

In Table 1, only one of the four-quark operators, O(1,3)
qq = (q̄iγµτIqj)(q̄γµτIq), is listed explicitly. Here

the superscripts i, j denote the first two quark generations, while q without superscript denotes the third

2

Rikkert Frederix, University of Zurich
20C. Zhang & S. Willenbrock

operator process

OtW = (q̄σµντI t)φ̃W I
µν (with imaginary coefficient) top decay, single top

OtG = (q̄σµνλAt)φ̃GA
µν (with imaginary coefficient) single top, qq̄, gg → tt̄

OG̃ = gsfABCG̃Aν
µ GBρ

ν GCµ
ρ gg → tt̄

OφG̃ = 1
2 (φ

+φ)G̃A
µνG

Aµν gg → tt̄

Table 2: CP-odd operators that have effects on top-quark processes at order 1/Λ2. Notations are the same
as in Table 1, and G̃µν = εµνρσGρσ.

generation. In single top production, this is the only (independent) four-quark operator that contributes.
However, there are many other four-quark operators with different isospin and color structures [2, 3]. In the
top pair production process qq̄ → tt̄, seven such operators contribute. The details are discussed in Section 4.

In Table 2, the CP-odd operators are listed. These interactions interfere with the SM only if the spin of
the top quark is taken into account. The reason is that the SM conserves CP to a good approximation (the
only CP violation is in the CKM matrix), and the inteference between a CP-odd operator and a CP-even
operator is a CP violation effect. It was shown in Ref. [10] that, in the absence of final-state interactions,
any CP violation observable can assume non-zero value only if it is TN -odd, where TN is the “naive” time
reversal, which means to apply time reversal without interchanging the initial and final states. Thus an
observable is TN -odd if it is proportional to a term of the form εµνρσvµvνvρvσ. If we don’t consider the
top quark spin, v must be the momentum of the particles, and such a term will not be present because
the reactions we consider here involve at most three independent momenta. Therefore top polarimetry is
essential for the study of CP violation. Since the top quark rapidly undergoes two-body weak decay t → Wb
with a time much shorter than the time scale necessary to depolarize the spin, information on the top spin
can be obtained from its decay products. CP violation will be discussed in Section 5.

There is an argument that can be used to neglect some of the new operators [11]. Some new operators can
be generated at tree level from an underlying gauge theory, while others must be generated at loop order.
In general the loop generated operators are suppressed by a factor of 1/16π2. However, the underlying
theory may not be a weakly coupled gauge theory (technicolor, for example), or the loop diagrams could
be enhanced due to the index of a fermion in a large representation. Furthermore, the underlying theory
may not be a gauge theory at all. Fortunately, the effective field theory approach does not depend on the
underlying theory. We will consider all dimension-six operators, without making any assumptions about the
nature of the underlying theory.

We do not make any assumptions about the flavor structure of the dimension-six operators, although we
don’t consider any flavor-changing neutral currents in this paper. The charged-current weak interaction of
the top quark is proportional to Vtb, so the SM rate for top decay and single top production is proportional
to V 2

tb. We write all dimension-six operators in terms of mass-eigenstate fields, so no diagonalization of the
new interactions is necessary. Hence, in charged-current weak interactions, the interference between the SM
amplitude and the new interaction is proportional to VtbCi, where Ci is the (real) coefficient of the dimension-
six Hermitian operator Oi (also recall that Vtb itself is purely real in the standard parameterization [12]).
If the operator is not Hermitian, the coefficient Ci is complex; CP-conserving processes are proportional to
VtbReCi, while CP-violating processes are instead proportional to VtbImCi.

Deviations of top-quark processes from SM predictions have often been discussed using a vertex-function
approach, where the Wtb vertex is parameterized in terms of four unknown form factors [13]. Given our
precision knowledge of the electroweak interaction, this approach is too crude. The effective field theory
approach is well motivated; it takes into consideration the unbroken SU(3)C × SU(2)L ×U(1)Y gauge sym-
metry; it includes contact interactions as well as vertex corrections; it is valid for both on-shell and off-shell
quarks; and it can be used for loop processes [14]. None of these virtues are shared by the vertex function
approach [15].
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A systematic description of all dimension-6 operators relevant 
for top quark physics. There are only 15 relevant operators

At dimension five, the only operator allowed by gauge invariance is [1]

Leff =
cij

Λ
(LiT εφ)C(φT εLj) + h.c. (2)

where Li is the lepton doublet field of the ith generation and φ is the Higgs doublet field. When the Higgs
doublet acquires a vacuum-expectation value, this term gives rise to a Majorana mass for neutrinos. Due to
the tiny neutrino masses, the scale Λ is probably around 1015 GeV. In contrast to this unique dimension-five
operator, there are many independent dimension six operators [2, 3].

Because the top quark is heavy relative to all the other observed SM fermions, we expect that the new
physics at higher energy scales may reveal itself at lower energies through the effective interactions of the top
quark, and deviations with respect to the SM predictions might be detectable. In this paper we will study
the effect of these dimension-six operators on top quark interactions. We focus on three different processes:
top quark decay, single top production, and top pair production. If no deviation is observed experimentally,
then one can place bounds on the coefficients of the dimension six operators.

We choose the effective Lagrangian to realize the weak symmetry linearly, as the precision electroweak
data favors a light Higgs boson. The situation where the weak symmetry is realized nonlinearly is studied in
Ref. [4, 5, 6, 7, 8]. We will use the operator set introduced by Buchmuller and Wyler [3]. In their paper they
categorize all possible gauge-invariant dimension-six operators, and use the equations of motion (EOM) to
simplify them into 80 independent operators (for one generation). Subsequently it was found that several of
these operators are actually not independent [9]. We focus on the operators that have an influence on the
top quark.

We expect the leading modification to SM processes at order 1
Λ2 . In this paper we don’t consider higher

order contributions. We expect the scale Λ to be large (at least larger than the scale we can probe directly)
so 1

Λ4 contributions would be small compared to the uncertainty on top quark measurements. Thus we ignore
all dimension-eight (and higher) operators, as well as effects involving two dimension-six operators.

For any physical observable, the 1
Λ2 contribution comes from the interference between dimension-six

operators and the SM Lagrangian. This contribution might be suppressed for a variety reasons. For example,
since all quark and lepton masses are negligible compared to the top quark mass, a new interaction that
involves a right-handed quark or lepton (except for the top quark) has a very small interference with the
SM charged-current weak interactions, which only involve left-handed fermions. It turns out that although
there are a large number of dimension-six operators, only a few of them have significant effects at order 1

Λ2 .
We list these operators in Tables 1 and 2.

operator process

O(3)
φq = i(φ+τIDµφ)(q̄γµτIq) top decay, single top

OtW = (q̄σµντI t)φ̃W I
µν (with real coefficient) top decay, single top

O(1,3)
qq = (q̄iγµτIqj)(q̄γµτIq) single top

OtG = (q̄σµνλAt)φ̃GA
µν (with real coefficient) single top, qq̄, gg → tt̄

OG = fABCGAν
µ GBρ

ν GCµ
ρ gg → tt̄

OφG = 1
2 (φ

+φ)GA
µνG

Aµν gg → tt̄
7 four-quark operators qq̄ → tt̄

Table 1: CP-even operators that have effects on top-quark processes at order 1/Λ2. Here q is the left-handed
quark doublet, while t is the right-handed top quark. The field φ (φ̃ = εφ∗) is the Higgs boson doublet.
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of the Hermiticity of the Lagrangian, the coefficients of these operators are real, except for OtW and OtG.

In Table 1, only one of the four-quark operators, O(1,3)
qq = (q̄iγµτIqj)(q̄γµτIq), is listed explicitly. Here

the superscripts i, j denote the first two quark generations, while q without superscript denotes the third
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operator process
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Table 2: CP-odd operators that have effects on top-quark processes at order 1/Λ2. Notations are the same
as in Table 1, and G̃µν = εµνρσGρσ.

generation. In single top production, this is the only (independent) four-quark operator that contributes.
However, there are many other four-quark operators with different isospin and color structures [2, 3]. In the
top pair production process qq̄ → tt̄, seven such operators contribute. The details are discussed in Section 4.

In Table 2, the CP-odd operators are listed. These interactions interfere with the SM only if the spin of
the top quark is taken into account. The reason is that the SM conserves CP to a good approximation (the
only CP violation is in the CKM matrix), and the inteference between a CP-odd operator and a CP-even
operator is a CP violation effect. It was shown in Ref. [10] that, in the absence of final-state interactions,
any CP violation observable can assume non-zero value only if it is TN -odd, where TN is the “naive” time
reversal, which means to apply time reversal without interchanging the initial and final states. Thus an
observable is TN -odd if it is proportional to a term of the form εµνρσvµvνvρvσ. If we don’t consider the
top quark spin, v must be the momentum of the particles, and such a term will not be present because
the reactions we consider here involve at most three independent momenta. Therefore top polarimetry is
essential for the study of CP violation. Since the top quark rapidly undergoes two-body weak decay t → Wb
with a time much shorter than the time scale necessary to depolarize the spin, information on the top spin
can be obtained from its decay products. CP violation will be discussed in Section 5.

There is an argument that can be used to neglect some of the new operators [11]. Some new operators can
be generated at tree level from an underlying gauge theory, while others must be generated at loop order.
In general the loop generated operators are suppressed by a factor of 1/16π2. However, the underlying
theory may not be a weakly coupled gauge theory (technicolor, for example), or the loop diagrams could
be enhanced due to the index of a fermion in a large representation. Furthermore, the underlying theory
may not be a gauge theory at all. Fortunately, the effective field theory approach does not depend on the
underlying theory. We will consider all dimension-six operators, without making any assumptions about the
nature of the underlying theory.

We do not make any assumptions about the flavor structure of the dimension-six operators, although we
don’t consider any flavor-changing neutral currents in this paper. The charged-current weak interaction of
the top quark is proportional to Vtb, so the SM rate for top decay and single top production is proportional
to V 2

tb. We write all dimension-six operators in terms of mass-eigenstate fields, so no diagonalization of the
new interactions is necessary. Hence, in charged-current weak interactions, the interference between the SM
amplitude and the new interaction is proportional to VtbCi, where Ci is the (real) coefficient of the dimension-
six Hermitian operator Oi (also recall that Vtb itself is purely real in the standard parameterization [12]).
If the operator is not Hermitian, the coefficient Ci is complex; CP-conserving processes are proportional to
VtbReCi, while CP-violating processes are instead proportional to VtbImCi.

Deviations of top-quark processes from SM predictions have often been discussed using a vertex-function
approach, where the Wtb vertex is parameterized in terms of four unknown form factors [13]. Given our
precision knowledge of the electroweak interaction, this approach is too crude. The effective field theory
approach is well motivated; it takes into consideration the unbroken SU(3)C × SU(2)L ×U(1)Y gauge sym-
metry; it includes contact interactions as well as vertex corrections; it is valid for both on-shell and off-shell
quarks; and it can be used for loop processes [14]. None of these virtues are shared by the vertex function
approach [15].
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where Li is the lepton doublet field of the ith generation and φ is the Higgs doublet field. When the Higgs
doublet acquires a vacuum-expectation value, this term gives rise to a Majorana mass for neutrinos. Due to
the tiny neutrino masses, the scale Λ is probably around 1015 GeV. In contrast to this unique dimension-five
operator, there are many independent dimension six operators [2, 3].

Because the top quark is heavy relative to all the other observed SM fermions, we expect that the new
physics at higher energy scales may reveal itself at lower energies through the effective interactions of the top
quark, and deviations with respect to the SM predictions might be detectable. In this paper we will study
the effect of these dimension-six operators on top quark interactions. We focus on three different processes:
top quark decay, single top production, and top pair production. If no deviation is observed experimentally,
then one can place bounds on the coefficients of the dimension six operators.

We choose the effective Lagrangian to realize the weak symmetry linearly, as the precision electroweak
data favors a light Higgs boson. The situation where the weak symmetry is realized nonlinearly is studied in
Ref. [4, 5, 6, 7, 8]. We will use the operator set introduced by Buchmuller and Wyler [3]. In their paper they
categorize all possible gauge-invariant dimension-six operators, and use the equations of motion (EOM) to
simplify them into 80 independent operators (for one generation). Subsequently it was found that several of
these operators are actually not independent [9]. We focus on the operators that have an influence on the
top quark.

We expect the leading modification to SM processes at order 1
Λ2 . In this paper we don’t consider higher

order contributions. We expect the scale Λ to be large (at least larger than the scale we can probe directly)
so 1

Λ4 contributions would be small compared to the uncertainty on top quark measurements. Thus we ignore
all dimension-eight (and higher) operators, as well as effects involving two dimension-six operators.

For any physical observable, the 1
Λ2 contribution comes from the interference between dimension-six

operators and the SM Lagrangian. This contribution might be suppressed for a variety reasons. For example,
since all quark and lepton masses are negligible compared to the top quark mass, a new interaction that
involves a right-handed quark or lepton (except for the top quark) has a very small interference with the
SM charged-current weak interactions, which only involve left-handed fermions. It turns out that although
there are a large number of dimension-six operators, only a few of them have significant effects at order 1
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We list these operators in Tables 1 and 2.

operator process

O(3)
φq = i(φ+τIDµφ)(q̄γµτIq) top decay, single top

OtW = (q̄σµντI t)φ̃W I
µν (with real coefficient) top decay, single top

O(1,3)
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ρ gg → tt̄

OφG = 1
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Table 1: CP-even operators that have effects on top-quark processes at order 1/Λ2. Here q is the left-handed
quark doublet, while t is the right-handed top quark. The field φ (φ̃ = εφ∗) is the Higgs boson doublet.
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Table 2: CP-odd operators that have effects on top-quark processes at order 1/Λ2. Notations are the same
as in Table 1, and G̃µν = εµνρσGρσ.

generation. In single top production, this is the only (independent) four-quark operator that contributes.
However, there are many other four-quark operators with different isospin and color structures [2, 3]. In the
top pair production process qq̄ → tt̄, seven such operators contribute. The details are discussed in Section 4.

In Table 2, the CP-odd operators are listed. These interactions interfere with the SM only if the spin of
the top quark is taken into account. The reason is that the SM conserves CP to a good approximation (the
only CP violation is in the CKM matrix), and the inteference between a CP-odd operator and a CP-even
operator is a CP violation effect. It was shown in Ref. [10] that, in the absence of final-state interactions,
any CP violation observable can assume non-zero value only if it is TN -odd, where TN is the “naive” time
reversal, which means to apply time reversal without interchanging the initial and final states. Thus an
observable is TN -odd if it is proportional to a term of the form εµνρσvµvνvρvσ. If we don’t consider the
top quark spin, v must be the momentum of the particles, and such a term will not be present because
the reactions we consider here involve at most three independent momenta. Therefore top polarimetry is
essential for the study of CP violation. Since the top quark rapidly undergoes two-body weak decay t → Wb
with a time much shorter than the time scale necessary to depolarize the spin, information on the top spin
can be obtained from its decay products. CP violation will be discussed in Section 5.

There is an argument that can be used to neglect some of the new operators [11]. Some new operators can
be generated at tree level from an underlying gauge theory, while others must be generated at loop order.
In general the loop generated operators are suppressed by a factor of 1/16π2. However, the underlying
theory may not be a weakly coupled gauge theory (technicolor, for example), or the loop diagrams could
be enhanced due to the index of a fermion in a large representation. Furthermore, the underlying theory
may not be a gauge theory at all. Fortunately, the effective field theory approach does not depend on the
underlying theory. We will consider all dimension-six operators, without making any assumptions about the
nature of the underlying theory.

We do not make any assumptions about the flavor structure of the dimension-six operators, although we
don’t consider any flavor-changing neutral currents in this paper. The charged-current weak interaction of
the top quark is proportional to Vtb, so the SM rate for top decay and single top production is proportional
to V 2

tb. We write all dimension-six operators in terms of mass-eigenstate fields, so no diagonalization of the
new interactions is necessary. Hence, in charged-current weak interactions, the interference between the SM
amplitude and the new interaction is proportional to VtbCi, where Ci is the (real) coefficient of the dimension-
six Hermitian operator Oi (also recall that Vtb itself is purely real in the standard parameterization [12]).
If the operator is not Hermitian, the coefficient Ci is complex; CP-conserving processes are proportional to
VtbReCi, while CP-violating processes are instead proportional to VtbImCi.

Deviations of top-quark processes from SM predictions have often been discussed using a vertex-function
approach, where the Wtb vertex is parameterized in terms of four unknown form factors [13]. Given our
precision knowledge of the electroweak interaction, this approach is too crude. The effective field theory
approach is well motivated; it takes into consideration the unbroken SU(3)C × SU(2)L ×U(1)Y gauge sym-
metry; it includes contact interactions as well as vertex corrections; it is valid for both on-shell and off-shell
quarks; and it can be used for loop processes [14]. None of these virtues are shared by the vertex function
approach [15].
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where Li is the lepton doublet field of the ith generation and φ is the Higgs doublet field. When the Higgs
doublet acquires a vacuum-expectation value, this term gives rise to a Majorana mass for neutrinos. Due to
the tiny neutrino masses, the scale Λ is probably around 1015 GeV. In contrast to this unique dimension-five
operator, there are many independent dimension six operators [2, 3].

Because the top quark is heavy relative to all the other observed SM fermions, we expect that the new
physics at higher energy scales may reveal itself at lower energies through the effective interactions of the top
quark, and deviations with respect to the SM predictions might be detectable. In this paper we will study
the effect of these dimension-six operators on top quark interactions. We focus on three different processes:
top quark decay, single top production, and top pair production. If no deviation is observed experimentally,
then one can place bounds on the coefficients of the dimension six operators.

We choose the effective Lagrangian to realize the weak symmetry linearly, as the precision electroweak
data favors a light Higgs boson. The situation where the weak symmetry is realized nonlinearly is studied in
Ref. [4, 5, 6, 7, 8]. We will use the operator set introduced by Buchmuller and Wyler [3]. In their paper they
categorize all possible gauge-invariant dimension-six operators, and use the equations of motion (EOM) to
simplify them into 80 independent operators (for one generation). Subsequently it was found that several of
these operators are actually not independent [9]. We focus on the operators that have an influence on the
top quark.

We expect the leading modification to SM processes at order 1
Λ2 . In this paper we don’t consider higher

order contributions. We expect the scale Λ to be large (at least larger than the scale we can probe directly)
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Λ4 contributions would be small compared to the uncertainty on top quark measurements. Thus we ignore
all dimension-eight (and higher) operators, as well as effects involving two dimension-six operators.

For any physical observable, the 1
Λ2 contribution comes from the interference between dimension-six

operators and the SM Lagrangian. This contribution might be suppressed for a variety reasons. For example,
since all quark and lepton masses are negligible compared to the top quark mass, a new interaction that
involves a right-handed quark or lepton (except for the top quark) has a very small interference with the
SM charged-current weak interactions, which only involve left-handed fermions. It turns out that although
there are a large number of dimension-six operators, only a few of them have significant effects at order 1
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We focus on top-philic new physics (and therefore ignore interactions that would 
only affect the standard gluon vertex                                   ) 

We are left with only two classes of dim-6 gauge invariant operators         
(when working at order O(1/Λ2))
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Figure 3: One particle exchange contributions to Ltt̄ in Eq. (20): (a) the five four-fermion operators
can be directly associated with the exchange of a spin-1 resonance once Fierz transformations are
used, (b) the single two-fermion operator Ohg can be indirectly associated with the exchange of a
spin-0 or spin-2 resonance coupled to two gluons via a fermion loop.

loop [47]. However, SU(2) gauge invariance requires to consider loop corrections induced
by a dimension-eight operator like

(

HQ̄t
) (

HQ̄t
)

with the Higgs field H replaced by its vev
(see Fig. 2b).

Similarly, the connection within resonance models is quite straightforward using the
standard Fierz relations of App. A. The exchanges of heavy vectors and scalars lead to four-
fermion operators (explicit formulas are given for instance in Ref. [20]) but cannot contribute
to the top chromo-magnetic moment at tree-level as a consequence of SU(3)c gauge invariance
(see Fig. 3a). Only higher-dimension effective operators quadratic in the gluon field-strength
can be induced in this frame. For example, a heavy scalar or tensor induces at tree-level the
operator

(

HQ̄t + h.c.
)

GµνGµν or
(

HQ̄t − h.c.
)

GµνG̃µν (see Fig. 3b). So, the operator Ohg

can only be generated at the loop-level and is suppressed in resonance models.
Finally, note that a generic prediction of recent models of Higgs and top compositeness

is the existence of fermionic top partners (“custodians”) whose mass is below the mass scale
of the vector resonances mρ [48–50]. They do not appear in our low-energy effective field
theory approach. However, they could be produced singly or in pairs at the LHC, and decay
either into tZ, tH , bW or tW , therefore possibly making a new physics “background” to
tt̄ + X final states. We leave the study of these effects and their description in terms of
effective operators to future investigations.

3 Top pair production cross section

We now move to the core of our model-independent analysis whose goal is to evaluate the
LHC potential in probing new physics in top pair production beyond the Tevatron’s reach.

3.1 Partonic differential cross sections

As already mentioned, top pair production is calculated at the same order in 1/Λ as the
Lagrangian in Eq. (20)

|M |2 = |MSM |2 + 2"(MSMM∗
NP ) + O

(

1

Λ4

)

, (26)
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We calculate top pair production at order  O(1/
Λ2)

i.e. we assume new physics manifests 
itself at low energy  only through 
operators interfering with the SM

would only affect the standard gluon vertices like for instance the interactions generated by
the operator OG = fABCGA

µνG
B νρGC

ρ
µ (see Refs. [24, 35–37] for a study of its effects on top

pair production). Hence we consider the set of operators which affect the tt̄ production at
tree-level by interference with the SM amplitudes. Both at the Tevatron and at the LHC,
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ūγµT
Au

)

,

O
(8)
td =

(

t̄γµTAt
)(

d̄γµTAd
)

, (3)

L̄LR̄R:

O
(8)
Qu =

(

Q̄γµTAQ
)(
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ūγµTAu
)

,

O
(8)
Qd =

(

Q̄γµTAQ
)(

d̄γµT
Ad

)

,

O
(8)
tq =

(

q̄γµTAq
)(

t̄γµT
At

)

, (4)

L̄RL̄R:

O
(8)
d =

(

Q̄TAt
)(

q̄T Ad
)

, (5)

where σI are the Pauli matrices (normalized to tr(σIσJ) = 2δIJ), q and u and d are
respectively the left- and right-handed components of the first two generations.

3

would only affect the standard gluon vertices like for instance the interactions generated by
the operator OG = fABCGA

µνG
B νρGC

ρ
µ (see Refs. [24, 35–37] for a study of its effects on top

pair production). Hence we consider the set of operators which affect the tt̄ production at
tree-level by interference with the SM amplitudes. Both at the Tevatron and at the LHC,
the dominant SM amplitudes are those involving QCD in quark-antiquark annihilation or
gluon fusion. Therefore we shall neglect all new interactions that could interfere only with
SM weak processes like qq̄ → Z(γ) → tt̄. Our analysis aims at identifying the effects of the
new physics on top pair production, so it ignores the operators which affect the decay of
the top [24, 28, 38]. We are then left with only two classes of dimension-six gauge-invariant
operators [33]:

• operators with a top and an antitop and one or two gluons, namely

Ogt =
[

t̄γµTADνt
]

GA
µν ,

OgQ =
[

Q̄γµTADνQ
]

GA
µν ,

Ohg =
[(

HQ̄
)

σµνTAt
]

GA
µν , (1)

where Q = (tL, bL) denotes the left-handed weak doublet of the third quark generation,
t is the right-handed top quark, TA are the generators of SU(3) in the fundamental
representations normalized to tr(TATB) = δAB/2.

