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SMEFT

No evidence of a light BSM state after the first LHC13 results.

Study the effect of any heavy state at the LHC energy range.

EFT approach

LEff = LSM +
∑

i

C
(6)
i O

(6)
i

Λ2
+ O(Λ−4)

Uses the SM symmetries to reduce the number of relevant operators.
[arXiv:1008.4884]

It is gauge invariant.

It is renormalisable order by order in the (1/Λ) expansion.

It assumes that the new possible states are heavier than the energy
probed.
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SMEFT

One cannot be selective on the effect of a new heavy state =⇒ Global
EFT analysis is recommended in a process by process basis.

TopSMEFT2

II. THEORETICAL BACKGROUND

The top-quark chromomagnetic and chromoelectric
dipole moments, CMDM and CEDM, can be parame-
terized by adding an e↵ective term to the top-gluon cou-
pling:

Lttg = gst̄�
µTAtGA

µ +
gs

mt
t̄�µ⌫ (dV + idA�5) TAtGA

µ⌫

(1)
where gs is the strong coupling, and GA

µ⌫ is the gluon field
strength tensor. dV and dA in the second term represent
the CMDM and CEDM of the top quark respectively.

The CMDM of the top quark can arise from various
models of new physics. The Yukawa corrections to gtt̄
vertex in two Higgs doublet model (2HDM) was first con-
sidered in Ref. [16], while the supersymmetric QCD and
electroweak corrections have been studied in Ref. [17–19].
Explicit expressions for CMDM in 2HDM and in minimal
supersymmetric standard model were given in Ref. [20].
The top CMDM also arises quite naturally in composite
models and technicolor models [21]. For a more general
discussion of top CMDM in new physics scenarios we
refer to Ref. [22]. Finally, a top CMDM operator may
be loop-induced by operator mixing e↵ects, from other
higher-dimensional operators generated at higher scales.
An example can be found in Ref. [30].

At the LHC, CMDM is mainly constrained by tt̄ pro-
duction. Direct limits have been derived by previous
studies [23–29]. However, the contribution of top CMDM
has been known only at LO accuracy. Our aim is to pro-
vide the NLO prediction, as well as to study its impact
on the total cross section and various distributions.

To go beyond LO calculation, a theoretical framework
based on the dimension-six Lagrangian of the SM is re-
quired. This framework contains a complete set of opera-
tors satisfying the symmetries of the SM, i.e. the Lorentz
symmetry and the SU(3)C⇥SU(2)L⇥U(1)Y gauge sym-
metries. It provides an unambiguous prescription for op-
erator renormalization, and thus allows for a complete
and consistent treatment of the higher-order corrections
to the operators. The Lagrangian including dimension-
six operators can be written as

LEFT = LSM +
X

i

CiOi

⇤2
+ h.c. (2)

where ⇤ is the scale of new physics. In this work we work
up to order O(⇤�2), as going beyond this order would
require complete knowledge of dimension-eight operators.

The top-quark CMDM in this framework is represented
by a dimension-six operator

OtG = ytgs

�
Q̄�µ⌫TAt

�
�̃GA

µ⌫ , (3)

where Q is the left-handed top- and bottom-quark dou-
blet, t the right-handed top, � the Higgs doublet, and yt

the Yukawa coupling of the top quark. �̃ = i�2�. This
operator, after the electroweak symmetry breaking, takes

FIG. 1. Representative tree-level diagrams of tt̄ production
with an e↵ective vertex form the operator OtG. Black dot
represents e↵ective vertex from OtG.

the form of the second term in Eq. (1). The relation be-
tween dV and the real part of the coe�cient of OtG is
given by

dV =
ReCtGm2

t

⇤2
(4)

The operator OtG contributes to tt̄ production at tree
level by modifying the standard gtt̄ vertex, as well as
inducing a new ggtt̄ vertex, as shown in Figure 1. The
e↵ects of this operator in top-quark processes at LO in
QCD have been discussed in Refs. [31, 32].

On the other hand, dA, the CEDM, corresponds to the
imaginary part of CtG. In this work, however, we are go-
ing to focus only on the CMDM. This is because the anal-
ysis of the CEDM at NLO follows a completely di↵erent
approach. As we have mentioned above, in an approach
based on the dimension-six Lagrangian, we can only work
up to order O(⇤�2), and thus only the interference be-
tween the CEDM and the SM amplitudes can be in-
cluded. At this order the contribution vanishes in tt̄ pro-
cess because of the CP-odd nature of the CEDM, unless
one incorporates the decay of the top quarks. As we shall
see, our work is based on the MadGraph5 aMC@NLO
framework [33], where the spin correlation and the o↵-
shellness of the top quark pairs are simulated by using
the MadSpin package [34], which is based on LO evalua-
tion of the complete matrix element including top decays.
Therefore it is not a suitable framework for the NLO cor-
rections to the CP-odd e↵ects of the CEDM, and we will
leave the NLO analysis of the CEDM to future works.
Throughout the paper, we assume CtG to be real.