• four-fermion operators with a top and an antitop together with a pair of light quark
and antiquark that can be organized following their chiral structures:

L̄LL̄L:

O
(8,1)
Qq =

(

Q̄γµTAQ
)(

q̄γµT
Aq

)

,

O
(8,3)
Qq =

(

Q̄γµTAσIQ
)(

q̄γµT
AσIq

)

, (2)

R̄RR̄R:

O
(8)
tu =

(

t̄γµTAt
)(
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ūγµTAu
)

,

O
(8)
Qd =

(

Q̄γµTAQ
)(

d̄γµT
Ad

)

,

O
(8)
tq =

(

q̄γµTAq
)(

t̄γµT
At

)

, (4)

L̄RL̄R:

O
(8)
d =

(

Q̄TAt
)(

q̄T Ad
)

, (5)

where σI are the Pauli matrices (normalized to tr(σIσJ) = 2δIJ), q and u and d are
respectively the left- and right-handed components of the first two generations.

3

would only affect the standard gluon vertices like for instance the interactions generated by
the operator OG = fABCGA

µνG
B νρGC

ρ
µ (see Refs. [24, 35–37] for a study of its effects on top

pair production). Hence we consider the set of operators which affect the tt̄ production at
tree-level by interference with the SM amplitudes. Both at the Tevatron and at the LHC,
the dominant SM amplitudes are those involving QCD in quark-antiquark annihilation or
gluon fusion. Therefore we shall neglect all new interactions that could interfere only with
SM weak processes like qq̄ → Z(γ) → tt̄. Our analysis aims at identifying the effects of the
new physics on top pair production, so it ignores the operators which affect the decay of
the top [24, 28, 38]. We are then left with only two classes of dimension-six gauge-invariant
operators [33]:

• operators with a top and an antitop and one or two gluons, namely

Ogt =
[

t̄γµTADνt
]

GA
µν ,

OgQ =
[

Q̄γµTADνQ
]

GA
µν ,

Ohg =
[(

HQ̄
)

σµνTAt
]

GA
µν , (1)

where Q = (tL, bL) denotes the left-handed weak doublet of the third quark generation,
t is the right-handed top quark, TA are the generators of SU(3) in the fundamental
representations normalized to tr(TATB) = δAB/2.

• four-fermion operators with a top and an antitop together with a pair of light quark
and antiquark that can be organized following their chiral structures:

L̄LL̄L:

O
(8,1)
Qq =

(

Q̄γµTAQ
)(

q̄γµT
Aq

)

,

O
(8,3)
Qq =

(

Q̄γµTAσIQ
)(

q̄γµT
AσIq

)

, (2)

R̄RR̄R:

O
(8)
tu =

(

t̄γµTAt
)(
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: negligible (QCD is chirality diagonal)

and the forward-backward asymmetry will depend on the combination

cAa = cRa − cLa with

{

cRa = −ctq/2 + (ctu + ctd)/4

cLa = −c(8,1)
Qq /2 + (cQu + cQd)/4.

(14)

The difference
cAv = cRv − cLv (15)

can only contribute to spin-dependent observables (see Section 3.5).
The isospin-1 sector is spanned by the three combinations:

ORr = O
(8)
tu − O

(8)
td , OLr = O

(8)
Qu − O

(8)
Qd and O

(8,3)
Qq . (16)

Again, parity arguments lead to the conclusion that the total cross section can only depend
on the combination

c′V v = (ctu − ctd)/2 + (cQu − cQd)/2 + c(8,3)
Qq , (17)

while the forward-backward asymmetry will only receive a contribution proportional to

c′Aa = (ctu − ctd)/2 − (cQu − cQd)/2 + c(8,3)
Qq . (18)

and spin-dependent observables will depend on (see App. C)

c′Av = (ctu − ctd)/2 − (cQu − cQd)/2 − c(8,3)
Qq . (19)

Numerically, we shall see in Section 3.2 that the isospin-0 sector gives a larger contribution
to the observables we are considering than the isospin-1 sector. This is due to the fact that a
sizeable contribution to these observables is coming from a phase-space region near threshold
where the up- and down-quark contributions are of the same order.

It is interesting to note that, in composite models, where the strong sector is usually
invariant under the weak-custodial symmetry SO(4) → SO(3) [41], the right-handed up
and down quarks certainly transform as a doublet of the SU(2)R symmetry, and therefore
cQu = cQd. There are however various ways to embed the right-handed top quarks into
a SO(4) representation [32]: if it is a singlet, then ctu = ctd also and the isospin-1 sector

reduces to the operator O
(8,3)
Qq only.

In summary, the relevant effective Lagrangian for tt̄ production contains a single two-
fermion operator and seven four-fermion operators conveniently written as:

Ltt̄ = +
1

Λ2

(

(chgOhg + h.c.) + (cR vOR v + cR aOR a + c′RrO
′
Rr + R ↔ L) + c(8,3)

Qq O
(8,3)
Qq

)

. (20)

The vertices arising from the dimension-six operators given in Eq. (20) relevant for top
pair production at hadron colliders are depicted in Fig. 1.
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would only affect the standard gluon vertices like for instance the interactions generated by
the operator OG = fABCGA

µνG
B νρGC

ρ
µ (see Refs. [24, 35–37] for a study of its effects on top

pair production). Hence we consider the set of operators which affect the tt̄ production at
tree-level by interference with the SM amplitudes. Both at the Tevatron and at the LHC,
the dominant SM amplitudes are those involving QCD in quark-antiquark annihilation or
gluon fusion. Therefore we shall neglect all new interactions that could interfere only with
SM weak processes like qq̄ → Z(γ) → tt̄. Our analysis aims at identifying the effects of the
new physics on top pair production, so it ignores the operators which affect the decay of
the top [24, 28, 38]. We are then left with only two classes of dimension-six gauge-invariant
operators [33]:

• operators with a top and an antitop and one or two gluons, namely

Ogt =
[

t̄γµTADνt
]

GA
µν ,

OgQ =
[

Q̄γµTADνQ
]

GA
µν ,

Ohg =
[(

HQ̄
)

σµνTAt
]

GA
µν , (1)

where Q = (tL, bL) denotes the left-handed weak doublet of the third quark generation,
t is the right-handed top quark, TA are the generators of SU(3) in the fundamental
representations normalized to tr(TATB) = δAB/2.

• four-fermion operators with a top and an antitop together with a pair of light quark
and antiquark that can be organized following their chiral structures:

L̄LL̄L:

O
(8,1)
Qq =

(

Q̄γµTAQ
)(

q̄γµT
Aq

)

,

O
(8,3)
Qq =

(

Q̄γµTAσIQ
)(

q̄γµT
AσIq

)

, (2)

R̄RR̄R:

O
(8)
tu =

(
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)(

ūγµT
Au

)
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O
(8)
td =
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)(
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)

, (3)
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O
(8)
Qu =

(
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)(
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)
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O
(8)
Qd =

(

Q̄γµTAQ
)(

d̄γµT
Ad

)

,

O
(8)
tq =

(

q̄γµTAq
)(

t̄γµT
At

)

, (4)

L̄RL̄R:

O
(8)
d =

(

Q̄TAt
)(

q̄T Ad
)

, (5)

where σI are the Pauli matrices (normalized to tr(σIσJ) = 2δIJ), q and u and d are
respectively the left- and right-handed components of the first two generations.

3

● op. with t, t and one or 
two gluons

(chromomagnetic moment)
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and the forward-backward asymmetry will depend on the combination

cAa = cRa − cLa with

{

cRa = −ctq/2 + (ctu + ctd)/4

cLa = −c(8,1)
Qq /2 + (cQu + cQd)/4.

(14)

The difference
cAv = cRv − cLv (15)

can only contribute to spin-dependent observables (see Section 3.5).
The isospin-1 sector is spanned by the three combinations:

ORr = O
(8)
tu − O

(8)
td , OLr = O

(8)
Qu − O

(8)
Qd and O

(8,3)
Qq . (16)

Again, parity arguments lead to the conclusion that the total cross section can only depend
on the combination

c′V v = (ctu − ctd)/2 + (cQu − cQd)/2 + c(8,3)
Qq , (17)

while the forward-backward asymmetry will only receive a contribution proportional to

c′Aa = (ctu − ctd)/2 − (cQu − cQd)/2 + c(8,3)
Qq . (18)

and spin-dependent observables will depend on (see App. C)

c′Av = (ctu − ctd)/2 − (cQu − cQd)/2 − c(8,3)
Qq . (19)

Numerically, we shall see in Section 3.2 that the isospin-0 sector gives a larger contribution
to the observables we are considering than the isospin-1 sector. This is due to the fact that a
sizeable contribution to these observables is coming from a phase-space region near threshold
where the up- and down-quark contributions are of the same order.

It is interesting to note that, in composite models, where the strong sector is usually
invariant under the weak-custodial symmetry SO(4) → SO(3) [41], the right-handed up
and down quarks certainly transform as a doublet of the SU(2)R symmetry, and therefore
cQu = cQd. There are however various ways to embed the right-handed top quarks into
a SO(4) representation [32]: if it is a singlet, then ctu = ctd also and the isospin-1 sector

reduces to the operator O
(8,3)
Qq only.

In summary, the relevant effective Lagrangian for tt̄ production contains a single two-
fermion operator and seven four-fermion operators conveniently written as:

Ltt̄ = +
1

Λ2

(

(chgOhg + h.c.) + (cR vOR v + cR aOR a + c′RrO
′
Rr + R ↔ L) + c(8,3)

Qq O
(8,3)
Qq

)

. (20)

The vertices arising from the dimension-six operators given in Eq. (20) relevant for top
pair production at hadron colliders are depicted in Fig. 1.
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We are left with only two classes of dim-6 gauge invariant operators         
(when working at order O(1/Λ2))



the effective Lagrangian obtained after integrating out some heavy resonances.

δijδkl =
1

2
σI

ilσ
I
kj +

1

2
δilδkj , (64)

δabδcd = 2TA
adT

A
cb +

1

3
δadδcb , (65)

(γµPL/R)α
β(γµPL/R)γ

δ = −(γµPL/R)α
δ(γµPL/R)γ

β (66)

(γµPR)α
β(γµPL)γ

δ = 2 (PL)α
δ(PR)γ

β , (67)

(PL/R)α
β(PL/R)γ

δ = −
1

2
(PL/R)α

δ(PL/R)γ
β +

1

8
(γµνPL/R)α

δ(γµνPL/R)γ
β , (68)

where PL/R = (1 ∓ γ5)/2 are the usual chirality projectors and γµν = 1
2 [γµ, γν ].

B Feynman diagrams for tt̄ production at order O
(

Λ−2
)

At the O(Λ−2) order, the two parton-level cross sections for tt̄ production follow from the
Feynman diagrams depicted in Fig. 14 and 15.

+ +

SM SM SM

+

+ +

g

g

t

t̄

+

Figure 14: Feynman diagrams for gg → tt̄ up to O
(

Λ−2
)

. The dark blobs denote interactions
generated by the operator Ohg.
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V

(L, R)

(L, R)

(L, R)

(L, R)
(a)

S(T )
R

L

L R

R

R
(b)

Figure 3: One particle exchange contributions to Ltt̄ in Eq. (20): (a) the five four-fermion operators
can be directly associated with the exchange of a spin-1 resonance once Fierz transformations are
used, (b) the single two-fermion operator Ohg can be indirectly associated with the exchange of a
spin-0 or spin-2 resonance coupled to two gluons via a fermion loop.

loop [47]. However, SU(2) gauge invariance requires to consider loop corrections induced
by a dimension-eight operator like

(

HQ̄t
) (

HQ̄t
)

with the Higgs field H replaced by its vev
(see Fig. 2b).

Similarly, the connection within resonance models is quite straightforward using the
standard Fierz relations of App. A. The exchanges of heavy vectors and scalars lead to four-
fermion operators (explicit formulas are given for instance in Ref. [20]) but cannot contribute
to the top chromo-magnetic moment at tree-level as a consequence of SU(3)c gauge invariance
(see Fig. 3a). Only higher-dimension effective operators quadratic in the gluon field-strength
can be induced in this frame. For example, a heavy scalar or tensor induces at tree-level the
operator

(

HQ̄t + h.c.
)

GµνGµν or
(

HQ̄t − h.c.
)

GµνG̃µν (see Fig. 3b). So, the operator Ohg

can only be generated at the loop-level and is suppressed in resonance models.
Finally, note that a generic prediction of recent models of Higgs and top compositeness

is the existence of fermionic top partners (“custodians”) whose mass is below the mass scale
of the vector resonances mρ [48–50]. They do not appear in our low-energy effective field
theory approach. However, they could be produced singly or in pairs at the LHC, and decay
either into tZ, tH , bW or tW , therefore possibly making a new physics “background” to
tt̄ + X final states. We leave the study of these effects and their description in terms of
effective operators to future investigations.

3 Top pair production cross section

We now move to the core of our model-independent analysis whose goal is to evaluate the
LHC potential in probing new physics in top pair production beyond the Tevatron’s reach.

3.1 Partonic differential cross sections

As already mentioned, top pair production is calculated at the same order in 1/Λ as the
Lagrangian in Eq. (20)

|M |2 = |MSM |2 + 2"(MSMM∗
NP ) + O

(

1

Λ4

)

, (26)

9

top pair production in EFT at order  O(1/Λ2)  we assume new physics manifests itself 
at low energy  only through operators 

interfering with the SM

+ +

q

q̄

t

t̄SM

Figure 15: Feynman diagrams for qq̄ → tt̄ up to O
(

Λ−2
)

. The diagram in the middle originates

from the four-fermion interactions induced by the operators OL/Rv , OL/Ra and O
(8,3)
Qq . The diagram

on the right is the contribution from the operator Ohg.

C Helicity cross sections and mtt̄ distribution

As explained in Section 2.2, when summed over the helicities of the final top, the cross section
for the tt̄ production depends only on the sum cV v = cRv+cLv (and on the suppressed isospin-
1 sector contribution c′V v defined in Eq.(17)). However the individual helicity cross sections
are sensitive to cRv and cLv individually since at high energy ORv (OLv) should produce
mainly right (left) handed top and left (right) handed antitop. Explicitly, the helicity cross
sections are given by (we recall that cAv = cRv − cLv)

σRR(gg → tt̄) =
πα2

s

24 (4m2 − s) s3

{

(

16m4
t + 58sm2

t + s2
)

log

(

s +
√

s (s − 4m2
t )

s −
√

s (s − 4m2
t )

)

m2
t

−2
√

s (s − 4m2
t )

(

62m4
t − 7sm2

t + 2s2
)

−
chg

gsΛ2
2
√

2svmt

[

√

s (s − 4m2
t )

(

14m2
t + 13s

)

+
(

4m4
t − 34m2

t s
)

log

(

s +
√

s (s − 4m2
t )

s −
√

s (s − 4m2
t )

) ]}

,

σLL(gg → tt̄) = σRR(gg → tt̄),

σRL(gg → tt̄) =

(

1 +
chg

gsΛ2
4
√

2mtv

)

πα2
s ×

11
√

s (s − 4m2
t ) (m2

t − s) + (2m4
t − sm2

t − 4s2) log

(

s−
q

s(s−4m2
t)

s+
q

s(s−4m2
t)

)

24 (s − 4m2
t ) s2

,

σLR(gg → tt̄) = σRL(gg → tt̄). (69)
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both chg  and 4-fermion operators



where MNP represents the matrix element of all the (new physics) dimension-six operators
introduced in Section 2.

From the Lagrangian in Eq. (20), the two parton-level cross sections for tt̄ production
at O (Λ−2) follow from the Feynman diagrams depicted in Fig. 14 and 15 of App. B. Their
expressions are (v = 246 GeV):

dσ

dt
(qq̄ → tt̄) =

dσSM

dt

(

1 +
cV v ±

c′
V v

2

g2
s

s

Λ2

)

+
1

Λ2

αs

9s2

((

cAa ±
c′Aa

2

)

s(τ2 − τ1) + 4gschg

√
2vmt

)

(27)

dσ

dt
(gg → tt̄) =

dσSM

dt
+
√

2αsgs
vmt

s2

chg

Λ2

(

1

6τ1τ2
−

3

8

)

(28)

where the upper (lower) sign is for the up (down) quarks and

dσSM

dt
(qq̄ → tt̄) =

4πα2
s

9s2

(

τ 2
1 + τ 2

2 +
ρ

2

)

(29)

dσSM

dt
(gg → tt̄) =

πα2
s

s2

(

1

6τ1τ2
−

3

8

)

(ρ + τ 2
1 + τ 2

2 −
ρ2

4τ1τ2
) (30)

with τ1 =
m2

t − t

s
, τ2 =

m2
t − u

s
, ρ =

4m2
t

s
. (31)

The Mandelstam parameter t is related, in the tt̄ center-of-mass frame, to the angle θ between

the momenta of the incoming parton and the outgoing top quark by (β =
√

1 − 4m2

s )

m2
t − t =

s

2
(1 − β cos θ) . (32)

All the contributions to the tt̄ differential cross section but the one proportional to cAa ±
c′
Aa

2
are invariant under θ → π − θ.

Similar results have already been derived in the literature. For instance, these cross sec-
tions were recently fully computed in Ref. [24] and consistent with our expressions with the
identifications given in Table 1. This non exhaustive table also gives the correspondences
with respect to some other recent works [19–21, 51]. Note that the contribution of the
chromomagnetic operator Ohg has been extensively discussed in the literature [14–17] and
recently revisited for both processes in Ref. [21, 22].

As can be seen from Eqs. (30) and (28), the new physics and the SM contributions for
gluon fusion have a common factor. In fact, this common factor is what is mainly responsible
for the shape of the distributions of the SM. This is the reason why, as we will stress again
in the following, the operator Ohg can hardly be distinguished from the SM in gluon fusion.

Equation (27) shows that only two kinds of four-fermion operators actually contribute
to the differential cross-section after averaging over the final state spins:

• the first one is responsible for the even part in the scattering angle proportional to

cV v ±
c′
V v

2

t̄γµTAtq̄γµTAq (33)

where here t and q = u, d stand for the full 4-component Dirac spinor;
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at O (Λ−2) follow from the Feynman diagrams depicted in Fig. 14 and 15 of App. B. Their
expressions are (v = 246 GeV):

dσ

dt
(qq̄ → tt̄) =

dσSM

dt

(

1 +
cV v ±

c′
V v

2

g2
s

s

Λ2

)

+
1

Λ2

αs

9s2

((

cAa ±
c′Aa

2

)

s(τ2 − τ1) + 4gschg

√
2vmt

)

(27)

dσ

dt
(gg → tt̄) =

dσSM

dt
+
√

2αsgs
vmt

s2

chg

Λ2

(

1

6τ1τ2
−

3

8

)

(28)

where the upper (lower) sign is for the up (down) quarks and

dσSM

dt
(qq̄ → tt̄) =

4πα2
s

9s2

(

τ 2
1 + τ 2

2 +
ρ

2

)

(29)

dσSM

dt
(gg → tt̄) =

πα2
s

s2

(

1

6τ1τ2
−

3

8

)

(ρ + τ 2
1 + τ 2

2 −
ρ2

4τ1τ2
) (30)

with τ1 =
m2

t − t

s
, τ2 =

m2
t − u

s
, ρ =

4m2
t

s
. (31)

The Mandelstam parameter t is related, in the tt̄ center-of-mass frame, to the angle θ between

the momenta of the incoming parton and the outgoing top quark by (β =
√

1 − 4m2

s )

m2
t − t =

s

2
(1 − β cos θ) . (32)

All the contributions to the tt̄ differential cross section but the one proportional to cAa ±
c′
Aa

2
are invariant under θ → π − θ.

Similar results have already been derived in the literature. For instance, these cross sec-
tions were recently fully computed in Ref. [24] and consistent with our expressions with the
identifications given in Table 1. This non exhaustive table also gives the correspondences
with respect to some other recent works [19–21, 51]. Note that the contribution of the
chromomagnetic operator Ohg has been extensively discussed in the literature [14–17] and
recently revisited for both processes in Ref. [21, 22].

As can be seen from Eqs. (30) and (28), the new physics and the SM contributions for
gluon fusion have a common factor. In fact, this common factor is what is mainly responsible
for the shape of the distributions of the SM. This is the reason why, as we will stress again
in the following, the operator Ohg can hardly be distinguished from the SM in gluon fusion.

Equation (27) shows that only two kinds of four-fermion operators actually contribute
to the differential cross-section after averaging over the final state spins:

• the first one is responsible for the even part in the scattering angle proportional to

cV v ±
c′
V v

2

t̄γµTAtq̄γµTAq (33)

where here t and q = u, d stand for the full 4-component Dirac spinor;
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where MNP represents the matrix element of all the (new physics) dimension-six operators
introduced in Section 2.

From the Lagrangian in Eq. (20), the two parton-level cross sections for tt̄ production
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tions were recently fully computed in Ref. [24] and consistent with our expressions with the
identifications given in Table 1. This non exhaustive table also gives the correspondences
with respect to some other recent works [19–21, 51]. Note that the contribution of the
chromomagnetic operator Ohg has been extensively discussed in the literature [14–17] and
recently revisited for both processes in Ref. [21, 22].

As can be seen from Eqs. (30) and (28), the new physics and the SM contributions for
gluon fusion have a common factor. In fact, this common factor is what is mainly responsible
for the shape of the distributions of the SM. This is the reason why, as we will stress again
in the following, the operator Ohg can hardly be distinguished from the SM in gluon fusion.

Equation (27) shows that only two kinds of four-fermion operators actually contribute
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comes from comes from

Ref. [24] Ref. [19] Ref. [51] Ref. [20] Ref. [21]

chg 2CtG g1gs
1
2C33

uGφ

cV v
1
4

(

C1
u + C2

u + C1
d + C2

d

)

−g2g2
s(*)

g2
s

4 (κu
R + κd

R + κu
L + κd

L)(*) g2
s

2 (C1 + C2)

cAa
1
4

(

C1
u − C2

u + C1
d − C2

d

) g2
s

4 (κu
R + κd

R + κu
L + κd

L)(*) g2
s

2 (C1 − C2)

c′V v
1
2

(

C1
u + C2

u − C1
d − C2

d

) g2
s

2 (κu
R − κd

R + κu
L − κd

L)(*)

c′Aa
1
2

(

C1
u − C2

u − C1
d + C2

d

) g2
s

2 (κu
R − κd

R + κu
L − κd

L)(*)

Table 1: Dictionary between our parameters and those used in recent papers on the subject. They

all agree eventually up to a sign for those that are labeled by a (*). For Ref. [24], C(8,3)
qq = c(8,3)

Qq .
Blank entries mean that the corresponding operators were not considered.

• the second one is responsible for the odd part in the scattering angle proportional to
cAa ±

c′
Aa

2

t̄γµγ5T
Atq̄γµγ5T

Aq. (34)

3.2 Total cross section

3.2.1 LHC–Tevatron complementarity

Since the dependence on cAa and c′Aa vanishes after the integration over the kinematical
variable t, the total cross section depends thus only on the three parameters chg cV v and
c′V v. Moreover, the tt̄ production by gluon fusion only depends on the coefficient of the
operator Ohg. Our results for tt̄ production are obtained by the convolution of the analytic
differential cross section of Eqs. (27) and (28) with the pdf (taking CTEQ6L1 [52]). We have
also implemented the new vertices in MadGraph [53] and used them to validate our results.
At leading order, we have

— at the LHC (
√

s = 14 TeV):

σ (gg → tt̄) /pb = 466+146
−103 +

(

127+31
−23

)

chg

(

1 TeV

Λ

)2

, (35)

σ (qq̄ → tt̄) /pb = 72+16
−12 +

[(

15+2
−1

)

cV v +
(

17+3
−2

)

chg +
(

1.32+0.12
−0.12

)

c′V v

]

(

1 TeV

Λ

)2

, (36)

σ (pp → tt̄) /pb = 538+162
−115 +

[(

15+2
−1

)

cV v +
(

144+34
−25

)

chg +
(

1.32+0.12
−0.12

)

c′V v

]

(

1 TeV

Λ

)2

. (37)

— at the LHC (
√

s = 7 TeV):

σ (pp → tt̄) /pb = 94+22
−17 +

[(

4.5+0.7
−0.6

)

cV v +
(

25+7
−5

)

chg +
(

0.48+0.068
−0.056

)

c′V v

]

(

1 TeV

Λ

)2

. (38)
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This dependence vanishes 
after integration over t

some axial combination of 
operators is asymmetric 
under q <-> q -

some vector combination 
of operators that is 
symmetric under q <-> q -

where i runs over the seven self-hermitian four-fermion operators of Eqs. (2)–(4).
In Eq. (9), the coefficient chg might be complex. However, since we are concerned with

CP-invariant observables, only its real part enters in the interference with the SM processes
and therefore we shall assume in our analysis that chg is real. This coefficient corresponds
to a chromomagnetic moment for the top quark.

2.2 The relevant operators

In Eq. (9), we have identified eight independent top-philic operators. Yet, additional simple
considerations are going to show that physical observables like the tt̄ production total cross
section, the mtt̄ invariant-mass distribution or the forward-backward asymmetry, depend
only on specific linear combinations of these operators.

The seven four-fermion operators can be combined to form linear combinations with
definite SU(2) isospin quantum numbers. In the isospin-0 sector, it is further convenient to
define axial and vector combinations of the light quarks:

ORv = O
(8)
tu + O

(8)
td + O

(8)
tq , ORa = O

(8)
tu + O

(8)
td − O

(8)
tq , (10)

and similar operators involving the left-handed top quarks:

OLv = O
(8)
Qu + O

(8)
Qd + O

(8,1)
Qq , OLa = O

(8)
Qu + O

(8)
Qd − O

(8,1)
Qq . (11)

The reason is that the axial operators are asymmetric under the exchange of the quark and
antiquark while the vector operators are symmetric2:

[

ψ̄ (k1) γµγ5TAψ (k2)
]

= −
[

ψ̄c (k2) γµγ5TAψc (k1)
]

,
[

ψ̄ (k1) γµTAψ (k2)
]

=
[

ψ̄c (k2) γµTAψc (k1)
]

.
(12)

Therefore, the interferences of ORa and OLa with the SM will be odd under the exchange of the
momenta of the initial partons and these axial operators can only contribute to observables
that are odd functions of the scattering angle and certainly not to the total cross section.
On the contrary, the operators ORv and OLv are even functions of the scattering angle and
can contribute to σtt̄.

In addition, the operators ORv and OLv will obviously produce the same amount of top
pairs but with opposite chirality. Consequently, the spin-independent observables associated
to the tt̄ production are expected to depend only on the sum ORv + OLv while the difference
ORv − OLv will only contribute to spin-dependent observables. Similarly, but with a sign
flip, only their difference, ORa −OLa, can contribute to spin-independent observables and in
particular to the tt̄ differential cross section after summing over the spins. The orthogonal
combination ORa + OLa could contribute to spin-dependent observables which are odd func-
tions of the scattering angle, but we shall not consider any observable of this type in our
analysis.

Therefore, we expect a dependence of the total pair production cross section on the sum

cV v = cRv + cLv with

{

cRv = ctq/2 + (ctu + ctd)/4

cLv = c(8,1)
Qq /2 + (cQu + cQd)/4

(13)

2The matrices Cγµγ5 are antisymmetric but the matrices Cγµ are symmetric, C being the charge conju-
gation matrix.
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vector combination of the light quarks
involving the RH and LH top quarks

axial combination of the light quarks  
involving the RH and LH top quarks

and the forward-backward asymmetry will depend on the combination

cAa = cRa − cLa with

{

cRa = −ctq/2 + (ctu + ctd)/4

cLa = −c(8,1)
Qq /2 + (cQu + cQd)/4.

(14)

The difference
cAv = cRv − cLv (15)

can only contribute to spin-dependent observables (see Section 3.5).
The isospin-1 sector is spanned by the three combinations:

ORr = O
(8)
tu − O

(8)
td , OLr = O

(8)
Qu − O

(8)
Qd and O

(8,3)
Qq . (16)

Again, parity arguments lead to the conclusion that the total cross section can only depend
on the combination

c′V v = (ctu − ctd)/2 + (cQu − cQd)/2 + c(8,3)
Qq , (17)

while the forward-backward asymmetry will only receive a contribution proportional to

c′Aa = (ctu − ctd)/2 − (cQu − cQd)/2 + c(8,3)
Qq . (18)

and spin-dependent observables will depend on (see App. C)

c′Av = (ctu − ctd)/2 − (cQu − cQd)/2 − c(8,3)
Qq . (19)

Numerically, we shall see in Section 3.2 that the isospin-0 sector gives a larger contribution
to the observables we are considering than the isospin-1 sector. This is due to the fact that a
sizeable contribution to these observables is coming from a phase-space region near threshold
where the up- and down-quark contributions are of the same order.

It is interesting to note that, in composite models, where the strong sector is usually
invariant under the weak-custodial symmetry SO(4) → SO(3) [41], the right-handed up
and down quarks certainly transform as a doublet of the SU(2)R symmetry, and therefore
cQu = cQd. There are however various ways to embed the right-handed top quarks into
a SO(4) representation [32]: if it is a singlet, then ctu = ctd also and the isospin-1 sector

reduces to the operator O
(8,3)
Qq only.

In summary, the relevant effective Lagrangian for tt̄ production contains a single two-
fermion operator and seven four-fermion operators conveniently written as:

Ltt̄ = +
1

Λ2

(

(chgOhg + h.c.) + (cR vOR v + cR aOR a + c′RrO
′
Rr + R ↔ L) + c(8,3)

Qq O
(8,3)
Qq

)

. (20)

The vertices arising from the dimension-six operators given in Eq. (20) relevant for top
pair production at hadron colliders are depicted in Fig. 1.
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Figure 1: A Feynman representation of the relevant operators for tt̄ production at hadron colliders.
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where i runs over the seven self-hermitian four-fermion operators of Eqs. (2)–(4).
In Eq. (9), the coefficient chg might be complex. However, since we are concerned with

CP-invariant observables, only its real part enters in the interference with the SM processes
and therefore we shall assume in our analysis that chg is real. This coefficient corresponds
to a chromomagnetic moment for the top quark.

2.2 The relevant operators

In Eq. (9), we have identified eight independent top-philic operators. Yet, additional simple
considerations are going to show that physical observables like the tt̄ production total cross
section, the mtt̄ invariant-mass distribution or the forward-backward asymmetry, depend
only on specific linear combinations of these operators.

The seven four-fermion operators can be combined to form linear combinations with
definite SU(2) isospin quantum numbers. In the isospin-0 sector, it is further convenient to
define axial and vector combinations of the light quarks:

ORv = O
(8)
tu + O

(8)
td + O

(8)
tq , ORa = O

(8)
tu + O

(8)
td − O

(8)
tq , (10)

and similar operators involving the left-handed top quarks:

OLv = O
(8)
Qu + O

(8)
Qd + O

(8,1)
Qq , OLa = O

(8)
Qu + O

(8)
Qd − O

(8,1)
Qq . (11)

The reason is that the axial operators are asymmetric under the exchange of the quark and
antiquark while the vector operators are symmetric2:

[

ψ̄ (k1) γµγ5TAψ (k2)
]

= −
[

ψ̄c (k2) γµγ5TAψc (k1)
]

,
[

ψ̄ (k1) γµTAψ (k2)
]

=
[

ψ̄c (k2) γµTAψc (k1)
]

.
(12)

Therefore, the interferences of ORa and OLa with the SM will be odd under the exchange of the
momenta of the initial partons and these axial operators can only contribute to observables
that are odd functions of the scattering angle and certainly not to the total cross section.
On the contrary, the operators ORv and OLv are even functions of the scattering angle and
can contribute to σtt̄.

In addition, the operators ORv and OLv will obviously produce the same amount of top
pairs but with opposite chirality. Consequently, the spin-independent observables associated
to the tt̄ production are expected to depend only on the sum ORv + OLv while the difference
ORv − OLv will only contribute to spin-dependent observables. Similarly, but with a sign
flip, only their difference, ORa −OLa, can contribute to spin-independent observables and in
particular to the tt̄ differential cross section after summing over the spins. The orthogonal
combination ORa + OLa could contribute to spin-dependent observables which are odd func-
tions of the scattering angle, but we shall not consider any observable of this type in our
analysis.

Therefore, we expect a dependence of the total pair production cross section on the sum

cV v = cRv + cLv with

{

cRv = ctq/2 + (ctu + ctd)/4

cLv = c(8,1)
Qq /2 + (cQu + cQd)/4

(13)

2The matrices Cγµγ5 are antisymmetric but the matrices Cγµ are symmetric, C being the charge conju-
gation matrix.
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with a sign flip, only their difference, ORa − OLa, can contribute to spin-independent ob-

servables and in particular to the tt̄ differential cross section after summing over the spins.

The orthogonal combination ORa + OLa could contribute to spin-dependent observables

which are odd functions of the scattering angle, but we shall not consider any observable

of this type in our analysis.
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cRv = ctq/2 + (ctu + ctd)/4

cLv = c(8,1)
Qq /2 + (cQu + cQd)/4

(2.13)

and the forward-backward asymmetry will depend on the combination

cAa = cRa − cLa with

{

cRa = −ctq/2 + (ctu + ctd)/4

cLa = −c(8,1)
Qq /2 + (cQu + cQd)/4.

(2.14)

The difference

cAv = cRv − cLv (2.15)

can only contribute to spin-dependent observables (see section 3.5).

The isospin-1 sector is spanned by the three combinations:

ORr = O
(8)
tu − O

(8)
td , OLr = O

(8)
Qu − O

(8)
Qd and O

(8,3)
Qq . (2.16)

Again, parity arguments lead to the conclusion that the total cross section can only depend

on the combination

c′V v = (ctu − ctd)/2 + (cQu − cQd)/2 + c(8,3)
Qq , (2.17)

while the forward-backward asymmetry will only receive a contribution proportional to

c′Aa = (ctu − ctd)/2 − (cQu − cQd)/2 + c(8,3)
Qq . (2.18)

and spin-dependent observables will depend on (see appendix C)

c′Av = (ctu − ctd)/2 − (cQu − cQd)/2 − c(8,3)
Qq . (2.19)

Numerically, we shall see in section 3.2 that the isospin-0 sector gives a larger contri-

bution to the observables we are considering than the isospin-1 sector. This is due to the

fact that a sizeable contribution to these observables is coming from a phase-space region

near threshold where the up- and down-quark contributions are of the same order.

It is interesting to note that, in composite models, where the strong sector is usually

invariant under the weak-custodial symmetry SO(4) → SO(3) [41], the right-handed up

and down quarks certainly transform as a doublet of the SU(2)R symmetry, and therefore

cQu = cQd. There are however various ways to embed the right-handed top quarks into

a SO(4) representation [32]: if it is a singlet, then ctu = ctd also and the isospin-1 sector

reduces to the operator O
(8,3)
Qq only.
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LHC 7 TeV

  total cross section

 Tevatron

— at the Tevatron (
√

s = 1.96 TeV):

σ (gg → tt̄) /pb = 0.35+0.20
−0.12 +

(

0.10+0.05
−0.03

)

chg

(

1 TeV

Λ

)2

, (39)

σ (qq̄ → tt̄) /pb = 5.80+2.21
−1.49 +

[(

0.87+0.23
−0.16

)

cV v +
(

1.34+0.42
−0.30

)

chg +
(

0.31+0.08
−0.06

)

c′V v

]

(

1 TeV

Λ

)2

,

(40)

σ (pp → tt̄) /pb = 6.15+2.41
−1.61 +

[(

0.87+0.23
−0.16

)

cV v +
(

1.44+0.47
−0.33

)

chg +
(

0.31+0.08
−0.06

)

c′V v

]

(

1 TeV

Λ

)2

.

(41)

Numerically, the contribution from the isospin-1 sector (c′V v) is suppressed compared to the
contribution of the isospin-0 sector (cV v) and this suppression is more effective at the LHC
than at the Tevatron. This is due to the fact that, at Tevatron, the top pair production by
up-quark annihilation is 5 ÷ 6 times bigger than by down-quark annihilation. At the LHC,
this ratio is reduced to 1.4 only. In most of the rest of our analysis, we shall neglect the
contribution from the isospin-1 sector since it is subdominant.

The measurements of the total cross section at the Tevatron and at the LHC are com-
plementary as shown in Fig. 4. As expected, the LHC pp → tt̄ total cross section strongly
depends on chg. Consequently, it can be used to constrain directly the allowed range for chg.
On the contrary, the corresponding Tevatron cross-section depends on both chg and cV v and
constrains thus a combination of these parameters.

In Fig. 4, we assume that the central measured value of the cross section at the LHC
coincides with the SM theoretical prediction. Figure 5 shows how the allowed region is
shifted to the left (right) if the measured value is lower (higher) than the computed value.
We use the NLO+NLL prediction [54] for the SM cross section (mt = 174.3 GeV) at the
LHC

σ14 TeV
th = 832+75

−78(scale)+28
−27(pdf) pb,

σ7 TeV
th = 146+12

−13(scale)+11
−11(pdf) pb, (42)

and at the Tevatron
σ1.96 TeV

th = 6.87+0.26
−0.48(scale)+0.47

−0.33(pdf) pb. (43)

In Fig. 4, we combine the errors linearly. For the experimental value, we use the CDF
combination of all channel at 4.6 fb−1 [55],

σ1.96 TeV
obs = 7.5 ± 0.31(stat) ± 0.34(syst) ± 0.15(lumi) pb (44)

and combine the errors quadratically. Due to the rather large uncertainties on the theoretical
normalization, the region allowed by the total cross section measurement remains large.
Even if the experimental precision becomes very good, a rather large allowed region will
remain due to the theoretical uncertainties. An improvement of the theoretical prediction
for top pair production in SM is necessary to reduce the allowed region. The theoretical
uncertainties for the new physics part are estimated by changing the factorisation scale µF

and the renormalisation scale µR. The errors from the pdf are not computed. The errors on
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operator Ohg. Our results for tt̄ production are obtained by the convolution of the analytic

differential cross section of eqs. (3.2) and (3.3) with the pdf (taking CTEQ6L1 [52]). We

have also implemented the new vertices in MadGraph [53] and used them to validate our

results. At leading order, we have

• at the LHC (
√

s = 14 TeV):

σ (gg→ tt̄) /pb=466+146
−103+

(

127+31
−23

)

chg

(

1 TeV

Λ

)2

, (3.10)

σ (qq̄→ tt̄) /pb=72+16
−12+

[(

15+2
−1

)

cV v+
(

17+3
−2

)

chg+
(

1.32+0.12
−0.12

)

c′V v

]

(

1 TeV

Λ

)2

, (3.11)

σ (pp→ tt̄) /pb=538+162
−115+

[(

15+2
−1

)

cV v+
(

144+34
−25

)

chg+
(

1.32+0.12
−0.12

)

c′V v

]

(

1 TeV

Λ

)2

. (3.12)

• at the LHC (
√

s = 7 TeV):

σ (pp→ tt̄) /pb=94+22
−17+

[(

4.5+0.7
−0.6

)

cV v+
(

25+7
−5

)

chg+
(

0.48+0.068
−0.056

)

c′V v

]

(

1 TeV

Λ

)2

. (3.13)

• at the Tevatron (
√

s = 1.96 TeV):

σ (gg→ tt̄) /pb=0.35+0.20
−0.12+

(

0.10+0.05
−0.03

)

chg

(

1 TeV

Λ

)2

, (3.14)

σ (qq̄→ tt̄) /pb=5.80+2.21
−1.49+

[(

0.87+0.23
−0.16

)

cV v+
(

1.34+0.42
−0.30

)

chg+
(

0.31+0.08
−0.06

)

c′V v

]

(

1 TeV

Λ

)2

,

(3.15)

σ (pp→ tt̄) /pb=6.15+2.41
−1.61+

[(

0.87+0.23
−0.16

)

cV v+
(

1.44+0.47
−0.33

)

chg+
(

0.31+0.08
−0.06

)

c′V v

]

(

1 TeV

Λ

)2

.

(3.16)

Numerically, the contribution from the isospin-1 sector (c′V v) is suppressed compared to the

contribution of the isospin-0 sector (cV v) and this suppression is more effective at the LHC

than at the Tevatron. This is due to the fact that, at Tevatron, the top pair production by

up-quark annihilation is 5÷ 6 times bigger than by down-quark annihilation. At the LHC,

this ratio is reduced to 1.4 only. In most of the rest of our analysis, we shall neglect the

contribution from the isospin-1 sector since it is subdominant.

The measurements of the total cross section at the Tevatron and at the LHC are

complementary as shown in figure 4. As expected, the LHC pp → tt̄ total cross section

strongly depends on chg. Consequently, it can be used to constrain directly the allowed

range for chg. On the contrary, the corresponding Tevatron cross-section depends on both

chg and cV v and constrains thus a combination of these parameters.

In figure 4, we assume that the central measured value of the cross section at the LHC

coincides with the SM theoretical prediction. Figure 5 shows how the allowed region is
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Ref. [24] Ref. [19] Ref. [51] Ref. [20] Ref. [21]

chg 2CtG g1gs
1
2C33

uGφ

cV v
1
4

(

C1
u + C2

u + C1
d + C2

d

)

−g2g2
s(*)

g2
s

4 (κu
R + κd

R + κu
L + κd

L)(*) g2
s

2 (C1 + C2)

cAa
1
4

(

C1
u − C2

u + C1
d − C2

d

) g2
s

4 (κu
R + κd

R + κu
L + κd

L)(*) g2
s

2 (C1 − C2)

c′V v
1
2

(

C1
u + C2

u − C1
d − C2

d

) g2
s

2 (κu
R − κd

R + κu
L − κd

L)(*)

c′Aa
1
2

(

C1
u − C2

u − C1
d + C2

d

) g2
s

2 (κu
R − κd

R + κu
L − κd

L)(*)

Table 1: Dictionary between our parameters and those used in recent papers on the subject. They

all agree eventually up to a sign for those that are labeled by a (*). For Ref. [24], C(8,3)
qq = c(8,3)

Qq .
Blank entries mean that the corresponding operators were not considered.

• the second one is responsible for the odd part in the scattering angle proportional to
cAa ±

c′
Aa

2

t̄γµγ5T
Atq̄γµγ5T

Aq. (34)

3.2 Total cross section

3.2.1 LHC–Tevatron complementarity

Since the dependence on cAa and c′Aa vanishes after the integration over the kinematical
variable t, the total cross section depends thus only on the three parameters chg cV v and
c′V v. Moreover, the tt̄ production by gluon fusion only depends on the coefficient of the
operator Ohg. Our results for tt̄ production are obtained by the convolution of the analytic
differential cross section of Eqs. (27) and (28) with the pdf (taking CTEQ6L1 [52]). We have
also implemented the new vertices in MadGraph [53] and used them to validate our results.
At leading order, we have

— at the LHC (
√

s = 14 TeV):

σ (gg → tt̄) /pb = 466+146
−103 +

(

127+31
−23

)

chg

(

1 TeV

Λ

)2

, (35)

σ (qq̄ → tt̄) /pb = 72+16
−12 +

[(

15+2
−1

)

cV v +
(

17+3
−2

)

chg +
(

1.32+0.12
−0.12

)

c′V v

]

(

1 TeV

Λ

)2

, (36)

σ (pp → tt̄) /pb = 538+162
−115 +

[(

15+2
−1

)

cV v +
(

144+34
−25

)

chg +
(

1.32+0.12
−0.12

)

c′V v

]

(

1 TeV

Λ

)2

. (37)

— at the LHC (
√

s = 7 TeV):

σ (pp → tt̄) /pb = 94+22
−17 +

[(

4.5+0.7
−0.6

)

cV v +
(

25+7
−5

)

chg +
(

0.48+0.068
−0.056

)

c′V v

]

(

1 TeV

Λ

)2

. (38)
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would only affect the standard gluon vertices like for instance the interactions generated by
the operator OG = fABCGA

µνG
B νρGC

ρ
µ (see Refs. [24, 35–37] for a study of its effects on top

pair production). Hence we consider the set of operators which affect the tt̄ production at
tree-level by interference with the SM amplitudes. Both at the Tevatron and at the LHC,
the dominant SM amplitudes are those involving QCD in quark-antiquark annihilation or
gluon fusion. Therefore we shall neglect all new interactions that could interfere only with
SM weak processes like qq̄ → Z(γ) → tt̄. Our analysis aims at identifying the effects of the
new physics on top pair production, so it ignores the operators which affect the decay of
the top [24, 28, 38]. We are then left with only two classes of dimension-six gauge-invariant
operators [33]:

• operators with a top and an antitop and one or two gluons, namely

Ogt =
[

t̄γµTADνt
]

GA
µν ,

OgQ =
[

Q̄γµTADνQ
]

GA
µν ,

Ohg =
[(

HQ̄
)

σµνTAt
]

GA
µν , (1)

where Q = (tL, bL) denotes the left-handed weak doublet of the third quark generation,
t is the right-handed top quark, TA are the generators of SU(3) in the fundamental
representations normalized to tr(TATB) = δAB/2.

• four-fermion operators with a top and an antitop together with a pair of light quark
and antiquark that can be organized following their chiral structures:

L̄LL̄L:

O
(8,1)
Qq =

(

Q̄γµTAQ
)(

q̄γµT
Aq

)

,

O
(8,3)
Qq =

(

Q̄γµTAσIQ
)(

q̄γµT
AσIq

)

, (2)

R̄RR̄R:

O
(8)
tu =

(

t̄γµTAt
)(

ūγµT
Au

)

,

O
(8)
td =

(

t̄γµTAt
)(

d̄γµTAd
)

, (3)

L̄LR̄R:

O
(8)
Qu =

(

Q̄γµTAQ
)(

ūγµTAu
)

,

O
(8)
Qd =

(

Q̄γµTAQ
)(

d̄γµT
Ad

)

,

O
(8)
tq =

(

q̄γµTAq
)(

t̄γµT
At

)

, (4)

L̄RL̄R:

O
(8)
d =

(

Q̄TAt
)(

q̄T Ad
)

, (5)

where σI are the Pauli matrices (normalized to tr(σIσJ) = 2δIJ), q and u and d are
respectively the left- and right-handed components of the first two generations.

3

(chromomagnetic 
moment operator)

(4-fermion 
operator)

 The pp -> tt total cross section at Tevatron depends on both chg and cVv  
and constrains thus a combination of these parameters.