When going to NLO in QCD, one needs to take into
account the operator mixing e↵ects between OtG and
other dimension-six operators that could give a contri-
bution to the same process at tree level. For tt̄ pro-
duction, these operators are OG = gsf

ABCGA⌫
µ GB⇢

⌫ GCµ
⇢ ,

O�G = g2
s

�
�†�

�
GA

µ⌫G
Aµ⌫ , and several four-fermion op-

erators [31]. It turns out that in tt̄ production, the mixing
from OtG to these operators is not relevant. First of all,
OtG does not mix into OG and four-fermion operators
[30], because OtG is essentially a dimension-five operator
if the Higgs field always takes the vacuum expectation
value, which is always true at the order we are working
at. Second, OtG does mix into O�G [35], but such e↵ects
correspond to a O(y2

t ) correction to the LO process, and
therefore of higher-order. Finally, the operators O�G and
OG do mix into OtG [36], however it is consistent to as-

←− O
(6)
tG ,O

(6)
G ,O

(6)
φG

2

operators a↵ect all three channels. Corresponding dia-
grams are shown in Figure 1.

FIG. 1. Representative leading order (LO) diagrams for all
three single-top channels. Vertices with a black dot can be

modified by O
(3)
�Q and OtW , while that with a square is mod-

ified by OtG. The last diagram comes from O
(3)
qQ.

The operators OtG and OtW have non-zero anomalous
dimensions at O(↵s), given by [13]

� =
2↵s

⇡

✓
1
6 0
1
3

1
3

◆
(6)

This matrix controls the running and mixing of the oper-
ators and can be used to evolve them from scale ⇤ down
to the scales of the measurements. The operators O

(3)
�Q

and O
(3)
qQ do not run at O(↵s).

Calculation. Our approach is based on the
MadGraph5 aMC@NLO framework [14], in which
starting from a set of top-quark operators, predictions
can be made at NLO in QCD, and can be matched to PS
simulation. This framework makes use of a series of pack-
ages, including FeynRules and NLOCT [15–21]. It is
important to note that once the SMEFT Lagrangian is
implemented at NLO accuracy, not only single top but
also other promising (and more complicated) channels
such as tt̄Z/� can be simulated at NLO in EFT [22].

We adopt MS with five-flavor running in ↵s with the
top-quark subtracted at zero momentum transfer [23].
Additional contributions to top-quark and gluon field
renormalizations and ↵s renormalization from OtG are
included [24]. For operator coe�cients we use MS sub-
traction, with

C0
i ! ZijCj(µ

0)

=


1+

1

2
�(1 + ")

✓
4⇡µ2

µ02

◆"
1

"UV
�

�

ij

Cj(µ
0) (7)

where the anomalous dimension matrix � is given in
Eq. (6). Note the operators run with µ0 separately from
the running of ↵s.

Results are presented in terms of operators defined at
µ0 = mt, i.e. the log terms from high scale, log (⇤/mt),
are already resummed by evolving operators down to this
scale using Eq. (6). Thus the NLO corrections presented
here do not include any of such large log terms, and there-
fore cannot be captured by the RG equations of the op-
erators. More details of this approach will be presented
in a separate work [25].

Total cross sections. Cross sections, obtained at LO
and NLO, can be parametrized as

� = �SM +
X

i

1 TeV2

⇤2
Ci�

(1)
i +

X

ij

1 TeV4

⇤4
CiCj�

(2)
ij + . . .

(8)

We work up to order 1/⇤2, and present results for �
(1)
i ,

the interference between an operator Oi and the SM. We
use NNPDF2.3 parton distributions [26]. Input parame-
ters are

mt = 172.5 GeV mZ = 91.1876 GeV (9)

↵(mZ) = 1/127.9 GF = 1.16637⇥ 10�5GeV�2 (10)

Central renormalization and factorization scales are fixed
at µR = µF = mt. To estimate theoretical uncertainties
due to missing higher-orders we perform variations with
nine combinations of (µR, µF ), where µR,F can take val-
ues mt/2, mt and 2mt.

Total cross sections (including top and anti-top) at
LHC 13 TeV are presented in Figure 2. We plot the ra-

tio between the interference cross section, �
(1)
i , and SM

NLO cross section, ri =
����(1)

i

��� /�NLO
SM , for individual op-

erators Oi, in all three channels. The ratio ri illustrates
how sensitive a process is to a certain operator, and can
be interpreted as the signal over background ratio, where
the SM contribution is the main background. In the plot,
scale uncertainties from the numerator are given, and in
the lower panel we show the K-factor of each operator
contribution. Improved accuracy is reflected by the K-
factors, typically ranging from ⇠ 10% to ⇠ 50%, and im-
proved precision is reflected by the significantly reduced
scale uncertainties. Furthermore, most NLO results are
outside of the uncertainty range of corresponding LO re-
sults, indicating that QCD corrections are essential for a
correct interpretation of measurements in terms of op-
erators. For comparison, at 8 TeV the t-channel has
been measured at better than ⇠ 10% level [27, 28], and
the t + W channel is at about 20% [29]. At the high-
luminosity LHC the t-channel can reach ⇠ 4% [30], while
the s-channel may reach ⇠ 15% [31].

NLO corrections already a↵ect current bounds on the
coe�cients of the dimension-six operators. For illustra-

tion we perform two-operator fits, for (O
(3)
�Q, OtW ) and

for (O
(3)
�Q, O

(3)
qQ), using single top cross sections that are

available at the LHC at 8 TeV [27–29, 32] with the state
of the art SM prediction [33] and NLO EFT predictions
from this work. Limits are improved thanks to better
accuracy and precision, and can be clearly seen in Fig-
ure 3. The improvement might become even larger in
the future, as the s-channel has large K-factors and its
measurements may be improved by using boosted tops
[31]. For comparison we also show current limits on OtW

from decay measurements [13, 34, 35].

←− O
(6)
tW ,O

(6)
φQ,3TOP PAIR W PRODUCTION

IOANNIS TSINIKOS

g

g

t̄

t

Z/�

�

g

t̄

g

t

1

Figure 1. Example Feyman diagram for tt̄Z and tt̄� production. The operators we consider can
enter the gtt̄ vertex (OtG), the tt̄� vertex (OtW , OtB) or the tt̄Z vertex (O�t, O(3)

�Q, O(1)
�Q, OtW , OtB).

operators, postponing this to future studies. Operators involving the gauge bosons and
light quarks could in principle contribute to these processes, but as they receive stringent
constraints from precision observables, we consider their effect to these processes to be
negligible compared to the top operators. Another operator that contributes to the tt̄Z/tt̄�

processes is OG, which would enter by modifying the gluon self-interactions. As this is not a
top-quark operator, we will not consider it further here, assuming also that its contribution
is sufficiently suppressed due to constraints from the accurately measured tt̄ and dijet cross
sections.

In our approach, we also take into account an additional operator, O'b (identical to
O't with b replacing t), which does not involve a top quark, but does contribute to, for
example, NLO tt̄Z production through a bottom loop or b�quarks in the initial state as
well as HZ production in gluon fusion through the bottom loops. We include it in this
study mainly as an option to cancel the ggZ chiral anomaly induced by modifications to
the ttZ interaction.

Various constraints can be placed on the Wilson coefficients of the top quark operators
of Eqs. (2.1-2.6) both from direct measurements and from electroweak precision measure-
ments. For ⇤ = 1 TeV, at 95% confidence level, CtG is constrained from top pair production
to be within the range [-0.77,0.4] in Ref. [26], and in Ref. [16] [-0.56,0.41] at leading order
(LO) and [-0.42,0.30] at NLO. CtW is constrained from W helicity fractions in top-decay
measurements and single top production, to be in the interval [-0.15,1.9] [27]. The Z ! bb̄

decay constrains the sum of C
(3)
�Q + C

(1)
�Q to be [-0.026, 0.059] [28]. The other three operator

coefficients, C
(3)
�Q�C

(1)
�Q, C�t and CtB receive indirect constraints from precision electroweak

data, which lead to the following limits [28, 29]:

C
(3)
�Q � C

(1)
�Q : [�3.4, 7.5]

C�t : [�2.5, 7]

CtB : [�16, 43] .