--
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would only affect the standard gluon vertices like for instance the interactions generated by
the operator OG = fABCGA

µνG
B νρGC

ρ
µ (see Refs. [24, 35–37] for a study of its effects on top

pair production). Hence we consider the set of operators which affect the tt̄ production at
tree-level by interference with the SM amplitudes. Both at the Tevatron and at the LHC,
the dominant SM amplitudes are those involving QCD in quark-antiquark annihilation or
gluon fusion. Therefore we shall neglect all new interactions that could interfere only with
SM weak processes like qq̄ → Z(γ) → tt̄. Our analysis aims at identifying the effects of the
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the top [24, 28, 38]. We are then left with only two classes of dimension-six gauge-invariant
operators [33]:

• operators with a top and an antitop and one or two gluons, namely

Ogt =
[

t̄γµTADνt
]

GA
µν ,

OgQ =
[

Q̄γµTADνQ
]

GA
µν ,

Ohg =
[(

HQ̄
)

σµνTAt
]

GA
µν , (1)

where Q = (tL, bL) denotes the left-handed weak doublet of the third quark generation,
t is the right-handed top quark, TA are the generators of SU(3) in the fundamental
representations normalized to tr(TATB) = δAB/2.

• four-fermion operators with a top and an antitop together with a pair of light quark
and antiquark that can be organized following their chiral structures:

L̄LL̄L:

O
(8,1)
Qq =

(

Q̄γµTAQ
)(

q̄γµT
Aq

)

,

O
(8,3)
Qq =

(

Q̄γµTAσIQ
)(

q̄γµT
AσIq

)

, (2)

R̄RR̄R:

O
(8)
tu =

(

t̄γµTAt
)(
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Constraining Non-resonant New Physics in top pair production
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Figure 7: On the left: normalized differential cross sections of the SM, 1
σSM

dσSM

dX , and of the

interferences of the SM with Ohg and with ORv and OLv,
1

σNP

dσNP

dX , as a function of mtt̄, pT and

η for the LHC at 14TeV. On the right: normalized cross section of the SM, 1
σSM

dσSM

dX , and of the

SM and the interference with the new physics, 1
σSM+σNP

dσSM+σNP

dX (for chg = 1, cV v = −2 and
Λ = 1 TeV).

i.e., top quarks prefer to go in the direction of the incoming quark and the anti-top quarks
in the direction of the incoming antiquark [57]:

ASM
FB = 0.05 ± 0.015. (50)

The recent measurement of AFB at the Tevatron shows an intriguing deviation from the
Standard Model prediction [58–60]. The most recent CDF result (5.3 fb−1) [61]

AEXP
FB = 0.15 ± 0.05(stat) ± 0.024(syst), (51)
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i.e., top quarks prefer to go in the direction of the incoming quark and the anti-top quarks
in the direction of the incoming antiquark [57]:

ASM
FB = 0.05 ± 0.015. (50)

The recent measurement of AFB at the Tevatron shows an intriguing deviation from the
Standard Model prediction [58–60]. The most recent CDF result (5.3 fb−1) [61]

AEXP
FB = 0.15 ± 0.05(stat) ± 0.024(syst), (51)
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Minor effect on shapes of distributions at the LHC



region, the effect of the new physics should remain more or less of the same order excepted
of course if there is some huge cancellation. Moreover, the cross-section is expected to be
harder and harder as operators of higher dimensions are included in the effective Lagrangian.
Ultimately some resonance threshold will be reached, leading to a radically different cross-
section than the one predicted by the Standard Model.

It was found recently in Ref. [25] that for the four-fermion operators, there are O(1/Λ4)
corrections from non-interfering contributions that can be almost as large as the O(1/Λ2)
interfering contributions at the LHC if Λ ∼ 1 TeV. However, at the LHC, these four-fermion
operators give small contributions compared to the chromomagnetic operator. So we can
conclude that including non-interfering four-fermion operators will not change much our
numerical analysis.

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

V v = −1,
Λ = MW ′). This plot shows that for MW ′ ! 1.5 TeV the effective operators are a very good
approximation (up to a few percents) at the LHC, although this depends on the coupling.
We will show in Fig. 9 that a similar conclusion is reached at the Tevatron. Consequently,
the resonance models cannot be constrained in our effective approach since the exclusion
regions in Fig. 5 correspond, for example, to a relatively light resonance (M " TeV) with a
coupling of order 1.
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Figure 6: Correction to the SM cross-section at the LHC due to a W ′ and comparison with the
effective field theory approach.

3.3 tt̄ invariant-mass, pT and η distributions

It was shown in Ref. [19] that the operators Ohg and ORv can modify the invariant mass
distribution at the Tevatron without drastically affecting the total cross section, although
no constraint was derived explicitly. We use in this section the latest CDF data [31] to
further constrain new physics. See also Ref. [51] for a similar study on the L̄LL̄L and
R̄RR̄R operators with the first data [56]. Since we have already used the measured total
cross section to constrain the parameter space here we only employ the shape information.
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Domain of validity of results
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axigluon mass) obviously leads to a negative asymmetry. To generate a positive asymmetry
that could explain the Tevatron result, a flavour non-universal axigluon is needed. More
precisely, the coupling of the axigluon to the third generation and to the light quarks should
be of opposite sign [65, 71, 73]: cAa/Λ2 = −2gq

Agt
A/m2

A is then positive and can potentially
explain the Tevatron data for a mass of the axigluon around 1.5 TeV provided that its
couplings are of the same order as the QCD coupling.3 We also note that models where a
flavour-violating Z ′ is exchanged in the t-channel in qq̄ → tt̄ , have a chance to give a positive
asymmetry only if the Z ′ is relatively light [63]. Indeed, in the heavy regime (mZ′ # mt), the
contribution of the Z ′ to the top pair production is fully captured in terms of our effective
Lagrangian with in particular cAa/Λ2 = −(gL

q
2

+ gR
q

2
)/m2

Z′, where gi
q denotes the coupling

of Z ′ to the flavour-off diagonal current t̄iγµqi. Therefore it leads to a negative asymmetry.
In Fig. 9, we plot the prediction for AFB from an axigluon with coupling gs to all fermions

and the prediction obtained with the corresponding effective operator (CAa = −2g2
s , C ′

Aa = 0,
Λ = MA). This shows that our effective field theory approach is a good approximation at
the Tevatron for masses MA ! 1.5 TeV, comparably to the LHC (see Fig. 6).
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Figure 9: AFB prediction at the Tevatron due to an axigluon and comparison with the effective
field theory approach.

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

AC(yC) ≡
σt (|y| < yC) − σt̄ (|y| < yC)

σt (|y| < yC) + σt̄ (|y| < yC)
(lab frame) , (54)

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

(

1 TeV
Λ

)2
= 2

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

3It has been noted [71] recently that concrete realizations of this axigluon idea [65] are endangered by
data on neutral Bd-meson mixing.
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Effective Field Theory Approach to the 
Forward-Backward asymmetry

For the sake of simplicity, in our analysis we assume that the measured values mi are
normally distributed around the corresponding theoretical predictions ti with a standard
deviation σi given by their errors. Errors coming from different sources have been combined
quadratically. We multiply by a common free coefficient ζ the theoretical prediction to get
rid of the normalisation constraint. In practice, we use the best value for ζ . The quantity

n
∑

i=1

(mi − ζti)
2

σ2
i

(48)

is then distributed as a χ2 with n − 1 degrees of freedom. The theoretical predictions are
obtained by integrating Eqs. (27) and (28) over the scattering angle. The explicit formulas
are given in App. C. The SM distribution is computed at the tree level and normalised
to the NLO+NLL result. The errors on the contribution of the operators are estimated by
changing the factorisation and renormalisation scales. We take into account the bins between
350 GeV and 600 GeV (n = 13). We cannot use the full distribution since our calculation
only makes sense if |gNP | s

Λ2 " 1. So mtt̄ ! 1 TeV if Λ ∼ 1 TeV. The bound mtt̄ < 600 GeV
seems reasonable since, even in the region |gNP |(1 TeV

Λ )2 ∼ 4, the estimation of the 1/Λ4

corrections from |MNP |2 are a bit less than 50% of the 1/Λ2 corrections. For the next bins,
these next order corrections become too large.

In Fig. 4, we show the region consistent at 95% C.L. with the tt̄ invariant mass constraints
reported in Ref. [31]. As expected, the invariant mass shape is sensitive to a very different
combination of the parameters than the total cross section. Indeed, the interferences with
the operators ORv and OLv grow faster than the SM by a factor s, which is not the case for
Ohg. The shape depends thus strongly on cV v. The Tevatron measurement already excludes

the region cV v

(

1 TeV
Λ

)2
" +2.

The good constraints obtained with the invariant mass at the Tevatron suggest to look
for similar effects at the LHC. However, at the LHC, the top pair is mainly produced by
gluon fusion and the contributions of ORv and OLv are much smaller than the SM contribu-
tion. Moreover, the effect of these operators becomes important at high energy where our
expansion breaks down. Only Ohg has an important contribution. However, this contribu-
tion has a similar shape as that of the SM for reasons already mentioned in Section 3.1 and
confirmed by Fig. 7. The effects of the new operators will be much harder to be seen in the
mtt̄ distribution but also in the pT and η at the LHC, as shown in Fig. 7.

3.4 Forward-backward asymmetry

In this section we analyse the forward-backward asymmetry in our framework (for an analo-
gous study with older data see Ref. [20]). The forward-backward asymmetry in tt̄ production
is defined as

AFB ≡
σ (cos θt > 0) − σ (cos θt < 0)

σ (cos θt > 0) + σ (cos θt < 0)
(49)

where θt is the angle between the momenta of the incoming parton and the outgoing top
quark in the laboratory frame. In the Standard Model, there are no preferred directions for
the top and anti-top quarks at the lowest order. A positive asymmetry is generated at NLO,
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Figure 7: On the left: normalized differential cross sections of the SM, 1
σSM

dσSM

dX , and of the

interferences of the SM with Ohg and with ORv and OLv,
1

σNP

dσNP

dX , as a function of mtt̄, pT and

η for the LHC at 14TeV. On the right: normalized cross section of the SM, 1
σSM

dσSM

dX , and of the

SM and the interference with the new physics, 1
σSM+σNP

dσSM+σNP

dX (for chg = 1, cV v = −2 and
Λ = 1 TeV).

i.e., top quarks prefer to go in the direction of the incoming quark and the anti-top quarks
in the direction of the incoming antiquark [57]:

ASM
FB = 0.05 ± 0.015. (50)

The recent measurement of AFB at the Tevatron shows an intriguing deviation from the
Standard Model prediction [58–60]. The most recent CDF result (5.3 fb−1) [61]

AEXP
FB = 0.15 ± 0.05(stat) ± 0.024(syst), (51)
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Figure 7: On the left: normalized differential cross sections of the SM, 1
σSM

dσSM

dX , and of the

interferences of the SM with Ohg and with ORv and OLv,
1

σNP

dσNP

dX , as a function of mtt̄, pT and

η for the LHC at 14TeV. On the right: normalized cross section of the SM, 1
σSM

dσSM

dX , and of the

SM and the interference with the new physics, 1
σSM+σNP

dσSM+σNP

dX (for chg = 1, cV v = −2 and
Λ = 1 TeV).

i.e., top quarks prefer to go in the direction of the incoming quark and the anti-top quarks
in the direction of the incoming antiquark [57]:

ASM
FB = 0.05 ± 0.015. (50)

The recent measurement of AFB at the Tevatron shows an intriguing deviation from the
Standard Model prediction [58–60]. The most recent CDF result (5.3 fb−1) [61]

AEXP
FB = 0.15 ± 0.05(stat) ± 0.024(syst), (51)
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C Aa  and C ’Aa are only constrained by the asymmetry and not 
by the total cross section or the invariant mass distribution

Link to axigluon models:

axigluon mass) obviously leads to a negative asymmetry. To generate a positive asymmetry
that could explain the Tevatron result, a flavour non-universal axigluon is needed. More
precisely, the coupling of the axigluon to the third generation and to the light quarks should
be of opposite sign [65, 71, 73]: cAa/Λ2 = −2gq

Agt
A/m2

A is then positive and can potentially
explain the Tevatron data for a mass of the axigluon around 1.5 TeV provided that its
couplings are of the same order as the QCD coupling.3 We also note that models where a
flavour-violating Z ′ is exchanged in the t-channel in qq̄ → tt̄ , have a chance to give a positive
asymmetry only if the Z ′ is relatively light [63]. Indeed, in the heavy regime (mZ′ # mt), the
contribution of the Z ′ to the top pair production is fully captured in terms of our effective
Lagrangian with in particular cAa/Λ2 = −(gL

q
2

+ gR
q

2
)/m2

Z′, where gi
q denotes the coupling

of Z ′ to the flavour-off diagonal current t̄iγµqi. Therefore it leads to a negative asymmetry.
In Fig. 9, we plot the prediction for AFB from an axigluon with coupling gs to all fermions

and the prediction obtained with the corresponding effective operator (CAa = −2g2
s , C ′

Aa = 0,
Λ = MA). This shows that our effective field theory approach is a good approximation at
the Tevatron for masses MA ! 1.5 TeV, comparably to the LHC (see Fig. 6).
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Figure 9: AFB prediction at the Tevatron due to an axigluon and comparison with the effective
field theory approach.

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

AC(yC) ≡
σt (|y| < yC) − σt̄ (|y| < yC)

σt (|y| < yC) + σt̄ (|y| < yC)
(lab frame) , (54)

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

(

1 TeV
Λ

)2
= 2

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

3It has been noted [71] recently that concrete realizations of this axigluon idea [65] are endangered by
data on neutral Bd-meson mixing.
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Charge asymmetry ⇔ FB asymmetry

ok.  But where does it come from?

-> top quarks are preferentially emitted in the direction of the incoming quark

where MNP represents the matrix element of all the (new physics) dimension-six operators
introduced in Section 2.

From the Lagrangian in Eq. (20), the two parton-level cross sections for tt̄ production
at O (Λ−2) follow from the Feynman diagrams depicted in Fig. 14 and 15 of App. B. Their
expressions are (v = 246 GeV):

dσ

dt
(qq̄ → tt̄) =

dσSM

dt

(

1 +
cV v ±

c′
V v

2

g2
s

s

Λ2

)

+
1

Λ2

αs

9s2

((

cAa ±
c′Aa

2

)

s(τ2 − τ1) + 4gschg

√
2vmt

)

(27)

dσ

dt
(gg → tt̄) =

dσSM

dt
+
√

2αsgs
vmt

s2

chg

Λ2

(

1

6τ1τ2
−

3

8

)

(28)

where the upper (lower) sign is for the up (down) quarks and

dσSM

dt
(qq̄ → tt̄) =

4πα2
s

9s2

(

τ 2
1 + τ 2

2 +
ρ

2

)

(29)

dσSM

dt
(gg → tt̄) =

πα2
s

s2

(

1

6τ1τ2
−

3

8

)

(ρ + τ 2
1 + τ 2

2 −
ρ2

4τ1τ2
) (30)

with τ1 =
m2

t − t

s
, τ2 =

m2
t − u

s
, ρ =

4m2
t

s
. (31)

The Mandelstam parameter t is related, in the tt̄ center-of-mass frame, to the angle θ between

the momenta of the incoming parton and the outgoing top quark by (β =
√

1 − 4m2

s )

m2
t − t =

s

2
(1 − β cos θ) . (32)

All the contributions to the tt̄ differential cross section but the one proportional to cAa ±
c′
Aa

2
are invariant under θ → π − θ.

Similar results have already been derived in the literature. For instance, these cross sec-
tions were recently fully computed in Ref. [24] and consistent with our expressions with the
identifications given in Table 1. This non exhaustive table also gives the correspondences
with respect to some other recent works [19–21, 51]. Note that the contribution of the
chromomagnetic operator Ohg has been extensively discussed in the literature [14–17] and
recently revisited for both processes in Ref. [21, 22].

As can be seen from Eqs. (30) and (28), the new physics and the SM contributions for
gluon fusion have a common factor. In fact, this common factor is what is mainly responsible
for the shape of the distributions of the SM. This is the reason why, as we will stress again
in the following, the operator Ohg can hardly be distinguished from the SM in gluon fusion.

Equation (27) shows that only two kinds of four-fermion operators actually contribute
to the differential cross-section after averaging over the final state spins:

• the first one is responsible for the even part in the scattering angle proportional to

cV v ±
c′
V v

2

t̄γµTAtq̄γµTAq (33)

where here t and q = u, d stand for the full 4-component Dirac spinor;

10

[Degrande, Maltoni, Gérard, 
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AFB prediction at the Tevatron due to an axigluon 
and comparison with the EFT computation

is larger by about 2σ than the SM prediction. While a thorough investigation within the
Standard Model and in particular of the impact of the unknown higher order QCD correc-
tions would be certainly welcome, it is tempting to explain this discrepancy as the effect of
new physics in various models [20, 51, 62–72]. An attractive, simple and model-independent
alternative is to consider the low energy effective field theory of Section 2. A first obvious
observation is that no asymmetry can arise in gluon fusion in which the initial state is sym-
metric. From Eq. (27), we see that the asymmetry can only depend on cAa and c′Aa. Since
their contribution is a purely odd function of the scattering angle θ defined in Eq. (32), these
coefficients are only constrained by the asymmetry and not by the total cross section nor
the invariant mass distribution. After integration with the pdf, we find in the lab frame

σ (cos θt > 0) − σ (cos θt < 0) =
(

0.235+0.067
−0.042 cAa + 0.088+0.024

−0.016 c′Aa

)

×
(

1 TeV

Λ

)2

pb (52)

where again the errors are estimated by varying the factorisation and renormalisation scales.
Assuming that the total cross section is given by Eq. (43), the correction to the SM asym-
metry can be expressed as

δAdim6
FB =

(

0.0342+0.016
−0.009 cAa + 0.0128+0.0064

−0.0036 c′Aa

)

×
(

1 TeV

Λ

)2

(Tevatron). (53)

We see once again that the leading contribution comes from the isospin-0 operators. The
region of parameter space in the (cAa,Λ) plane that can explain the AFB for c′Aa = 0 is shown
in Fig. 8.
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Figure 8: Region of parameter space that can explain the AFB measurement at the Tevatron at
one σ for c′Aa = 0.

It is instructive to link the simple analysis given above with models featuring an axigluon
A, i.e., a massive color octet gauge boson coupled to chiral fermionic currents. These models
do generate a forward-backward asymmetry due to the interference between the SM ampli-
tude and that of qq̄ → A → tt̄. If the scattering energies are smaller than the mass of the
axigluon, the interference terms exactly match the term in Eq. (27) proportional to cAa. If
the axigluon has a flavour-universal coupling to fermions with a strength proportional to the
QCD couplings, gs, as in Ref. [57], then the relation cAa/Λ2 = −2g2

s/m
2
A (where mA is the
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Table 1
Coefficients of the operators up to an overall factor g2R for all possible t-channel
particle exchanges (of mass M = Λ) identified by their quantum numbers (Q =
T3 + Y ). ξ = gL

gR
with gL (gR ) the coupling to the density t̄RqL ( Q̄ LuR ) or to the

current Q Lγ µqL (tRγ µuR ). The normalization for the SU(2)L and SU(3)c currents
are the same as in Eq. (1).

Spin SU(3) SU(2) Y cRR c(1)
LL c(3)

LL c(1)
LR c(8)

LR

1 1 1 0 − 1
2 − ξ2

2 −ξ

1 8 1 0 − 1
6 − ξ2

24 − ξ2

8 −ξ

0 1 2 1
2 − 1

6 ξ −ξ

0 8 2 1
2 − 2

9 ξ 1
6 ξ

1 1 3 0 − ξ2

2

1 8 3 0 − 3
8 ξ2 5

24 ξ2

and b parameters can be directly computed from the helicity cross-
sections, namely

C = 1
σ

(σ++ + σ−− − σ+− − σ−+),

b = 1
σ

(σ++ − σ−−), (6)

where the first (second) indice refers to the helicity of the first
(second) top quark. For ORR , C = 1 and b = 0.997. For O(1)

LL and
O(3)

LL , only the sign of b changes. The two remaining operators in
Eq. (1) are characterized by C ≈ 1 and b ≈ 0. C and b are here
calculated on the full cross-section, i.e., without any cut on mtt .
However, C = 1 for ORR , O(1)

LL and O(3)
LL is independent of such

a cut. As a result, such strong spin correlations could be used to
enhance the sensitivity to the signal and to identify the possible
contributing operators.

4. Link with a t-channel exchange

Flavor changing t-channel exchanges invoked to account for the
Tevatron AFB might imply a large same sign top pair production
at the LHC [16,17]. Table 1 shows the coefficients of the operators
of Eq. (1) for any possible particle exchange in the t-channel. If
the new physics is in the reach of the LHC, the left coupling of all
vectors have to be very tiny to satisfy Eq. (3).

In general, no relation exists between same and opposite sign
top pair production. Consequently, the five different parameters
present in (4) cannot be related to those affecting the total cross-
section, mtt̄ (cV v and c′

V v ) and AFB (cAa and c′
Aa) in qq̄ → tt̄ , i.e.,

[7]

Lqq̄→tt̄ =
(
cV v

2
± c′

V v

4

)[
t̄γµT at

][
q̄γµT aq

]

+
(
cAa
2

± c′
Aa

4

)[
t̄γµγ5T at

][
q̄γµγ5T aq

]
, (7)

where the upper (lower) sign should be taken for the up (down)
quark in q. Yet in the special case of a flavor changing t-channel,
each vertex can be replaced by its hermitian conjugate (see Fig. 4)
if the exchanged particle is self-conjugate. The expression of the
coefficients relevant for tt̄ are displayed in Table 2 for the allowed
cases.

The t-channel models are already disfavored by the Tevatron
data due to the relation between the vector and axial coefficients
(|cV v | = |cAa| and |c′

V v | = |c′
Aa|). On the one hand, the agreement

of the measured total cross-section and the mtt̄ distribution with
the SM predictions requires c(′)

V v to be small as shown on Fig. 5. On
the other hand, the observed deviation for AFB [3] implies that c(′)

Aa
should be large. In fact, the color singlet vector [18] and the color

Fig. 4. Possible connection between same and opposite sign top pair production
through a t-channel self-conjugate particle exchange.

Table 2
Expression of the parameters relevant for tt̄ up to an overall factor |gR |2 for a color
singlet particle of mass M = Λ in the t-channel. The coefficients for the correspond-
ing color octets are obtained by multiplying them all by − 1

6 .

Spin SU(2) Y cV v c′
V v cAa c′

Aa

1 1 0 − 1
2 −1 − 1

2 −1

0 2 1
2 − 1

2 (|ξ |2 + 1
2 ) − 1

2
1
2 (|ξ |2 + 1

2 ) 1
2

octet scalar are immediately ruled out since they give the wrong
sign for AFB [7],

δA(mtt̄ < 450 GeV) =
(
0.023+3

−1cAa + 0.0081+6
−4c

′
Aa

)(1 TeV
Λ

)2

,

δA(mtt̄ ! 450 GeV) =
(
0.087+10

−9 cAa + 0.032+4
−3c

′
Aa

)(1 TeV
Λ

)2

.

(8)

After combining all the constraints, we conclude that a color octet
vector is also excluded while a small region, depicted in Fig. 5, re-
mains for the case of a color singlet scalar. This region disappears
if we change the C.L. to 85%. All the allowed regions have been
obtained similarly as in Ref. [7]. This last case is also constrained
for low masses by the Tevatron search for tt production [19]. As-
suming the same acceptance (0.5%) we find that ci ∼ 1 are still
allowed. A very recent analysis based on operators in Eq. (1) gives
similar constraints [20].

We note that when the interference between the new physics
and the SM is negative, the new physics squared (NP2) can can-
cel the effect of the interference on the total cross-section for large
value of the coupling or for small mass. It has been shown [16–18]
that the asymmetry can be explained with a rather light color sin-
glet vector coupled only to the right-handed u and t quarks. Of
course, this region of the parameter space cannot be probed in our
effective approach. However, the invariant mass distribution shape
for a light state in the t-channel is also only marginally consis-
tent with the data (Ref. [21] suggests, though, that this problem
could be alleviated thanks to a reduced acceptance rate of the
top quarks in the forward region). For a color singlet scalar, the
NP2 contribution to the asymmetry is negative and implies that
δA(mtt̄ ! 450 GeV) " 0.2.

5. Link with an s-channel exchange

The effects of any heavy qq-resonance (listed in Ref. [22]) can
be approximated by the four-fermion operators (1) at low en-
ergy (see Table 3). A color anti-triplet scalar cannot contribute
because its coupling is asymmetric under the exchange of the two
fermions. It should also be noted that only axial (vector) couplings
contribute to the uu → tt for the color sextet (anti-triplet) iso-
doublet resonances. The cases of scalar and vector sextet have been
treated in Refs. [23,24]. In general same sign top pair production
through an s-channel particle exchange cannot be related to oppo-
site sign top pair production because of color and electric charges
(see Fig. 6). For the same reason, opposite sign top pair production

[Degrande et al’10,’11]

(using CDF data)
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Spin correlations

3. The forward-backward asymmetry that probes different operators than those affecting
the cross section or the invariant mass distribution could be the first sign of new physics
at the Tevatron. The scale of the new interaction(s) can then be estimated from the
value predicted by our effective Lagrangian approach if a deviation from the SM is
confirmed.

4. The three observables σ, dσ/dmtt̄ and AFB are unable to disentangle between theories
coupled mainly to right- or left-handed top quarks. However, spin correlations allow us
to determine which chiralities of the top quark couple to new physics, and in the case
of composite models, whether one or two chiralities of the top quark are composite.

In composite models, the ratio of cV v and chg is very important since it reflects the
number of composite fields in the SM. However, the peculiar hierarchy between dominant
and subdominant operators cannot be tested in tt̄ production that depends on one class
of operators only. Fortunately, composite models can be further tested through the golden
four-top channel and tt̄bb̄ production at the LHC. Both processes are necessary to identify
the dominant operators and thus to extract their coefficients. The hierarchy between the
operators can be tested and used to estimate the strength of the new strong interaction, gρ.
We stress that the results for top pair production are generic while those for tt̄tt̄ and tt̄bb̄
production require the enhancement due to a strong interaction. These two processes would
disappear in the SM background if they are not enhanced by a factor g2

ρ.
Finally, we stress that in the most recent compositeness scenarios, other mechanisms

could lead to tt̄ + X final states, such as the decays of fermionic top partners, adding to the
richness and interest of these final states. Studying higher dimensional operators capturing
these effects could be interesting. We leave this for future investigation.
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A Fierz transformations

We are collecting here some Fierz transformations that are needed to reduce the basis of
independent dimension-six operators. The same transformations are also useful to compute

26

3.5 Spin correlations

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

In fact, there is only one dimension-six operator affecting the top decay,
(

HQ̄
)

σµνσItW I
µν ,

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

Γ↑

Γ
=

1 + cos θ

2
,

Γ↓

Γ
=

1 − cos θ

2
, (55)

where θ is the angle between the charged lepton and the spin of the top quark and the
arrows denote the different projections of the top spin. Consequently, the general form of
the normalized differential tt̄ cross section is given by

1

σ

dσ

d cos θ+d cos θ−
=

1

4
(1 + C cos θ+ cos θ− + b+ cos θ+ + b− cos θ−) , (56)

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

C =
1

σ
(σRL + σLR − σRR − σLL) , (57)

b+ =
1

σ
(σRL − σLR + σRR − σLL) , (58)

b− =
1

σ
(σRL − σLR − σRR + σLL) . (59)

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

C × σ/pb = 2.82+1.06
−0.72 +

[(

0.37+0.10
−0.08

)

chg +
(

0.50+0.13
−0.10

)

cV v

]

×
(

1 TeV

Λ

)2

, (60)

b × σ/pb =
(

0.45+0.12
−0.09

)

cAv ×
(

1 TeV

Λ

)2

, (61)

at the Tevatron, and

C × σ/pb = −166+52
−37 +

[(

−69+17
−13

)

chg +
(

11+1
−1

)

cV v

]

×
(

1 TeV

Λ

)2

, (62)

b × σ/pb =
(

10+1
−1

)

cAv ×
(

1 TeV

Λ

)2

, (63)

4It has been shown [77] that spin correlation effects in the SM are more important at the Tevatron in the
beam basis. However, it appears that the deviations from the SM values due to the operators Ohg, ORv and
OLv are on the contrary smaller in the beam basis.
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at the LHC. The parameters b± are exactly proportional to the difference cRv − cLv and thus
allow us to distinguish between right or left handed top quarks. Additionally, the parameter
C depends quite strongly on chg and cV v and can be used to detect the presence of new
physics as shown in Fig. 10 for the Tevatron and the LHC respectively. The errors on the
contour lines are only of a few percents.
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Figure 10: Top panel: Deviations from the SM prediction at the Tevatron (C = 0.47, b = 0) [78]
for the parameters C (on the left) and b = b+ = b− (on the right) in the region allowed by the
Tevatron. Bottom panel: Deviations at the LHC from the SM prediction (C = −0.31, b = 0) [78].

As expected, the parameters b = b+ = b− only differ slightly from zero at the LHC where
the contributions of ORv and OLv are small. A possible modification of the spin distribution
both at the Tevatron and the LHC is shown in Figs. 11. However, it will be quite difficult
to measure them at the Tevatron where only a few hundreds of events are expected and
observed (Ref. [79] and Ref. [7] therein), while at the LHC we expect about a few millions
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for the parameters C (on the left) and b = b+ = b− (on the right) in the region allowed by the
Tevatron. Bottom panel: Deviations at the LHC from the SM prediction (C = −0.31, b = 0) [78].

As expected, the parameters b = b+ = b− only differ slightly from zero at the LHC where
the contributions of ORv and OLv are small. A possible modification of the spin distribution
both at the Tevatron and the LHC is shown in Figs. 11. However, it will be quite difficult
to measure them at the Tevatron where only a few hundreds of events are expected and
observed (Ref. [79] and Ref. [7] therein), while at the LHC we expect about a few millions
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of events after 100 fb−1 [80, 81].
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Figure 11: Distribution of events at the Tevatron/LHC (top panel/bottom panel) for the SM (on
the left) and for cRv = −2, cLv = 0, chg = 1 and Λ = 1 TeV (on the right) with µF = µR = mt.

4 tt̄bb̄ and tt̄tt̄ production at the LHC

While tt̄ production appears as the leading process to probe any new physics in the top sector,
there are physical situations where the operators of Ltt̄ are parametrically suppressed. As
shown in Section 2.3, this is the case if the top quark is not an elementary particle but rather a
composite bound state: the dominant operators are the ones involving composite states only.
The tt̄ process is still probing the dominant operators but at the loop level only. In these
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Summary

5 Summary

In theories that provide a mechanism for mass generation, new physics must have a large cou-
pling to the top quark. It is therefore natural to use top quark observables to test the mech-
anism responsible for electroweak symmetry breaking. We have shown how non-resonant
top-philic new physics can be probed using measurements in top quark pair production at
hadron colliders.

Some of our results already appeared in the literature, although only subsets of dimension-
six operators were considered. For instance, there is an extensive literature [14–17, 21, 22]
on the operator Ohg, the chromomagnetic dipole moment of the top quark, while other
works focused on the effect of additional four-fermion operators on top pair production at
the Tevatron [18–20, 51]. Recently, all relevant operators were properly accounted for in
Ref. [24] which however did not cover the corresponding phenomenological analysis. In our
work, the aim is to provide a complete and self-consistent treatment in a model-independent
approach and, especially, to extract the physics by combining information from the Tevatron
and the LHC.

The analysis can be performed in terms of eight operators, suppressed by the square of
the new physics energy scale Λ. Observables depend on different combinations of only four
main parameters

σ(gg → tt̄), dσ(gg → tt̄)/dt ↔ chg

σ(qq̄ → tt̄) ↔ chg, cV v

dσ(qq̄ → tt̄)/dmtt ↔ chg, cV v

AFB ↔ cAa

spin correlations ↔ chg, cV v, cAv

where chg is the parameter associated with the chromomagnetic dipole moment operator
and cV v, cAa, cAv correspond to particular combinations of four-fermion operators defined in
Section 2.2. Let us summarize our main results on these observables.

1. Since top pairs are mainly produced by gluon fusion at the LHC, the measurement of
the tt̄ cross-section at the LHC will determine the allowed range for chg. In contrast, the
Tevatron cross section is also sensitive to the four-fermion operators and constrains a
combination of chg and cV v. Consequently, the measurements of the total cross section
at the Tevatron and at the LHC are complementary and combining the two will pin
down the allowed region in the (chg, cV v) plane. We emphasize that the Ohg operator
can only be generated at the loop-level in resonance models. Consequently, chg is
expected to be small in such models.

2. The shape of the invariant mass distribution at the Tevatron is sensitive to a combina-
tion of the parameters cV v and chg which is different from the combination controlling
the total cross section. It depends quite strongly on the presence of four-fermion
operators and was used to further reduce the parameter space mainly along the cV v

direction.
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Table 1. Dictionary between our parameters and those used in recent papers on the subject. They
all agree eventually up to a sign for those that are labeled by a (*). For ref. [24], C(8,3)

qq = c(8,3)
Qq .

Blank entries mean that the corresponding operators were not considered.

All the contributions to the tt̄ differential cross section but the one proportional to cAa±
c′Aa
2

are invariant under θ → π − θ.

Similar results have already been derived in the literature. For instance, these cross sec-

tions were recently fully computed in ref. [24] and consistent with our expressions with the

identifications given in table 1. This non exhaustive table also gives the correspondences

with respect to some other recent works [19–21, 51]. Note that the contribution of the

chromomagnetic operator Ohg has been extensively discussed in the literature [14–17] and

recently revisited for both processes in ref. [21, 22].

As can be seen from eqs. (3.5) and (3.3), the new physics and the SM contributions

for gluon fusion have a common factor. In fact, this common factor is what is mainly

responsible for the shape of the distributions of the SM. This is the reason why, as we will

stress again in the following, the operator Ohg can hardly be distinguished from the SM in

gluon fusion.

Equation (3.2) shows that only two kinds of four-fermion operators actually contribute

to the differential cross-section after averaging over the final state spins:

• the first one is responsible for the even part in the scattering angle proportional to

cV v ±
c′V v
2

t̄γµTAtq̄γµTAq (3.8)

where here t and q = u, d stand for the full 4-component Dirac spinor;

• the second one is responsible for the odd part in the scattering angle proportional to

cAa ±
c′Aa
2

t̄γµγ5T
Atq̄γµγ5T

Aq. (3.9)

3.2 Total cross section

3.2.1 LHC-Tevatron complementarity

Since the dependence on cAa and c′Aa vanishes after the integration over the kinematical

variable t, the total cross section depends thus only on the three parameters chg cV v and

c′V v. Moreover, the tt̄ production by gluon fusion only depends on the coefficient of the
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1. Introduction

The top quark is the only known fermion whose mass resides at
the electroweak scale. For this and several other very peculiar phe-
nomenological properties, such as its marginal sensitivity to low
scale QCD effects, it is always considered special from both the
theoretical and experimental point of views [1,2]. In many exten-
sions of the Standard Model (SM) the top quark plays a unique role
just because it strongly interacts in the fermion mass generation
sector and, as a result, quantum effects on precision observables
can be large. In this case new physics must exist at roughly the
same scales that stabilizes such strong effects. It might be related
to new degrees of freedom coupling to the top quark. From the
experimental point of view, very distinctive signatures at hadron
colliders can be exploited to look for new particles associated to
its production or decay. This is of course natural if the masses
of such new hypothetical states are in the range accessible at the
present collider energies, i.e., at the Tevatron and LHC. However,
it is important to consider also the possibility that these states
are slightly heavier and cannot be produced on shell. In this case
new degrees of freedom enter only at the virtual level to mod-
ify the production and/or decay properties of the top quark. One
well-known candidate for such effects is the forward–backward
asymmetry (AFB) measurement at the Tevatron [3], possibly the
first hint for new physics in the top sector. This is exactly where a

* Corresponding author.
E-mail address: celine.degrande@uclouvain.be (C. Degrande).

model-independent approach based on effective operator descrip-
tion is mostly useful [4–10].

Recently, all the operators that could describe new physics ef-
fects in top pair production both at the Tevatron and the LHC have
been classified [11,5–7], including those affecting AFB . At the LHC,
the low probability to have a quark–antiquark initial state prevents
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same sign top pair production and we perform a complete analy-
sis, including the possible relation with resonant states.
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and the spin correlations in a model independent way. All possi-
ble t- and s-channel exchanges of heavy particles are expressed in
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and opposite sign top pair productions. However, as we will show,
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ORR =
[
t̄Rγ µuR

]
[t̄RγµuR ],

O(1)
LL =

[
Q̄ Lγ

µqL
]
[Q̄ LγµqL],

O(3)
LL =
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][
Q̄ Lγµσ aqL

]
,
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with the three Pauli matrices normalized as Tr(σ aσ b) = 2δab and
the eight SU(3)c generators normalized as Tr(T AT B) = 1

2 δAB . In
Eq. (1), Q L (qL ) is the left-handed doublet of the third (first) quark
generation. The relevant effective Lagrangian is then given by
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The O(1)
LL and O(3)

LL operators contain the same product of neutral
currents [t̄Lγ µuL][t̄LγµuL], which are relevant for uu → tt . In ad-
dition they contain [b̄Lγ µdL][b̄LγµdL], which can contribute to the
Bd mixing and to di-jet production. For example, the linear combi-
nation cLL = c(1)

LL + c(3)
LL can be constrained from the former [14]
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1 TeV

Λ

)2

< 2.1× 10−4. (3)

The difference between the two LL operators in Eq. (1) is thus
in the product of charged currents [t̄Lγ µdL][b̄LγµuL] present only
in O(3)

LL and affecting the top decay as well as single top produc-
tion [5].

3. Phenomenology

At the partonic level, the leading order cross-section for same
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]
. (4)

The dominant contribution to this cross-section is due to the new
physics amplitudes squared because the one-loop SM process de-
picted in Fig. 1 is strongly suppressed by the squares of the Vub
CKM matrix element and of the bottom quark mass. Lowest or-
der contributions are thus O(Λ−4) contrary to opposite sign top
pair production for which the largest corrections arise from the
O(Λ−2) interference. After integration over t , the cross-section
grows like s as expected from dimensional analysis. In fact, only
the interference between the LR operators is proportional to m2

t ,
see Eq. (4), and does not have this behavior. As a consequence,
a large part of the total cross-section at the LHC comes from the
region where mtt ∼ 1 TeV as shown on Fig. 2. In this region, how-
ever, the 1/Λ expansion cannot be trusted for values of Λ around
1 TeV we consider in our study. There is no such concern at the
Tevatron as the mtt distribution is peaked instead below 500 GeV.
Fig. 3 displays the cross-section with a upper cut on mtt at Λ/3 as
a function of Λ for ci = 1, where ci is a generic label for the co-
efficients in Eq. (2). This choice ensures that the mtt distribution
is at most about 20% below (above) its true value for an s- (t-)
channel exchange. The general case can be easily inferred since the
coefficient dependences factorize in Eq. (4). At 14 TeV, the cross-
section increases by a factor 2 for Λ ∼ 2 TeV up to a factor 4 for
Λ ∼ 14 TeV.

Fig. 2 shows that the mtt shapes given by the different opera-
tors, appear to be quite similar. The maximal effect of the interfer-
ence term corresponds approximatively to the linear combination

Fig. 1. SM contribution to uu → tt .

Fig. 2. Normalized invariant mass distribution for same sign top pair production at
the LHC. The distribution can be trusted only for mtt ' Λ. The interference between
the SM and the four-fermion operators as well as the SM for tt̄ production are also
displayed for comparison.

Fig. 3. Cross-section of pp → tt at the LHC with an upper cut on the invariant mass
at Λ

3 for ci = 1. Parameters: mt = 174.3 GeV, CTEQ6L1 pdf set [15], µF = µR =mt .

O(1)
LR − 2O(8)

LR . As foreseen, the interference can only give a sizable
effect for low mtt since it does not grow with s. Again, there are
no significant changes at 14 TeV. The distribution is only stretched
to the higher invariant mass region.

In contrast with the mtt distribution, the spin correlations pro-
vide in principle a very efficient observable to discriminate among
the contributions from the various operators in Eq. (1). The main
reason is that the latter have a well defined chirality structure and
no interference with the Standard Model is possible. Let us define
the normalized differential tt cross-section

1
σ

dσ
d cos θ1d cos θ2

= 1
4

[
1 + C cos θ1 cos θ2

+ b(cos θ1 + cos θ2)
]
, (5)

where θ1 (θ2) is the angle between the momentum in the top rest
frame of the charged lepton resulting from the first (second) top
decay and the top momentum in the tt rest frame. Then, the C
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LL and affecting the top decay as well as single top produc-
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The dominant contribution to this cross-section is due to the new
physics amplitudes squared because the one-loop SM process de-
picted in Fig. 1 is strongly suppressed by the squares of the Vub
CKM matrix element and of the bottom quark mass. Lowest or-
der contributions are thus O(Λ−4) contrary to opposite sign top
pair production for which the largest corrections arise from the
O(Λ−2) interference. After integration over t , the cross-section
grows like s as expected from dimensional analysis. In fact, only
the interference between the LR operators is proportional to m2

t ,
see Eq. (4), and does not have this behavior. As a consequence,
a large part of the total cross-section at the LHC comes from the
region where mtt ∼ 1 TeV as shown on Fig. 2. In this region, how-
ever, the 1/Λ expansion cannot be trusted for values of Λ around
1 TeV we consider in our study. There is no such concern at the
Tevatron as the mtt distribution is peaked instead below 500 GeV.
Fig. 3 displays the cross-section with a upper cut on mtt at Λ/3 as
a function of Λ for ci = 1, where ci is a generic label for the co-
efficients in Eq. (2). This choice ensures that the mtt distribution
is at most about 20% below (above) its true value for an s- (t-)
channel exchange. The general case can be easily inferred since the
coefficient dependences factorize in Eq. (4). At 14 TeV, the cross-
section increases by a factor 2 for Λ ∼ 2 TeV up to a factor 4 for
Λ ∼ 14 TeV.

Fig. 2 shows that the mtt shapes given by the different opera-
tors, appear to be quite similar. The maximal effect of the interfer-
ence term corresponds approximatively to the linear combination
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Fig. 2. Normalized invariant mass distribution for same sign top pair production at
the LHC. The distribution can be trusted only for mtt ' Λ. The interference between
the SM and the four-fermion operators as well as the SM for tt̄ production are also
displayed for comparison.
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LR . As foreseen, the interference can only give a sizable
effect for low mtt since it does not grow with s. Again, there are
no significant changes at 14 TeV. The distribution is only stretched
to the higher invariant mass region.

In contrast with the mtt distribution, the spin correlations pro-
vide in principle a very efficient observable to discriminate among
the contributions from the various operators in Eq. (1). The main
reason is that the latter have a well defined chirality structure and
no interference with the Standard Model is possible. Let us define
the normalized differential tt cross-section

1
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where θ1 (θ2) is the angle between the momentum in the top rest
frame of the charged lepton resulting from the first (second) top
decay and the top momentum in the tt rest frame. Then, the C
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The difference between the two LL operators in Eq. (1) is thus
in the product of charged currents [t̄Lγ µdL][b̄LγµuL] present only
in O(3)

LL and affecting the top decay as well as single top produc-
tion [5].

3. Phenomenology

At the partonic level, the leading order cross-section for same
sign top pair production is given by
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The dominant contribution to this cross-section is due to the new
physics amplitudes squared because the one-loop SM process de-
picted in Fig. 1 is strongly suppressed by the squares of the Vub
CKM matrix element and of the bottom quark mass. Lowest or-
der contributions are thus O(Λ−4) contrary to opposite sign top
pair production for which the largest corrections arise from the
O(Λ−2) interference. After integration over t , the cross-section
grows like s as expected from dimensional analysis. In fact, only
the interference between the LR operators is proportional to m2

t ,
see Eq. (4), and does not have this behavior. As a consequence,
a large part of the total cross-section at the LHC comes from the
region where mtt ∼ 1 TeV as shown on Fig. 2. In this region, how-
ever, the 1/Λ expansion cannot be trusted for values of Λ around
1 TeV we consider in our study. There is no such concern at the
Tevatron as the mtt distribution is peaked instead below 500 GeV.
Fig. 3 displays the cross-section with a upper cut on mtt at Λ/3 as
a function of Λ for ci = 1, where ci is a generic label for the co-
efficients in Eq. (2). This choice ensures that the mtt distribution
is at most about 20% below (above) its true value for an s- (t-)
channel exchange. The general case can be easily inferred since the
coefficient dependences factorize in Eq. (4). At 14 TeV, the cross-
section increases by a factor 2 for Λ ∼ 2 TeV up to a factor 4 for
Λ ∼ 14 TeV.

Fig. 2 shows that the mtt shapes given by the different opera-
tors, appear to be quite similar. The maximal effect of the interfer-
ence term corresponds approximatively to the linear combination
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LR . As foreseen, the interference can only give a sizable
effect for low mtt since it does not grow with s. Again, there are
no significant changes at 14 TeV. The distribution is only stretched
to the higher invariant mass region.

In contrast with the mtt distribution, the spin correlations pro-
vide in principle a very efficient observable to discriminate among
the contributions from the various operators in Eq. (1). The main
reason is that the latter have a well defined chirality structure and
no interference with the Standard Model is possible. Let us define
the normalized differential tt cross-section
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frame of the charged lepton resulting from the first (second) top
decay and the top momentum in the tt rest frame. Then, the C
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physics amplitudes squared because the one-loop SM process de-
picted in Fig. 1 is strongly suppressed by the squares of the Vub
CKM matrix element and of the bottom quark mass. Lowest or-
der contributions are thus O(Λ−4) contrary to opposite sign top
pair production for which the largest corrections arise from the
O(Λ−2) interference. After integration over t , the cross-section
grows like s as expected from dimensional analysis. In fact, only
the interference between the LR operators is proportional to m2

t ,
see Eq. (4), and does not have this behavior. As a consequence,
a large part of the total cross-section at the LHC comes from the
region where mtt ∼ 1 TeV as shown on Fig. 2. In this region, how-
ever, the 1/Λ expansion cannot be trusted for values of Λ around
1 TeV we consider in our study. There is no such concern at the
Tevatron as the mtt distribution is peaked instead below 500 GeV.
Fig. 3 displays the cross-section with a upper cut on mtt at Λ/3 as
a function of Λ for ci = 1, where ci is a generic label for the co-
efficients in Eq. (2). This choice ensures that the mtt distribution
is at most about 20% below (above) its true value for an s- (t-)
channel exchange. The general case can be easily inferred since the
coefficient dependences factorize in Eq. (4). At 14 TeV, the cross-
section increases by a factor 2 for Λ ∼ 2 TeV up to a factor 4 for
Λ ∼ 14 TeV.