Note that indirect bounds should be interpreted carefully. The presented bounds here are
marginalised over the S and T parameters, with all other operator coefficients assumed to
vanish. We note here that comparable limits have been set on these operators by the recent

– 4 –

←− O
(6)
tG ,O

(6)
G ,O

(6)
φQ,3,O

(6)
φQ,1,O

(6)
φt ,O

(6)
tW ,O

(6)
tB

+ O
(6)
4F operators

The more the operators, the more difficult to constrain them.

What about the operators that enter almost all the LHC processes? Look
in specific processes and observables where their effect is enhanced.
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The triple-gluon operator

Structure of O
(6)
G

Operator O
(6)
G

gs fabcG
ρ
aνG

ν
bλG

λ
cρ , G

ρν
a = ∂ρGνa − ∂νGρa − igs fabcG

bρG cν

It provides from 3- to 6- point gluon vertices.

gscG

Λ2
∂∂∂GGG g 2

s cG

Λ2
∂∂GGGG

g 3
s cG

Λ2
∂GGGGG

g 4
s cG

Λ2
GGGGGG
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The triple-gluon operator

Special features of O
(6)
G

The helicity structure of the O
(6)
G in gg → gg is orthogonal w.r.t. the QCD one

=⇒ The interference term (O(1/Λ2)) is zero. [hep-ph/9312363]

It has been studied in tt̄ [hep-ph/9408206] and 3-jet [hep-ph/9312363] production.

Start with tt̄ and tt̄j processes.

Small effect in all observables.
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The triple-gluon operator

Special features of O
(6)
G

Search in a rich environment on these vertices: multijet production.
[arXiv:1611.00767]

Choose a sensitive variable

ST =

Njets∑
j=1

ET ,j

Recent experimental results became public on this observable.
[CMS-PAS-EXO-15-007]

Other relevant operators are the O
(6)
4q : strong bounds from di-jet ATLAS analysis.

[arXiv:1512.01530]
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Increasing the jet multiplicity

O
(6)
G in multijet production

The effect changes with the jet multiplicity.

d
σ

/d
S

T
 [

p
b

/b
in

]

multijet, LHC13

LO, µ = HT/2, Λ/√CG
(6)

=5 TeV

2−jets
3−jets
4−jets

10
−3

10
−2

10
−1

10
0

10
1

10
2

10
3

σSM+Cσ(1)
+C

2σ(2)

σSM

σ
/σ

S
M

ST [GeV]

2−jets 3−jets 4−jets

 1

 2

 2000  2500  3000  3500  4000  4500  5000  5500  6000

[arXiv:1611.00767]

The ratio R increases with the jet multiplicity.

Even in higher multiplicities the interference term is small.

Multiple insertions become important for ST > Λ.
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Increasing the jet multiplicity

Recent constraints on O
(6)
G [arXiv:1611.00767]

Expected signal CL’s vs integrated luminosity.

Show the EFT validity.

Understand the increase of the O
(6)
G effect with the jet multiplicity.
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ST vs M

Correlation plot of ST vs M.

The variable M is closer to
√
ŝ, which should be compared to Λ.

 [GeV]TS
2000 2500 3000 3500 4000 4500 5000 5500 6000

M
 [G

eV
]

2000

2500

3000

3500

4000

4500

5000

5500

6000

6−10

5−10

4−10

3−10

2−10

1−10

M is always larger or equal to ST . Even for ST < 5 TeV we can have
M > 5 TeV.

Can we keep these events? What is the effect if we drop them?
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ST vs M

Compare the results for 4-jet production with an extra cut of M < 5 TeV.
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The ratio R is not affected.

This behaviour is verified also in 3-jet production.
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ST vs M

Compare the results for 4-jet production with an extra cut of M < 5 TeV.
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The ratio R is not affected.

This behaviour is verified also in 3-jet production.
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Include dim-8 operators

Need for dim-8 check because
the effect comes from the
O(1/Λ4) term.

List of relevant dim-8 operators.
[hep-ph/9408206]

Choose two

O
(8)
4 =

g 2
s
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µν
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Very small effect w.r.t. O
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We are within the EFT validity regime.
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4-jet production

The higher the multiplicity the higher-point O
(6)
G insertions are allowed.

Check if the high n-point vertices are the most important.

Compare the 4-jet with the 4-q production.
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In 4-q production the 5- and 6- point vertices are absent, but the ratio R
increases.

Ioannis Tsinikos Multijets in the EFT 13 / 20



Outline Introduction EFT validity Jet multiplicity Subprocesses Further steps Conclusions Additional slides

4-jet production

The higher the multiplicity the higher-point O
(6)
G insertions are allowed.

Check if the high n-point vertices are the most important.