Fig. 2 shows that the mtt shapes given by the different opera-
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The dominant contribution to this cross-section is due to the new
physics amplitudes squared because the one-loop SM process de-
picted in Fig. 1 is strongly suppressed by the squares of the Vub
CKM matrix element and of the bottom quark mass. Lowest or-
der contributions are thus O(Λ−4) contrary to opposite sign top
pair production for which the largest corrections arise from the
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grows like s as expected from dimensional analysis. In fact, only
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see Eq. (4), and does not have this behavior. As a consequence,
a large part of the total cross-section at the LHC comes from the
region where mtt ∼ 1 TeV as shown on Fig. 2. In this region, how-
ever, the 1/Λ expansion cannot be trusted for values of Λ around
1 TeV we consider in our study. There is no such concern at the
Tevatron as the mtt distribution is peaked instead below 500 GeV.
Fig. 3 displays the cross-section with a upper cut on mtt at Λ/3 as
a function of Λ for ci = 1, where ci is a generic label for the co-
efficients in Eq. (2). This choice ensures that the mtt distribution
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Fig. 2 shows that the mtt shapes given by the different opera-
tors, appear to be quite similar. The maximal effect of the interfer-
ence term corresponds approximatively to the linear combination

Fig. 1. SM contribution to uu → tt .

Fig. 2. Normalized invariant mass distribution for same sign top pair production at
the LHC. The distribution can be trusted only for mtt ' Λ. The interference between
the SM and the four-fermion operators as well as the SM for tt̄ production are also
displayed for comparison.

Fig. 3. Cross-section of pp → tt at the LHC with an upper cut on the invariant mass
at Λ

3 for ci = 1. Parameters: mt = 174.3 GeV, CTEQ6L1 pdf set [15], µF = µR =mt .

O(1)
LR − 2O(8)

LR . As foreseen, the interference can only give a sizable
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Q̄ Lγ

µqL
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[
Q̄ Lγ

µT AqL
][
t̄Rγµ T AuR

]
(1)

with the three Pauli matrices normalized as Tr(σ aσ b) = 2δab and
the eight SU(3)c generators normalized as Tr(T AT B) = 1

2 δAB . In
Eq. (1), Q L (qL ) is the left-handed doublet of the third (first) quark
generation. The relevant effective Lagrangian is then given by
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The O(1)
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LL operators contain the same product of neutral
currents [t̄Lγ µuL][t̄LγµuL], which are relevant for uu → tt . In ad-
dition they contain [b̄Lγ µdL][b̄LγµdL], which can contribute to the
Bd mixing and to di-jet production. For example, the linear combi-
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LL + c(3)
LL can be constrained from the former [14]
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The dominant contribution to this cross-section is due to the new
physics amplitudes squared because the one-loop SM process de-
picted in Fig. 1 is strongly suppressed by the squares of the Vub
CKM matrix element and of the bottom quark mass. Lowest or-
der contributions are thus O(Λ−4) contrary to opposite sign top
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a large part of the total cross-section at the LHC comes from the
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1 TeV we consider in our study. There is no such concern at the
Tevatron as the mtt distribution is peaked instead below 500 GeV.
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a function of Λ for ci = 1, where ci is a generic label for the co-
efficients in Eq. (2). This choice ensures that the mtt distribution
is at most about 20% below (above) its true value for an s- (t-)
channel exchange. The general case can be easily inferred since the
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section increases by a factor 2 for Λ ∼ 2 TeV up to a factor 4 for
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Fig. 2 shows that the mtt shapes given by the different opera-
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In contrast with the mtt distribution, the spin correlations pro-
vide in principle a very efficient observable to discriminate among
the contributions from the various operators in Eq. (1). The main
reason is that the latter have a well defined chirality structure and
no interference with the Standard Model is possible. Let us define
the normalized differential tt cross-section
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physics amplitudes squared because the one-loop SM process de-
picted in Fig. 1 is strongly suppressed by the squares of the Vub
CKM matrix element and of the bottom quark mass. Lowest or-
der contributions are thus O(Λ−4) contrary to opposite sign top
pair production for which the largest corrections arise from the
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grows like s as expected from dimensional analysis. In fact, only
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see Eq. (4), and does not have this behavior. As a consequence,
a large part of the total cross-section at the LHC comes from the
region where mtt ∼ 1 TeV as shown on Fig. 2. In this region, how-
ever, the 1/Λ expansion cannot be trusted for values of Λ around
1 TeV we consider in our study. There is no such concern at the
Tevatron as the mtt distribution is peaked instead below 500 GeV.
Fig. 3 displays the cross-section with a upper cut on mtt at Λ/3 as
a function of Λ for ci = 1, where ci is a generic label for the co-
efficients in Eq. (2). This choice ensures that the mtt distribution
is at most about 20% below (above) its true value for an s- (t-)
channel exchange. The general case can be easily inferred since the
coefficient dependences factorize in Eq. (4). At 14 TeV, the cross-
section increases by a factor 2 for Λ ∼ 2 TeV up to a factor 4 for
Λ ∼ 14 TeV.

Fig. 2 shows that the mtt shapes given by the different opera-
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ence term corresponds approximatively to the linear combination
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In contrast with the mtt distribution, the spin correlations pro-
vide in principle a very efficient observable to discriminate among
the contributions from the various operators in Eq. (1). The main
reason is that the latter have a well defined chirality structure and
no interference with the Standard Model is possible. Let us define
the normalized differential tt cross-section
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[
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Table 1
Coefficients of the operators up to an overall factor g2R for all possible t-channel
particle exchanges (of mass M = Λ) identified by their quantum numbers (Q =
T3 + Y ). ξ = gL

gR
with gL (gR ) the coupling to the density t̄RqL ( Q̄ LuR ) or to the

current Q Lγ µqL (tRγ µuR ). The normalization for the SU(2)L and SU(3)c currents
are the same as in Eq. (1).

Spin SU(3) SU(2) Y cRR c(1)
LL c(3)

LL c(1)
LR c(8)

LR

1 1 1 0 − 1
2 − ξ2

2 −ξ

1 8 1 0 − 1
6 − ξ2

24 − ξ2

8 −ξ

0 1 2 1
2 − 1

6 ξ −ξ

0 8 2 1
2 − 2

9 ξ 1
6 ξ

1 1 3 0 − ξ2

2

1 8 3 0 − 3
8 ξ2 5

24 ξ2

and b parameters can be directly computed from the helicity cross-
sections, namely

C = 1
σ

(σ++ + σ−− − σ+− − σ−+),

b = 1
σ

(σ++ − σ−−), (6)

where the first (second) indice refers to the helicity of the first
(second) top quark. For ORR , C = 1 and b = 0.997. For O(1)

LL and
O(3)

LL , only the sign of b changes. The two remaining operators in
Eq. (1) are characterized by C ≈ 1 and b ≈ 0. C and b are here
calculated on the full cross-section, i.e., without any cut on mtt .
However, C = 1 for ORR , O(1)

LL and O(3)
LL is independent of such

a cut. As a result, such strong spin correlations could be used to
enhance the sensitivity to the signal and to identify the possible
contributing operators.

4. Link with a t-channel exchange

Flavor changing t-channel exchanges invoked to account for the
Tevatron AFB might imply a large same sign top pair production
at the LHC [16,17]. Table 1 shows the coefficients of the operators
of Eq. (1) for any possible particle exchange in the t-channel. If
the new physics is in the reach of the LHC, the left coupling of all
vectors have to be very tiny to satisfy Eq. (3).

In general, no relation exists between same and opposite sign
top pair production. Consequently, the five different parameters
present in (4) cannot be related to those affecting the total cross-
section, mtt̄ (cV v and c′

V v ) and AFB (cAa and c′
Aa) in qq̄ → tt̄ , i.e.,

[7]

Lqq̄→tt̄ =
(
cV v

2
± c′

V v

4

)[
t̄γµT at

][
q̄γµT aq

]

+
(
cAa
2

± c′
Aa

4

)[
t̄γµγ5T at

][
q̄γµγ5T aq

]
, (7)

where the upper (lower) sign should be taken for the up (down)
quark in q. Yet in the special case of a flavor changing t-channel,
each vertex can be replaced by its hermitian conjugate (see Fig. 4)
if the exchanged particle is self-conjugate. The expression of the
coefficients relevant for tt̄ are displayed in Table 2 for the allowed
cases.

The t-channel models are already disfavored by the Tevatron
data due to the relation between the vector and axial coefficients
(|cV v | = |cAa| and |c′

V v | = |c′
Aa|). On the one hand, the agreement

of the measured total cross-section and the mtt̄ distribution with
the SM predictions requires c(′)

V v to be small as shown on Fig. 5. On
the other hand, the observed deviation for AFB [3] implies that c(′)

Aa
should be large. In fact, the color singlet vector [18] and the color

Fig. 4. Possible connection between same and opposite sign top pair production
through a t-channel self-conjugate particle exchange.

Table 2
Expression of the parameters relevant for tt̄ up to an overall factor |gR |2 for a color
singlet particle of mass M = Λ in the t-channel. The coefficients for the correspond-
ing color octets are obtained by multiplying them all by − 1

6 .

Spin SU(2) Y cV v c′
V v cAa c′

Aa

1 1 0 − 1
2 −1 − 1

2 −1

0 2 1
2 − 1

2 (|ξ |2 + 1
2 ) − 1

2
1
2 (|ξ |2 + 1

2 ) 1
2

octet scalar are immediately ruled out since they give the wrong
sign for AFB [7],

δA(mtt̄ < 450 GeV) =
(
0.023+3

−1cAa + 0.0081+6
−4c

′
Aa

)(1 TeV
Λ

)2

,

δA(mtt̄ ! 450 GeV) =
(
0.087+10

−9 cAa + 0.032+4
−3c

′
Aa

)(1 TeV
Λ

)2

.

(8)

After combining all the constraints, we conclude that a color octet
vector is also excluded while a small region, depicted in Fig. 5, re-
mains for the case of a color singlet scalar. This region disappears
if we change the C.L. to 85%. All the allowed regions have been
obtained similarly as in Ref. [7]. This last case is also constrained
for low masses by the Tevatron search for tt production [19]. As-
suming the same acceptance (0.5%) we find that ci ∼ 1 are still
allowed. A very recent analysis based on operators in Eq. (1) gives
similar constraints [20].

We note that when the interference between the new physics
and the SM is negative, the new physics squared (NP2) can can-
cel the effect of the interference on the total cross-section for large
value of the coupling or for small mass. It has been shown [16–18]
that the asymmetry can be explained with a rather light color sin-
glet vector coupled only to the right-handed u and t quarks. Of
course, this region of the parameter space cannot be probed in our
effective approach. However, the invariant mass distribution shape
for a light state in the t-channel is also only marginally consis-
tent with the data (Ref. [21] suggests, though, that this problem
could be alleviated thanks to a reduced acceptance rate of the
top quarks in the forward region). For a color singlet scalar, the
NP2 contribution to the asymmetry is negative and implies that
δA(mtt̄ ! 450 GeV) " 0.2.

5. Link with an s-channel exchange

The effects of any heavy qq-resonance (listed in Ref. [22]) can
be approximated by the four-fermion operators (1) at low en-
ergy (see Table 3). A color anti-triplet scalar cannot contribute
because its coupling is asymmetric under the exchange of the two
fermions. It should also be noted that only axial (vector) couplings
contribute to the uu → tt for the color sextet (anti-triplet) iso-
doublet resonances. The cases of scalar and vector sextet have been
treated in Refs. [23,24]. In general same sign top pair production
through an s-channel particle exchange cannot be related to oppo-
site sign top pair production because of color and electric charges
(see Fig. 6). For the same reason, opposite sign top pair production

ORR C = 1 b = 0.997 (1)

O(1)
LL,O(3)

LL C = 1 b = �0.997 (2)

O(1)
LR,O(8)

LR C ⇥ 1 b ⇥ 0 (3)

(4)

References
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Spin correlations

Very efficient to discriminate among the contributions from 
the various operators which have a well-defined chirality 

structure and no interference with the SM is possible
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Figure 6: Diagrams for same and opposite sign top pair production through an s-channel
particle exchange.

color anti-triplet scalar cannot contribute because its coupling is asymmet-
ric under the exchange of the two fermions. It should also be noted that
only axial (vector) couplings contribute to the uu → tt for the color sextet
(anti-triplet) iso-doublet resonances. The cases of scalar and vector sextet
have been treated in Refs. [23, 24]. In general same sign top pair production
through an s-channel particle exchange cannot be related to opposite sign
top pair production because of color and electric charges (see Fig. 6). For the
same reason, opposite sign top pair production through a u-channel particle
exchange [25, 26, 27, 28] cannot be related to same sign top pair production.

Spin SU(3) SU(2) Y cRR c(1)LL c(3)LL c(1)LR c(8)LR

1 3̄ 2 5
6 −1

6
1
2

1 6 2 5
6 −1

3 −1
2

0 6 1 4
3

1
4

0 6 3 1
3 −3

8 −1
8

Table 3: Coefficients of the operators up to an overall factor −g1g3 for all possible s-
channel exchanges (of mass M and with a coupling g1 (g3) to the first (third) generation
quarks) identified by their quantum numbers.

6. Conclusion

Only five independent effective operators of dimension six contribute to
same sign top pair production. Among them two operators are already
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The t-channel models are already disfavored by the Tevatron data due
to the relation between the vector and axial coefficients (|cV v| = |cAa| and
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changes. The two remaining operators in Eq. (1) are caracterized by C ≈ 1
and b ≈ 0. C and b are here calculated on the full cross-section, i.e., without
any cut on mtt. However, C = 1 for ORR, O

(1)
LL and O(3)

LL is independent
of such a cut. As a result, such strong spin correlations could be used to
enhance the sensitivity to the signal and to identify the possible contributing
operators.

4. Link with a t-channel exchange

Flavor changing t-channel exchanges invoked to account for the Tevatron
AFB might imply a large same sign top pair production at the LHC [16, 17].
Table 1 shows the coefficients of the operators of Eq. (1) for any possible
particle exchange in the t-channel. If the new physics is in the reach of the
LHC, the left coupling of all vectors have to be very tiny to satisfy Eq. (3).
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Table 1: Coefficients of the operators up to an overall factor g2R for all possible t-channel
particle exchanges (of mass M = Λ) identified by their quantum numbers (Q = T3 + Y ).
ξ = gL
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with gL (gR) the coupling to the density t̄RqL (Q̄LuR) or to the current QLγ

µqL
(tRγµuR). The normalization for the SU(2)L and SU(3)c currents are the same as in
Eq. (1).

In general, no relation exists between same and opposite sign top pair
production. Consequently, the five different parameters present in (4) cannot
be related to those affecting the total cross-section, mtt̄ (cV v and c′V v) and
AFB (cAa and c′Aa) in qq̄ → tt̄ ,i.e., [7]
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with gL (gR ) the coupling to the density t̄RqL ( Q̄ LuR ) or to the

current Q Lγ µqL (tRγ µuR ). The normalization for the SU(2)L and SU(3)c currents
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and b parameters can be directly computed from the helicity cross-
sections, namely

C = 1
σ

(σ++ + σ−− − σ+− − σ−+),

b = 1
σ

(σ++ − σ−−), (6)

where the first (second) indice refers to the helicity of the first
(second) top quark. For ORR , C = 1 and b = 0.997. For O(1)

LL and
O(3)

LL , only the sign of b changes. The two remaining operators in
Eq. (1) are characterized by C ≈ 1 and b ≈ 0. C and b are here
calculated on the full cross-section, i.e., without any cut on mtt .
However, C = 1 for ORR , O(1)

LL and O(3)
LL is independent of such

a cut. As a result, such strong spin correlations could be used to
enhance the sensitivity to the signal and to identify the possible
contributing operators.

4. Link with a t-channel exchange

Flavor changing t-channel exchanges invoked to account for the
Tevatron AFB might imply a large same sign top pair production
at the LHC [16,17]. Table 1 shows the coefficients of the operators
of Eq. (1) for any possible particle exchange in the t-channel. If
the new physics is in the reach of the LHC, the left coupling of all
vectors have to be very tiny to satisfy Eq. (3).

In general, no relation exists between same and opposite sign
top pair production. Consequently, the five different parameters
present in (4) cannot be related to those affecting the total cross-
section, mtt̄ (cV v and c′

V v ) and AFB (cAa and c′
Aa) in qq̄ → tt̄ , i.e.,

[7]

Lqq̄→tt̄ =
(
cV v

2
± c′

V v

4

)[
t̄γµT at
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q̄γµT aq

]

+
(
cAa
2

± c′
Aa

4

)[
t̄γµγ5T at

][
q̄γµγ5T aq

]
, (7)

where the upper (lower) sign should be taken for the up (down)
quark in q. Yet in the special case of a flavor changing t-channel,
each vertex can be replaced by its hermitian conjugate (see Fig. 4)
if the exchanged particle is self-conjugate. The expression of the
coefficients relevant for tt̄ are displayed in Table 2 for the allowed
cases.

The t-channel models are already disfavored by the Tevatron
data due to the relation between the vector and axial coefficients
(|cV v | = |cAa| and |c′

V v | = |c′
Aa|). On the one hand, the agreement

of the measured total cross-section and the mtt̄ distribution with
the SM predictions requires c(′)

V v to be small as shown on Fig. 5. On
the other hand, the observed deviation for AFB [3] implies that c(′)

Aa
should be large. In fact, the color singlet vector [18] and the color

Fig. 4. Possible connection between same and opposite sign top pair production
through a t-channel self-conjugate particle exchange.

Table 2
Expression of the parameters relevant for tt̄ up to an overall factor |gR |2 for a color
singlet particle of mass M = Λ in the t-channel. The coefficients for the correspond-
ing color octets are obtained by multiplying them all by − 1

6 .
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2 −1 − 1

2 −1
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2 ) − 1

2
1
2 (|ξ |2 + 1

2 ) 1
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octet scalar are immediately ruled out since they give the wrong
sign for AFB [7],

δA(mtt̄ < 450 GeV) =
(
0.023+3

−1cAa + 0.0081+6
−4c

′
Aa

)(1 TeV
Λ

)2

,

δA(mtt̄ ! 450 GeV) =
(
0.087+10

−9 cAa + 0.032+4
−3c

′
Aa

)(1 TeV
Λ

)2

.

(8)

After combining all the constraints, we conclude that a color octet
vector is also excluded while a small region, depicted in Fig. 5, re-
mains for the case of a color singlet scalar. This region disappears
if we change the C.L. to 85%. All the allowed regions have been
obtained similarly as in Ref. [7]. This last case is also constrained
for low masses by the Tevatron search for tt production [19]. As-
suming the same acceptance (0.5%) we find that ci ∼ 1 are still
allowed. A very recent analysis based on operators in Eq. (1) gives
similar constraints [20].

We note that when the interference between the new physics
and the SM is negative, the new physics squared (NP2) can can-
cel the effect of the interference on the total cross-section for large
value of the coupling or for small mass. It has been shown [16–18]
that the asymmetry can be explained with a rather light color sin-
glet vector coupled only to the right-handed u and t quarks. Of
course, this region of the parameter space cannot be probed in our
effective approach. However, the invariant mass distribution shape
for a light state in the t-channel is also only marginally consis-
tent with the data (Ref. [21] suggests, though, that this problem
could be alleviated thanks to a reduced acceptance rate of the
top quarks in the forward region). For a color singlet scalar, the
NP2 contribution to the asymmetry is negative and implies that
δA(mtt̄ ! 450 GeV) " 0.2.

5. Link with an s-channel exchange

The effects of any heavy qq-resonance (listed in Ref. [22]) can
be approximated by the four-fermion operators (1) at low en-
ergy (see Table 3). A color anti-triplet scalar cannot contribute
because its coupling is asymmetric under the exchange of the two
fermions. It should also be noted that only axial (vector) couplings
contribute to the uu → tt for the color sextet (anti-triplet) iso-
doublet resonances. The cases of scalar and vector sextet have been
treated in Refs. [23,24]. In general same sign top pair production
through an s-channel particle exchange cannot be related to oppo-
site sign top pair production because of color and electric charges
(see Fig. 6). For the same reason, opposite sign top pair production
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cel the effect of the interference on the total cross-section for large
value of the coupling or for small mass. It has been shown [16–18]
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course, this region of the parameter space cannot be probed in our
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for a light state in the t-channel is also only marginally consis-
tent with the data (Ref. [21] suggests, though, that this problem
could be alleviated thanks to a reduced acceptance rate of the
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NP2 contribution to the asymmetry is negative and implies that
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5. Link with an s-channel exchange

The effects of any heavy qq-resonance (listed in Ref. [22]) can
be approximated by the four-fermion operators (1) at low en-
ergy (see Table 3). A color anti-triplet scalar cannot contribute
because its coupling is asymmetric under the exchange of the two
fermions. It should also be noted that only axial (vector) couplings
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Hereafter, we consider two classes of gauge-invariant operators which are relevant for

top pair production:

• Operators that contain only fields from the strong sector are called dominant because

their coefficients scale like g2
ρ. In most composite top models, only its right component

is composite to avoid experimental constraints. In this case, there is only one such

operator since the color octet equivalent is related to the color singlet by a Fierz

transformation (O(8)
R = 1/3OR),

OR =(t̄γµt)(t̄γµt) . (2.22)

If only the left handed top is composite,there are two independent dominant operators,

O
(1)
L =

(

Q̄γµQ
)(

Q̄γµQ
)

, O
(8)
L =

(

Q̄γµTAQ
)(

Q̄γµTAQ
)

. (2.23)

In the most general scenario where both chiralities are composite, two additional

operators should also be considered,

O
(1)
S =

(

Q̄t
)

(t̄Q) , O
(8)
S =

(

Q̄TAt
)(

t̄TAQ
)

. (2.24)

Needless to say that none of these operators contribute at tree-level to tt̄ production.

Yet they are relevant for direct production of four top-quarks (see section 4).

• Operators which contribute directly to tt̄ production are subdominant. On the one

hand, the four-fermion operators given in eq. (2.20) contain at most two fields from

the strong sector and their coefficients (cR/Lv , cR/La, cR/Lr and c(8,3)
Qq ) scale like g0

ρ at

best. On the other hand, the coefficient chg associated with the operator Ohg scales

as g−1
ρ (if only one field is composite), g0

ρ (if only two fields are composite) or gρ (if

the three fields are composite)

In the limit gρ ∼ 4π, the one-loop contributions of the dominant operators (2.22)–(2.24)

to top pair production may be as large as the tree-level contributions of the subdominant

ones given in section 2.2. However, the chiral structure of the dominant operators are

such that their one-loop corrections (see figure 2a and 2b) simply amount to redefining the

coefficients cRv and cLv in the Lagrangian (2.20) [47]:
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(2.25)

where g2
R, g(i)

L

2
and g(i)

S

2
are the coefficients of the operator OR, O

(i)
L and O

(i)
S respectively.

The operator (t̄LtR) (t̄LtR) and (t̄RtL) (t̄RtL) would induce a modification of chg at one

loop [47]. However, SU(2) gauge invariance requires to consider loop corrections induced

by a dimension-eight operator like
(

HQ̄t
) (

HQ̄t
)

with the Higgs field H replaced by its

vev (see figure 2b).
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by a dimension-eight operator like
(

HQ̄t
) (

HQ̄t
)

with the Higgs field H replaced by its

vev (see figure 2b).
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Hereafter, we consider two classes of gauge-invariant operators which are relevant for

top pair production:

• Operators that contain only fields from the strong sector are called dominant because

their coefficients scale like g2
ρ. In most composite top models, only its right component

is composite to avoid experimental constraints. In this case, there is only one such

operator since the color octet equivalent is related to the color singlet by a Fierz

transformation (O(8)
R = 1/3OR),

OR =(t̄γµt)(t̄γµt) . (2.22)

If only the left handed top is composite,there are two independent dominant operators,

O
(1)
L =

(

Q̄γµQ
)(

Q̄γµQ
)

, O
(8)
L =

(

Q̄γµTAQ
)(

Q̄γµTAQ
)

. (2.23)

In the most general scenario where both chiralities are composite, two additional

operators should also be considered,

O
(1)
S =

(

Q̄t
)

(t̄Q) , O
(8)
S =

(

Q̄TAt
)(

t̄TAQ
)

. (2.24)

Needless to say that none of these operators contribute at tree-level to tt̄ production.

Yet they are relevant for direct production of four top-quarks (see section 4).

• Operators which contribute directly to tt̄ production are subdominant. On the one

hand, the four-fermion operators given in eq. (2.20) contain at most two fields from

the strong sector and their coefficients (cR/Lv , cR/La, cR/Lr and c(8,3)
Qq ) scale like g0

ρ at

best. On the other hand, the coefficient chg associated with the operator Ohg scales

as g−1
ρ (if only one field is composite), g0

ρ (if only two fields are composite) or gρ (if

the three fields are composite)

In the limit gρ ∼ 4π, the one-loop contributions of the dominant operators (2.22)–(2.24)

to top pair production may be as large as the tree-level contributions of the subdominant

ones given in section 2.2. However, the chiral structure of the dominant operators are

such that their one-loop corrections (see figure 2a and 2b) simply amount to redefining the

coefficients cRv and cLv in the Lagrangian (2.20) [47]:
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as g−1
ρ (if only one field is composite), g0

ρ (if only two fields are composite) or gρ (if

the three fields are composite)
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The operator (t̄LtR) (t̄LtR) and (t̄RtL) (t̄RtL) would induce a modification of chg at one

loop [47]. However, SU(2) gauge invariance requires to consider loop corrections induced
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Figure 11: Distribution of events at the Tevatron/LHC (top panel/bottom panel) for the SM (on
the left) and for cRv = −2, cLv = 0, chg = 1 and Λ = 1 TeV (on the right) with µF = µR = mt.

4 tt̄bb̄ and tt̄tt̄ production at the LHC

While tt̄ production appears as the leading process to probe any new physics in the top sector,
there are physical situations where the operators of Ltt̄ are parametrically suppressed. As
shown in Section 2.3, this is the case if the top quark is not an elementary particle but rather a
composite bound state: the dominant operators are the ones involving composite states only.
The tt̄ process is still probing the dominant operators but at the loop level only. In these
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σ4t σΛ−2

4t σΛ−4

4t σtt̄bb̄ σΛ−2

tt̄bb̄
σΛ−4

tt̄bb̄
σcut

tt̄bb̄
σcut

tt̄bb̄
/σ4t

(fb) (fb) (fb) (pb) (pb) (pb) (pb)

SM 4.86 - - 7.2 - - 0.348 71.6

O
(1)
R - 2.7 138 - - - - -

O
(1)
S - 2.9 48 - <1.1 7.60 4.40 92

O
(8)
S - 0.49 11 - <0.2 1.28 0.76 71

O
(1)
L - 2.7 138 - <0.5 3.61 2.12 15.6

O
(8)
L - 0.91 15 - 0.49 0.77 0.42 28.2

Table 2. The tt̄tt̄ (µF = µR = 4mt) and tt̄bb̄ (µF = µR = 2mt) cross-sections for Λ = 1TeV
and ci = 4π. The interferences between the SM and the new physics, given in the third and sixth
column, can be neglected. The squared amplitudes from new physics are in the fourth and seventh
column. The new physics contributions for a different scale Λ and different couplings ci are simply
obtained by multiplying the numbers given above by a factor (ci/(4π))2 × (1 TeV/Λ)4.
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Figure 12. Normalized cross sections at the LHC for the tt̄bb̄ production as a function of the bb̄
invariant-mass. The continuous line represents the SM while the dark dashed/dotted lines represent
the contributions of the scalar color-singlet operator OS/color-octet operator O8

S and the gray
dashed/dotted lines represent the contributions of the vector color-singlet operator OV /color-octet
operator O8

V . Since we neglected the interference terms between the SM and the new physics
contribution, the distributions are independent of the new physics scale and of the actual couplings
in front of the dimension-6 operators.

operators and it is also independent of the new physics scale and of the actual couplings

in front of the dimension-6 operators provided that the interferences with the SM contri-

bution can be safely neglected. A detailed study of four-top production at the LHC will

be presented in ref. [82] (see ref. [83] for a preview).
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b b pair produced with invariant mass larger than in the SM
-

only relevant if tL is composite (constrained scenario)
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Figure 2. Typical one loop contributions of (a) the dimension-six operators (2.22)–(2.24) leading
to δcRv and δcLv respectively once the equation of motion (2.6) is used, and (b) the dimension-eight
operator
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leading to δchg if one chirality-flip is considered in the loop.
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Figure 3. One particle exchange contributions to Ltt̄ in eq. (2.20): (a) the five four-fermion oper-
ators can be directly associated with the exchange of a spin-1 resonance once Fierz transformations
are used, (b) the single two-fermion operator Ohg can be indirectly associated with the exchange of
a spin-0 or spin-2 resonance coupled to two gluons via a fermion loop.

Similarly, the connection within resonance models is quite straightforward using the

standard Fierz relations of appendix A. The exchanges of heavy vectors and scalars lead

to four-fermion operators (explicit formulas are given for instance in ref. [20]) but cannot

contribute to the top chromo-magnetic moment at tree-level as a consequence of SU(3)c
gauge invariance (see figure 3a). Only higher-dimension effective operators quadratic in

the gluon field-strength can be induced in this frame. For example, a heavy scalar or

tensor induces at tree-level the operator
(

HQ̄t + h.c.
)

GµνGµν or
(

HQ̄t − h.c.
)

GµνG̃µν (see

figure 3b). So, the operator Ohg can only be generated at the loop-level and is suppressed

in resonance models.
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avec croix représentent les positions de tels vertex dans d’autres diagrammes à structure
similaire

Figure 9 – Section efficace différentielle du processus pp → tt̄g par rapport à la masse
invariante de la paire tt̄ pour différentes valeurs de coefficients des opérateurs à 6 dimen-
sions

coefficients chg et cV v. Les correspondances entre coefficients et type du contour restant les
mêmes que précédemment, on remarque encore une fois une grande prédominance de l’effet
des opérateurs à 4 fermions, bien que l’effet de chg soit ici plus important. Comparés aux
résultats montrés dans l’article [10], ces effets paraissent faibles, notamment concernant
le spectre de pT du gluon, où les effets sont encore moins marqués.

2.3 e+e− → tt̄g

Afin de comprendre les différences de comportement apparement observées entre col-
lisions pp et e+e−, nous nous sommes donc intéressés au processus étudié par Thomas
Rizzo dans l’article [10].

Bien que l’opérateur étudié ait la même structure et la même signification physique,
il n’a pas rigoureusement la même expression, et les coefficients n’ont donc pas un effet
identique. Afin d’établir la correspondance entre les deux opérateurs, on fait le calcul
suivant :

Opérateurs considérés :

11

Figure 24 – Section efficace différentielle du processus pp → tt̄j par rapport à mtt̄

normalisée à
√

s/2 pour différentes valeurs de chg, avec
√

s = 7TeV

σ(pp → tt̄j)/pb = 92.3 + 23.5
(

chG × 1TeV

Λ2

)

+ 4.7
(

chG × 1TeV

Λ2

)2

On obtient également alors une estimation de la section efficace inclusive en ajoutant
celles de pp → tt̄ et pp → tt̄j :

σ(pp → tt̄ + X)/pb = 190 + 49.2
(

chG × 1TeV

Λ2

)

+ 8.3
(

chG × 1TeV

Λ2

)2

On voit donc ici, en utilisant le raisonnement détaillé dans la sous-section précédente,
que l’utilisation de la section efficace inclusive pour la contrainte de chg pourrait augmenter
les résultats présents d’un facteur 2.

Résumé des résultats et conclusion

En résumé, ce stage a été l’occasion de mener à bien plusieurs tâches. Nous avons
tout d’abord simulé la production de paires de quarks top, avec ou sans émission de jet,
au LHC et au collisionneur e+e−, à l’aide de l’outil de génération d’évènements Mad-
Graph/MadEvent incorporant l’effet de l’opérateur Ohg mais aussi des opérateurs à 4
fermions, que nous avons ensuite analysés avec Mathematica. A partir de ces évènements,
nous avons commencé par reproduit une partie des résultats des articles [5] et [10], avant
de calculer la contribution dûe à Ohg à la section efficace du processus pp → tt̄ + j bien
trop difficile à calculer analytiquement, obtenant même la contribution supplémentaire

à la section efficace à l’ordre c2
hg

(

T eV
Λ

)4
. Pour finir, nous avons également comparé les

résultats obtenus dans des collisionneurs leptoniques et hadroniques.

Le temps ayant manqué à la fin de ce stage, il n’a pas été possible de mener l’étude
jusqu’à une contrainte sur les coefficients de nouvelle physique, ce qui nécessiterait d’étu-
dier en détail l’analyse des dernières données. Cependant, les résultats visibles jusqu’ici
semblent prometteurs de ce côté là. De plus, la section efficace de ces processus étant
encore plus importante à une énergie dans le centre de masse de 14 TeV , on peut y espé-
rer des effets de nouvelle physique plus marqués ou au contraire, plus contraints par les
données.
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FIG. 1: The first two diagrams are contributions to OHG

from Ohg. The third one is induced by OHy and OH . The
operators of Eq. (4) do not contribute to OHG (see Sec. III).

and tree operators can be built from the top and Higgs
current,

OHt = H†DµHt̄R�µtR

OHQ = H†DµHQ̄L�µQL

O(3)

HQ = H†�IDµHQ̄L�I�µQL (4)

The last contributing operator,

OH = @µ

�
H†H

�
@µ

�
H†H

�
, (5)

requires a renormalization of the Higgs field.
The corrections from those operators to higgs produc-

tion by gluon fusion are shown in Fig. 1. They can be
seen in the large top limit as corrections to the OHG

operator

OHG =
1

2
H†HGa

µ⌫G
µ⌫
a . (6)

Therefore, we are going to derive the constraints on OHG

from Higgs production, which we will then re-express in
terms of limits on a combination of the above operators
(2, 3, 4, 5).

One should remark that not only the higgs production
rate is sensitive to the modifications of the top interac-
tions but also the h ! �� decay. The operators OH and
OHy and the electromagnetic version of Ohg all induce

OH� =
1

2
H†HFµ⌫F

µ⌫ . (7)

The main e↵ect of this operator will be to relax the con-
straints from the h ! �� channel. We reiterate that
we do not consider corrections to hWW and hZZ ver-
tices. While h ! �� depends on the top-higgs coupling
at LO (via-one-loop, i.e in the same way that gg ! h is)
h ! WW and h ! ZZ depend on it only at NLO.

III. HIGGS PRODUCTION BY GLUON FUSION

OHG is the only dimension-six operator inducing Higgs
production by gluon fusion at tree-level. Its e↵ect on the
partonic cross-section is

� (gg ! h) = � (gg ! h)SM

✓
1 +

cHG

⇤2

6⇡v2

↵s

◆
2

(8)

where we have taken the heavy top limit for the SM.
The contribution from OHG is quite large compared to
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FIG. 2: Region allowed at 95% C.L. by the ATLAS up-
per bound on the Higgs production cross-section [12] for
µR = µF = mH/2 (solid line). The errors are estimated
by varying the renormalization and factorization scales from
µR = µF = mH/4 (dotted line) to µR = µF = mH (dashed
line). The blue region uses the combination of all channels.
The gray region is obtained using the strongest constraint
among the WW and ZZ channels. The red lines show the rel-
ative deviation compared to the SM Higgs production rate.
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FIG. 3: The blue and red lines are the limits from h !
(WW,ZZ) and h ! �� respectively. The WW/ZZ con-
straints on cHG are stronger only when the branching ra-
tio to �� goes below 10�3 (SM value) , corresponding to
0 . cH� . 0.1. For larger branching ratio, the �� constraints
are stronger and the allowed region shrinks.

the SM one (6⇡v2/↵s ⇠ 10 TeV2) because the latter is
only generated at the loop-level. Consequently, the up-
per limits on the Higgs production cross-section from the
Tevatron [11] and the LHC [12][13] strongly constrain
the allowed range for cHG, as shown on Fig. 2. For this
figure, we assume that only OHG is added to the SM La-
grangian, i.e. we neglect the modifications of the other
production mechanisms or of the decay widths except for
h ! gg and h ! ��. We used the same NNLO K fac-
tor for the contribution of the OHG as for the SM [14]
since both amplitudes are the same up to a global fac-
tor. The errors on these limits have been estimated by
varying simultaneously the renormalization (µR) and fac-
torization scales (µF ) for the SM and the OHG tree-level
contributions. Other theoretical errors are much smaller.
For MH = 125 GeV, �0.35 . cHG . 0.1. Can you give
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Chemin du Cyclotron 2, Université catholique de Louvain, Belgium,

cCERN Physics Department, Theory Division, CH-1211 Geneva 23, Switzerland
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E↵ective interactions involving both the top quark and the Higgs boson are among the least
constrained of all dimension-six operators describing deviations with respect to the Standard Model.
On the other hand, they are expected to hide signs of the new physics responsible for electroweak
symmetry breaking. Particularly challenging is a measurement of the top quark chromomagnetic
dipole moment. One goal of this paper is to show that this operator can be significantly constrained
when combining measurements of Higgs and tt̄h productions, in addition to tt̄. The latest LHC
limits on the Higgs production rate strongly constrain the single dimension-six operator inducing at
tree level a higgs-gluon vertex. We use this bound to put strong constraints on the combination of
four dimension-six operators a↵ecting either the top-higgs or top-gluon vertex and that contribute
to gg ! h with a top loop. While Higgs production by gluon fusion cannot alone discriminate the
di↵erent operators, this can be done using top pair production in association with a Higgs boson.

I. INTRODUCTION

The Standard Model (SM) has been tested with an
impressive accuracy and is so far in agreement with the
experimental data. The room left for new physics at the
TeV scale is therefore getting more and more squeezed.
E↵ective field theory (EFT) provides a model indepen-
dent parametrization of the potential deviations from
the SM while keeping its successes if the new degrees
of freedom are heavy. EFT has been intensively used
for instance in flavor physics to translate the accuracy
of the measurements into strong constraints on the co-
e�cients of the associated operators [1]. Slightly softer
constraints on the operators involving weak bosons have
also been derived from the electroweak precision mea-
surements [2]add refs here. In comparison, the oper-
ators involving the top quark are poorly constrained so
far [3], especially the chromomagnetic moment operator
of the top quark [4, 5], while the ones involving the Higgs
boson also remain largely unconstrained. However, this
status is about to change. In particular, modifications
of the top quark interactions can significantly change the
main Higgs production mechanism at hadron colliders,
which are under scrutiny at the LHC.

In this paper, we focus on operators that involve both
the top and the higgs. On the one hand, they are little
tested. On the other hand, this is where one would par-
ticularly expects new physics associated with electroweak
symmetry breaking to show up. We use Higgs production
by gluon fusion to constrain them. First, their contribu-
tions to gg ! h due to a top loop are computed. We show
in particular that the contribution from the chromomag-
netic operator is finite and not logarithmic divergent as
one would have expected by power counting. Constraints
are then derived from the experimental bound on the
Higgs production rate. Higgs production by gluon fusion
does not allow to distinguish the new contributions since

they are all proportional to the SM amplitude. In section
IV, tt̄h production is proposed as a way to disentangle
the di↵erent operators.

II. OPERATORS OF INTEREST

Recently, constraints on e↵ective Higgs interactions
from the latest Higgs searches have been derived [6–9],
with an emphasis on the d = 6 operators built from the
Higgs and SM gauge bosons. These papers display global
fits in a large parameter space. While Ref. [7] and Ref. [8],
are restricted to a particular UV set-up where only a sub-
class of operators are important, Ref. [6, 9] included all
relevant operators in their analysis. The spirit of this
work is di↵erent in that our motivation is to focus only
on d = 6 operators that involve both the Higgs and the
top quark, and study their e↵ect on Higgs production by
gluon fusion and tt̄h production, assuming in particular
that hWW and hZZ vertices are not a↵ected by new
physics.

We start with the e↵ective lagrangian [10]

L = LSM +
X ci

⇤2

Oi + O
✓

1

⇤3

◆
. (1)

Why not +O �
1/⇤4

�
? Only the chromomagnetic mo-

ment operator modifies the interactions between the glu-
ons and the top quark,

Ohg =
�
Q̄LH

�
�µ⌫T atRGa

µ⌫ , (2)

where �µ⌫ = i
2

[�µ, �⌫ ] and T a is such that Tr
�
T aT b

�
=

�ab/2. Besides, one operator contains the top density

OHy = H†H
�
HQ̄L

�
tR. (3)
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I. INTRODUCTION

The Standard Model (SM) has been tested with an
impressive accuracy and is so far in agreement with the
experimental data. The room left for new physics at the
TeV scale is therefore getting more and more squeezed.
E↵ective field theory (EFT) provides a model indepen-
dent parametrization of the potential deviations from
the SM while keeping its successes if the new degrees
of freedom are heavy. EFT has been intensively used
for instance in flavor physics to translate the accuracy
of the measurements into strong constraints on the co-
e�cients of the associated operators [1]. Slightly softer
constraints on the operators involving weak bosons have
also been derived from the electroweak precision mea-
surements [2]add refs here. In comparison, the oper-
ators involving the top quark are poorly constrained so
far [3], especially the chromomagnetic moment operator
of the top quark [4, 5], while the ones involving the Higgs
boson also remain largely unconstrained. However, this
status is about to change. In particular, modifications
of the top quark interactions can significantly change the
main Higgs production mechanism at hadron colliders,
which are under scrutiny at the LHC.

In this paper, we focus on operators that involve both
the top and the higgs. On the one hand, they are little
tested. On the other hand, this is where one would par-
ticularly expects new physics associated with electroweak
symmetry breaking to show up. We use Higgs production
by gluon fusion to constrain them. First, their contribu-
tions to gg ! h due to a top loop are computed. We show
in particular that the contribution from the chromomag-
netic operator is finite and not logarithmic divergent as
one would have expected by power counting. Constraints
are then derived from the experimental bound on the
Higgs production rate. Higgs production by gluon fusion
does not allow to distinguish the new contributions since

they are all proportional to the SM amplitude. In section
IV, tt̄h production is proposed as a way to disentangle
the di↵erent operators.

II. OPERATORS OF INTEREST

Recently, constraints on e↵ective Higgs interactions
from the latest Higgs searches have been derived [6–9],
with an emphasis on the d = 6 operators built from the
Higgs and SM gauge bosons. These papers display global
fits in a large parameter space. While Ref. [7] and Ref. [8],
are restricted to a particular UV set-up where only a sub-
class of operators are important, Ref. [6, 9] included all
relevant operators in their analysis. The spirit of this
work is di↵erent in that our motivation is to focus only
on d = 6 operators that involve both the Higgs and the
top quark, and study their e↵ect on Higgs production by
gluon fusion and tt̄h production, assuming in particular
that hWW and hZZ vertices are not a↵ected by new
physics.

We start with the e↵ective lagrangian [10]
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FIG. 1: The first two diagrams are contributions to OHG

from Ohg. The third one is induced by OHy and OH . The
operators of Eq. (4) do not contribute to OHG (see Sec. III).

and tree operators can be built from the top and Higgs
current,

OHt = H†DµHt̄R�µtR

OHQ = H†DµHQ̄L�µQL

O(3)

HQ = H†�IDµHQ̄L�I�µQL (4)

The last contributing operator,

OH = @µ

�
H†H

�
@µ

�
H†H

�
, (5)

requires a renormalization of the Higgs field.
The corrections from those operators to higgs produc-

tion by gluon fusion are shown in Fig. 1. They can be
seen in the large top limit as corrections to the OHG

operator

OHG =
1

2
H†HGa

µ⌫G
µ⌫
a . (6)

Therefore, we are going to derive the constraints on OHG

from Higgs production, which we will then re-express in
terms of limits on a combination of the above operators
(2, 3, 4, 5).

One should remark that not only the higgs production
rate is sensitive to the modifications of the top interac-
tions but also the h ! �� decay. The operators OH and
OHy and the electromagnetic version of Ohg all induce

OH� =
1

2
H†HFµ⌫F

µ⌫ . (7)

The main e↵ect of this operator will be to relax the con-
straints from the h ! �� channel. We reiterate that
we do not consider corrections to hWW and hZZ ver-
tices. While h ! �� depends on the top-higgs coupling
at LO (via-one-loop, i.e in the same way that gg ! h is)
h ! WW and h ! ZZ depend on it only at NLO.

III. HIGGS PRODUCTION BY GLUON FUSION

OHG is the only dimension-six operator inducing Higgs
production by gluon fusion at tree-level. Its e↵ect on the
partonic cross-section is

� (gg ! h) = � (gg ! h)SM
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where we have taken the heavy top limit for the SM.
The contribution from OHG is quite large compared to
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FIG. 2: Region allowed at 95% C.L. by the ATLAS up-
per bound on the Higgs production cross-section [12] for
µR = µF = mH/2 (solid line). The errors are estimated
by varying the renormalization and factorization scales from
µR = µF = mH/4 (dotted line) to µR = µF = mH (dashed
line). The blue region uses the combination of all channels.
The gray region is obtained using the strongest constraint
among the WW and ZZ channels. The red lines show the rel-
ative deviation compared to the SM Higgs production rate.
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FIG. 3: The blue and red lines are the limits from h !
(WW,ZZ) and h ! �� respectively. The WW/ZZ con-
straints on cHG are stronger only when the branching ra-
tio to �� goes below 10�3 (SM value) , corresponding to
0 . cH� . 0.1. For larger branching ratio, the �� constraints
are stronger and the allowed region shrinks.

the SM one (6⇡v2/↵s ⇠ 10 TeV2) because the latter is
only generated at the loop-level. Consequently, the up-
per limits on the Higgs production cross-section from the
Tevatron [11] and the LHC [12][13] strongly constrain
the allowed range for cHG, as shown on Fig. 2. For this
figure, we assume that only OHG is added to the SM La-
grangian, i.e. we neglect the modifications of the other
production mechanisms or of the decay widths except for
h ! gg and h ! ��. We used the same NNLO K fac-
tor for the contribution of the OHG as for the SM [14]
since both amplitudes are the same up to a global fac-
tor. The errors on these limits have been estimated by
varying simultaneously the renormalization (µR) and fac-
torization scales (µF ) for the SM and the OHG tree-level
contributions. Other theoretical errors are much smaller.
For MH = 125 GeV, �0.35 . cHG . 0.1. Can you give

Constraints from higgs searches on top-philic new physics

3

correct numbers? I just guessed by eyes from Fig.

2. We also show in gray how the constraints on cHG are
relaxed when including the e↵ect of OH� . The exclusion
in the plane (cHG, cH�) is shown in Fig. 3 .

The constraints on cHG of Fig. 2 translate into con-
straints on a combination of the coe�cients of the oper-
ators (2, 3, 4, 5). The one-loop correction from Ohg to
the operator OHG is expected to diverge logarithmically
since both operators are of dimension-six. However, its
one-loop contribution is finite [15] and can be written as

�cHG =
gsyt
4⇡2

<chg
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t

+ O
 ✓
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2mt

◆
4

!!
(9)

since the dependence on mH is tiny for a light Higgs
boson. The operators OHy and OH renormalize the top
mass

mt = yt
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2

� < (cHy)

2
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2
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and/or the top yukawa coupling,
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where

cy = cH +
vp
2mt

< (cHy) (12)

Their contributions are then easily obtained as a simple
rescaling of the SM contribution [16].

�cHG

⇤2

=
↵s

6⇡v2

⇥ (�cy
v2

⇤2

) (13)

The other three operators (4) do not have any contri-
bution to Higgs production by gluon fusion. In fact, the
vertex htt̄ comes from the sum of those operators and of
their hermitian conjugates [29]. The relevant part of the
operators can thus be written as

@µ

�
H†H

�
t̄�µ�±t / �

H†H
�
@µ

(Jµ ± Jµ
5

)

2
/ �

H†H
�
@µJµ

5

(14)

(c, t ± 1, y + 1

2

)(c�, t, y)

(c, t, y)

(c, t, y)

1

FIG. 4: Diagram leading to the operator OHG with the
particles in the loop labeled by their transformations under
SU(3) ⇥ SU(2) ⇥ U(1), i.e. (c, T, Y ) if c̄ ⌦ c0 3 8. If the
particles in the loop are bosons, additional diagrams can be
obtained by replacing one or two internal lines and their two
adjacent vertices by a single vertex.

because the vector current is conserved. Their contribu-
tions to Higgs production through the e↵ective operator
H†HGµ⌫ eGµ⌫ , generated by the anomaly, vanish due to
parity. This result is consistent with the operator rela-
tions derived in [17].

Taking mt = 175 GeV, mH = 125 GeV, v = 246 GeV
and gs = 1.2, we obtain

�cHG ⇡ 0.03<chg � 0.006cy. (15)

Even if the e↵ects due to the new interactions of the top
quark are loop suppressed, they cannot be neglected. The
coe�cient cy, probing the relation between the top mass
and its yukawa, is poorly constrained so far (see recent
constraints on c = 1 � cy(v/⇤)2 in Ref. [7, 8]). Similarly,
the present constraints on chg due to top pair produc-
tion [4] including the latest CMS combination [18], i.e.
�1.2 . chg(TeV/⇤)2 . 2.5, still allow the contribution
from the chromomagnetic operator to have a noticeable
e↵ect on the allowed range for cHG as illustrated in Fig. 8.
In this figure, we show the constraints on chg expected
from a measurement of the tt̄ cross section at 14 TeV
with a 7% precision consistent with the SM value known
with a 13% theoretical uncertainty, using [4]:

��pp!t¯t = 144 chg
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+ 22.5 c2

hg
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⇤

◆
4

(16)

The next question is about the typical expectation for
the size of the coe�cient cHG. For example, the one-
loop contributions from OH and OHy have been shown
to be as large as the OHG contribution in little Higgs
models [16]. The reason is that those operators can be
induced by the tree-level exchange of a heavy particle
while OHG is only generated at the loop-level in a per-
turbative UV completion of the SM (see Fig. 4). The op-
erator OH is also enhanced compared to OHG in strongly
interacting Higgs models [19].

On the contrary, the chromomagnetic operator can
hardly be enhanced. It is also generated only at the loop-
level (see Fig. 5) in perturbation theory and thus for Ohg

to be the dominant new physics e↵ects requires OHG to
be relatively suppressed. While the diagram of Fig. 4 can
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to be scalar. Similarly as for Fig. 4, additional diagrams can
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correct numbers? I just guessed by eyes from Fig.

2. We also show in gray how the constraints on cHG are
relaxed when including the e↵ect of OH� . The exclusion
in the plane (cHG, cH�) is shown in Fig. 3 .

The constraints on cHG of Fig. 2 translate into con-
straints on a combination of the coe�cients of the oper-
ators (2, 3, 4, 5). The one-loop correction from Ohg to
the operator OHG is expected to diverge logarithmically
since both operators are of dimension-six. However, its
one-loop contribution is finite [15] and can be written as
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since the dependence on mH is tiny for a light Higgs
boson. The operators OHy and OH renormalize the top
mass
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cy = cH +
vp
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Their contributions are then easily obtained as a simple
rescaling of the SM contribution [16].
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The other three operators (4) do not have any contri-
bution to Higgs production by gluon fusion. In fact, the
vertex htt̄ comes from the sum of those operators and of
their hermitian conjugates [29]. The relevant part of the
operators can thus be written as
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FIG. 4: Diagram leading to the operator OHG with the
particles in the loop labeled by their transformations under
SU(3) ⇥ SU(2) ⇥ U(1), i.e. (c, T, Y ) if c̄ ⌦ c0 3 8. If the
particles in the loop are bosons, additional diagrams can be
obtained by replacing one or two internal lines and their two
adjacent vertices by a single vertex.

because the vector current is conserved. Their contribu-
tions to Higgs production through the e↵ective operator
H†HGµ⌫ eGµ⌫ , generated by the anomaly, vanish due to
parity. This result is consistent with the operator rela-
tions derived in [17].

Taking mt = 175 GeV, mH = 125 GeV, v = 246 GeV
and gs = 1.2, we obtain

�cHG ⇡ 0.03<chg � 0.006cy. (15)

Even if the e↵ects due to the new interactions of the top
quark are loop suppressed, they cannot be neglected. The
coe�cient cy, probing the relation between the top mass
and its yukawa, is poorly constrained so far (see recent
constraints on c = 1 � cy(v/⇤)2 in Ref. [7, 8]). Similarly,
the present constraints on chg due to top pair produc-
tion [4] including the latest CMS combination [18], i.e.
�1.2 . chg(TeV/⇤)2 . 2.5, still allow the contribution
from the chromomagnetic operator to have a noticeable
e↵ect on the allowed range for cHG as illustrated in Fig. 8.
In this figure, we show the constraints on chg expected
from a measurement of the tt̄ cross section at 14 TeV
with a 7% precision consistent with the SM value known
with a 13% theoretical uncertainty, using [4]:
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The next question is about the typical expectation for
the size of the coe�cient cHG. For example, the one-
loop contributions from OH and OHy have been shown
to be as large as the OHG contribution in little Higgs
models [16]. The reason is that those operators can be
induced by the tree-level exchange of a heavy particle
while OHG is only generated at the loop-level in a per-
turbative UV completion of the SM (see Fig. 4). The op-
erator OH is also enhanced compared to OHG in strongly
interacting Higgs models [19].

On the contrary, the chromomagnetic operator can
hardly be enhanced. It is also generated only at the loop-
level (see Fig. 5) in perturbation theory and thus for Ohg

to be the dominant new physics e↵ects requires OHG to
be relatively suppressed. While the diagram of Fig. 4 can
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FIG. 1: The first two diagrams are contributions to OHG

from Ohg. The third one is induced by OHy and OH . The
operators of Eq. (4) do not contribute to OHG (see Sec. III).

and tree operators can be built from the top and Higgs
current,

OHt = H†DµHt̄R�µtR

OHQ = H†DµHQ̄L�µQL

O(3)

HQ = H†�IDµHQ̄L�I�µQL (4)

The last contributing operator,

OH = @µ

�
H†H

�
@µ

�
H†H

�
, (5)

requires a renormalization of the Higgs field.
The corrections from those operators to higgs produc-

tion by gluon fusion are shown in Fig. 1. They can be
seen in the large top limit as corrections to the OHG

operator

OHG =
1

2
H†HGa

µ⌫G
µ⌫
a . (6)

Therefore, we are going to derive the constraints on OHG

from Higgs production, which we will then re-express in
terms of limits on a combination of the above operators
(2, 3, 4, 5).

One should remark that not only the higgs production
rate is sensitive to the modifications of the top interac-
tions but also the h ! �� decay. The operators OH and
OHy and the electromagnetic version of Ohg all induce

OH� =
1

2
H†HFµ⌫F

µ⌫ . (7)

The main e↵ect of this operator will be to relax the con-
straints from the h ! �� channel. We reiterate that
we do not consider corrections to hWW and hZZ ver-
tices. While h ! �� depends on the top-higgs coupling
at LO (via-one-loop, i.e in the same way that gg ! h is)
h ! WW and h ! ZZ depend on it only at NLO.

III. HIGGS PRODUCTION BY GLUON FUSION

OHG is the only dimension-six operator inducing Higgs
production by gluon fusion at tree-level. Its e↵ect on the
partonic cross-section is

� (gg ! h) = � (gg ! h)SM
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where we have taken the heavy top limit for the SM.
The contribution from OHG is quite large compared to
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FIG. 2: Region allowed at 95% C.L. by the ATLAS up-
per bound on the Higgs production cross-section [12] for
µR = µF = mH/2 (solid line). The errors are estimated
by varying the renormalization and factorization scales from
µR = µF = mH/4 (dotted line) to µR = µF = mH (dashed
line). The blue region uses the combination of all channels.
The gray region is obtained using the strongest constraint
among the WW and ZZ channels. The red lines show the rel-
ative deviation compared to the SM Higgs production rate.
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FIG. 3: The blue and red lines are the limits from h !
(WW,ZZ) and h ! �� respectively. The WW/ZZ con-
straints on cHG are stronger only when the branching ra-
tio to �� goes below 10�3 (SM value) , corresponding to
0 . cH� . 0.1. For larger branching ratio, the �� constraints
are stronger and the allowed region shrinks.

the SM one (6⇡v2/↵s ⇠ 10 TeV2) because the latter is
only generated at the loop-level. Consequently, the up-
per limits on the Higgs production cross-section from the
Tevatron [11] and the LHC [12][13] strongly constrain
the allowed range for cHG, as shown on Fig. 2. For this
figure, we assume that only OHG is added to the SM La-
grangian, i.e. we neglect the modifications of the other
production mechanisms or of the decay widths except for
h ! gg and h ! ��. We used the same NNLO K fac-
tor for the contribution of the OHG as for the SM [14]
since both amplitudes are the same up to a global fac-
tor. The errors on these limits have been estimated by
varying simultaneously the renormalization (µR) and fac-
torization scales (µF ) for the SM and the OHG tree-level
contributions. Other theoretical errors are much smaller.
For MH = 125 GeV, �0.35 . cHG . 0.1. Can you give
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from Ohg. The third one is induced by OHy and OH . The
operators of Eq. (4) do not contribute to OHG (see Sec. III).

and tree operators can be built from the top and Higgs
current,

OHt = H†DµHt̄R�µtR

OHQ = H†DµHQ̄L�µQL
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HQ = H†�IDµHQ̄L�I�µQL (4)

The last contributing operator,
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requires a renormalization of the Higgs field.
The corrections from those operators to higgs produc-

tion by gluon fusion are shown in Fig. 1. They can be
seen in the large top limit as corrections to the OHG

operator

OHG =
1

2
H†HGa

µ⌫G
µ⌫
a . (6)

Therefore, we are going to derive the constraints on OHG

from Higgs production, which we will then re-express in
terms of limits on a combination of the above operators
(2, 3, 4, 5).

One should remark that not only the higgs production
rate is sensitive to the modifications of the top interac-
tions but also the h ! �� decay. The operators OH and
OHy and the electromagnetic version of Ohg all induce

OH� =
1

2
H†HFµ⌫F

µ⌫ . (7)

The main e↵ect of this operator will be to relax the con-
straints from the h ! �� channel. We reiterate that
we do not consider corrections to hWW and hZZ ver-
tices. While h ! �� depends on the top-higgs coupling
at LO (via-one-loop, i.e in the same way that gg ! h is)
h ! WW and h ! ZZ depend on it only at NLO.

III. HIGGS PRODUCTION BY GLUON FUSION

OHG is the only dimension-six operator inducing Higgs
production by gluon fusion at tree-level. Its e↵ect on the
partonic cross-section is

� (gg ! h) = � (gg ! h)SM
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where we have taken the heavy top limit for the SM.
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FIG. 3: The blue and red lines are the limits from h !
(WW,ZZ) and h ! �� respectively. The WW/ZZ con-
straints on cHG are stronger only when the branching ra-
tio to �� goes below 10�3 (SM value) , corresponding to
0 . cH� . 0.1. For larger branching ratio, the �� constraints
are stronger and the allowed region shrinks.

the SM one (6⇡v2/↵s ⇠ 10 TeV2) because the latter is
only generated at the loop-level. Consequently, the up-
per limits on the Higgs production cross-section from the
Tevatron [11] and the LHC [12][13] strongly constrain
the allowed range for cHG, as shown on Fig. 2. For this
figure, we assume that only OHG is added to the SM La-
grangian, i.e. we neglect the modifications of the other
production mechanisms or of the decay widths except for
h ! gg and h ! ��. We used the same NNLO K fac-
tor for the contribution of the OHG as for the SM [14]
since both amplitudes are the same up to a global fac-
tor. The errors on these limits have been estimated by
varying simultaneously the renormalization (µR) and fac-
torization scales (µF ) for the SM and the OHG tree-level
contributions. Other theoretical errors are much smaller.
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be obtained by using twice the lower part of the second
diagram in Fig. 5, the first diagram in Fig. 5 with c = 1
does not imply the presence of OHG. As a consequence,
it is possible to generate the chromomagnetic operator
at one-loop and not the operator OHG. An explicit ex-
ample is given in Appendix A. While dominant in this
example, the e↵ects from the chromomagnetic operators
are too small to be observed. Alternatively, the hierar-
chy may come from strongly coupled theories and can be
estimated with the help of Naive Dimensional Analysis
(NDA) [20, 21]. If only the right-handed top is strongly
coupled, the dominant operator involves four top quarks
but does not contribute even at two-loop [22]. In that
case, the coe�cient of the chromomagnetic operator is
only suppressed by one power of the strong coupling com-
pared to two for cHG and both operators can have simi-
lar contribution when the strong coupling approaches 4⇡.
However, its e↵ects may again be to small to be observed.
We now move to study the e↵ect of these operators on
tt̄h production.

IV. tt̄h PRODUCTION

While both Higgs direct coupling to the gluons and
new top interactions significantly a↵ect Higgs produc-
tion, they cannot be distinguished using this process only.
Contrary to Higgs production by gluon fusion, the four
operators OHG, Ohg, OH and OHy all contribute to tt̄h
at the tree-level (see Fig. 6). The three operators in eq. 4
have no contribution for this process due to parity. There
is only one additional operator a↵ecting this process,

OG = fABCGA⌫
µ GB⇢

⌫ GCµ
⇢ . (17)

The four-fermion operators cannot modify the main pro-
cess, i.e. gluon fusion. Consequently, their contributions
are about one order of magnitude smaller and have not
been included. The contribution from OH and OHy, be-
ing just a rescaling of the top Yukawa coupling (see Eq.
11 and 12), is proportional to the SM cross section:

� (pp ! tt̄h) = � (pp ! tt̄h)SM
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◆
2
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and this relation holds at NLO. The total cross-section
at 14 TeV is given by (check the errors on the SM

value, it should be of the order of 15% and not

3%)
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FIG. 6: Examples of diagrams for tt̄h production from the SM
(a), from the chromomagnetic operator Ohg (b) and (c) and
from the OHG operator (d). OH and OHy lead to a simple
rescaling of the SM contribution.
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tion of the Higgs mass of the interference between the SM
and the main dimension-six operators over the SM one us-
ing CTEQ6l1 pdf set and µR = µF = mt = 174.3 GeV.
The results are very similar at 7 TeV. This figure should
be redone to remove the case cHG = 2 which is ex-
cluded. What about showing chg = �1.5? Moreover,
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FIG. 8: In blue, the region allowed by the Higgs production constraints at 7 TeV for mH = 125 GeV (solid line) and mH = 160
GeV (dashed line). The red region is obtained by assuming a 50% precision on the tt̄h cross-section at 14 TeV with the measured
central value matching the SM prediction and cG = 0. The green region corresponds to a 7% experimental uncertainty on the
measured SM top pair production cross section. The three plots correspond respectively to cy(TeV/⇤)2 =0, -5, +6. There
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4 terms to be consistent.
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Since this plot is about projections for 14 TeV, the blue region could be thinner, which limits do we expect
on cHG assuming a confirmation of the 125 GeV SM Higgs?

and at 8 TeV by
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for mH = 125 GeV. The same factorization and renor-
malization scales as for top pair production, i.e. µF =
µR = mt have been used since we have only considered a
light Higgs boson. The cross-section will slightly decrease
if higher values taking into account the Higgs mass are
chosen. The errors are again obtained by varying the
factorization and renormalization scales simultaneously
from µF = µR = mt/2 to µF = µR = 2mt. Those re-
sults have been obtained with FeynRules [23], UFO [24],
ALOHA [25] and MadGraph 5 [26]. The new physics has
been computed at the tree-level and the SM contribution
at NLO [14]Except at 8 TeV.Partial O �

1/⇤4

�
contribu-

tions (called NP2) coming from the amplitude with one
new vertex squared have been computed to check the 1/⇤
expansion. Their values tell us that the 1/⇤ expansion
breaks down around the TeV for ci = 1. This lower value
compared to top pair production [4] is expected due to
the higher energy required for this final state. While
Eqs. 19 to 21 have been obtained only for a particular
value of the Higgs mass, the ratios of the new physics
contributions over the SM do not change drastically with
the Higgs mass as shown on Fig. 7.

As shown by Eqs. 19 to 21 and Fig. 7, tt̄ associated
Higgs production can mainly be a↵ected by the chromo-
magnetic operator. As a consequence, the constraints
from a measurement of the tt̄h cross-section would com-
plement those from Higgs production (see Fig. 8) and
from top pair production [4]. The OG contribution has a
suppression similar to the one associated with the octet
exchange [27] in top pair production (/ �2m2

t )[28]. In-
deed, the contribution proportional to cG in the squared

amplitude for gg ! tt̄h vanishes at threshold and be-
comes constant at large s. Consequently, large shape
e↵ects on energy dependent distributions are also not
expected from this operator. Moreover, this operator
involves neither the top quark nor the Higgs boson and
is thus not expected to be enhanced.

While the contributions of the operators OHy and OH

have the same shape as the SM one, the operators Ohg

and OHG can induce shape distortions. However, only
the contribution of the chromomagnetic operator might
have a higher energy dependence than the SM. If the
Higgs leg is attached to the e↵ective vertex, the diagrams
contain only one chirality flip such that no other chi-
rality flip is needed to interfere with the SM amplitude
(Fig. 6(c)). Moreover, the vertex is not proportional to
the Higgs vev like for top pair production. Those advan-
tages are lost if the Higgs is attached to the top line or
to a gluon (Fig. 6(b) and (d)). For those diagrams, the
amplitude is proportional to mt and v and no room is
left for extra powers of the energy of the process.

The transverse momentum as well as the total energy
distribution of the Higgs are displayed on Fig. 9. The
shapes of the 1/⇤4 contributions are also shown for com-
parison. They are clearly stretched to high energy while
the interference and the SM contributions have a very
similar behavior. The interference with the diagrams in
which the Higgs is connected at the e↵ective vertex do
not vanish but are apparently suppressed.
A few words on spin correlations?

V. CONCLUSION

Only one dimension-six operator, OHG, generates a
tree level coupling between the Higgs boson and the
gluons. This operator has the largest contribution to
Higgs production. Nevertheless, the three operators

Using tth to constrain the chromomagnetic operator
-

constraints from h production

constraints from tt production

constraints from tth production

Degrande et al, to appear
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Baryogenesis without B nor L nor CPT

Possible if dark matter carries baryon number 

Farrar-Zaharijas hep-ph/0406281
Agashe-Servant hep-ph/0411254

In a universe where baryon  number is a good symmetry, Dark matter would store 
the overall negative baryonic charge which is missing in the visible quark  sector



Ma&er Anti-ma&er asymmetry of $ universe:

characterized in terms of the 
baryon to photon ratio η ≡

nB − nB

nγ
~ 6. 10-10 
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corresponding to a freeze-out temperature TF ~ 20 MeV�� H
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≈ 7 × 10
−20

109 times smaller than observed, 
and there are no antibaryons

-> need to invoke an initial asymmetry

 In absence of 
an asymmetry:
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� 5 Does this indicate a common dynamics?

PPC 2011

 INTRODUCE AN ASYMMETRY IN DM NUMBER DENSITY

 USE DYNAMICS TO RELATE THIS ASYMMETRY IN DM TO THAT 

IN BARYONS

 LEADING TO

 THE VALUE OF       DEPENDS ON THE DETAILS OF THE DYNAMICS 

CONNECTING DM AND BARYONS...SEE LATER
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CONNECTING DM AND BARYONS...SEE LATER

ndm � ndm ⇥= 0

ndm � ndm ⇥ nb � nb

C

�dm

�b
⇥ (ndm � ndm)mdm

(nb � nb)mb
⇥ C

mdm

mb

Similarly, Dark Matter may be asymmetric

QDM(n
DM

− nDM) = Qb(nb − n
b
)

two possibilities: 
1) asymmetries in baryons and in DM generated simultaneously

2) a pre-existing asymmetry (either in DM or in baryons) is 
transferred between the two sectors

conservation of 
global charge:

if efficient 
annihilations: 

�dm

�b
� Qb

Qdm

mdm

mb

typical expected 
mass ~ GeV



X
DM

b
out-of equilibrium and CP violating decay of X 
sequesters the anti baryon number in the dark sector, 
thus leaving a baryon excess in the visible sector

Ωb ≈
1

6
ΩmA unified explanation for DM and baryogenesis 

QDM(n
DM

− nDM) = Qb(nb − n
b
)

If efficient annihilation between         and      , and     and      DM bDM b

ρDM = mDMn
DM

≈ 6ρb → mDM ≈ 6
QDM

Qb

GeV

asymmetry between b and b is created via the 
out-of-equilibrium and CP-violating decay :

GUT baryogenesis at the TeV scale !

turns out to be quite natural in warped GUT models...

Agashe-Servant-Tulin in progress

-



Agashe-Servant’04
Proton stability & Stable GUT partner in Warped GUTs 

Q�
L

uc
R

dc
R

L�
L

e
�c
R

�
�c
R

⎧ ⎫

⎭⎩

⎪
⎪
⎪
⎪⎪

⎪

multiplet has B=1/3

DM is RH neutrino from 16 of SO(10)

stable under Z3 : � � � e2�i[B����
3 ]

number of 
color 

indices

Has enhanced couplings to TeV KK modes (such as Z’) and top quark

SO(10) IRUV
tR

Higgs 
DM

light SM 
fermions

bulk fermion with (-+) BC -> light!

warping



Z3  symmetry in the SM:   symmetry

SM not charged, GUT partners are... 

lightest   -charged particle (LZP) stable

�� � e
2�i

�
B� (���̄)

3

⇥

Z3

number of color indices

Z3

Agashe-Servant’04

any non-colored particle that carries 
baryon number will be charged under Z3 

e.g  warped/composite GUTs

conserved in any theory where baryon number is a good symmetry



However, the search for heavy top partners is
strongly motivated by models of Higgs compositeness, 

 that will survive in the next few years

Summary  1

So far ATLAS and CMS papers related to searches for heavy 
b’, t’ ... remained mainly motivated by fourth generation

The presence of light top partners constitutes the most 
visible manifestation of the composite Higgs scenario



Effective field theory approach to BSM: 
characterizes new physics in a model-independent way, 

useful to set bounds on non-resonant  new physics

Summary II

2011 LHC data already rules out large region of parameter space

Models of top compositeness can lead to zero signal at 7-8 TeV 
while non-zero signals (4 top production + top partners 

production) at 14 TeV  

New constraints on the 4-fermion and the chromomagnetic 
operators and more to come (looking forward to the 

measurement of tt invariant mass distribution)

complementarity between Higgs, tt and ttH production-

-

-