Compare the 4-jet with the 4-q production.

2000 2500 3000 3500 4000 4500 5000

 [p
b/

bi
n]

T
/d

S
σd

3−10

2−10

1−10

1

10

 jjjj, LHC13→pp 

=5 TeV
(6)
GC/Λ/2, 

T
=HµLO, 

SMσ

(2)σ2+C(1)σ+CSMσ

 [GeV]TS
2000 2500 3000 3500 4000 4500 5000

S
M

σ/σ

1
1.5

2
2.5 2000 2500 3000 3500 4000 4500 5000

 [p
b/

bi
n]

T
/d

S
σd

8−10

7−10

6−10

5−10

4−10

3−10
, LHC13bbb b→pp 

=5 TeV
(6)
GC/Λ/2, 

T
=HµLO, 

SMσ

(2)σ2+C(1)σ+CSMσ

 [GeV]TS
2000 2500 3000 3500 4000 4500 5000

S
M

σ/σ
1
2
3
4

In 4-q production the 5- and 6- point vertices are absent, but the ratio R
increases.

Ioannis Tsinikos Multijets in the EFT 13 / 20



Outline Introduction EFT validity Jet multiplicity Subprocesses Further steps Conclusions Additional slides

Gluonic channels

Isolate the gluonic channels.

Gluons ↑ =⇒ R ↓
What we see at multijet
production is not seen in the
gluonic channels.

G ↑ =⇒ ∂ ↓
Look at the different channel
luminosities in all cases.

d
σ

/d
S

T
 [
p
b
/b

in
]

multigluon, LHC13

LO, µ = HT/2, Λ/√CG
(6)

=5 TeV

gg > gg
gg > ggg

gg > gggg

10
−4

10
−3

10
−2

10
−1

10
0

10
1

10
2

σSM+Cσ(1)
+C

2σ(2)

σSM

σ
/σ

S
M

ST [GeV]

gg > gg gg > ggg gg > gggg

 1

 3

 2000  2500  3000  3500  4000  4500  5000

gscG

Λ2
∂∂∂GGG g 2

s cG

Λ2
∂∂GGGG

g 3
s cG

Λ2
∂GGGGG

g 4
s cG

Λ2
GGGGGG

Ioannis Tsinikos Multijets in the EFT 14 / 20



Outline Introduction EFT validity Jet multiplicity Subprocesses Further steps Conclusions Additional slides

Gluonic channels

Isolate the gluonic channels.

Gluons ↑ =⇒ R ↓
What we see at multijet
production is not seen in the
gluonic channels.

G ↑ =⇒ ∂ ↓
Look at the different channel
luminosities in all cases.

d
σ

/d
S

T
 [
p
b
/b

in
]

multigluon, LHC13

LO, µ = HT/2, Λ/√CG
(6)

=5 TeV

gg > gg
gg > ggg

gg > gggg

10
−4

10
−3

10
−2

10
−1

10
0

10
1

10
2

σSM+Cσ(1)
+C

2σ(2)

σSM

σ
/σ

S
M

ST [GeV]

gg > gg gg > ggg gg > gggg

 1

 3

 2000  2500  3000  3500  4000  4500  5000

gscG

Λ2
∂∂∂GGG g 2

s cG

Λ2
∂∂GGGG

g 3
s cG

Λ2
∂GGGGG

g 4
s cG

Λ2
GGGGGG

Ioannis Tsinikos Multijets in the EFT 14 / 20



Outline Introduction EFT validity Jet multiplicity Subprocesses Further steps Conclusions Additional slides

Gluonic channels

Isolate the gluonic channels.

Gluons ↑ =⇒ R ↓
What we see at multijet
production is not seen in the
gluonic channels.

G ↑ =⇒ ∂ ↓
Look at the different channel
luminosities in all cases.

d
σ

/d
S

T
 [
p
b
/b

in
]

multigluon, LHC13

LO, µ = HT/2, Λ/√CG
(6)

=5 TeV

gg > gg
gg > ggg

gg > gggg

10
−4

10
−3

10
−2

10
−1

10
0

10
1

10
2

σSM+Cσ(1)
+C

2σ(2)

σSM

σ
/σ

S
M

ST [GeV]

gg > gg gg > ggg gg > gggg

 1

 3

 2000  2500  3000  3500  4000  4500  5000

gscG

Λ2
∂∂∂GGG g 2

s cG

Λ2
∂∂GGGG

g 3
s cG

Λ2
∂GGGGG

g 4
s cG

Λ2
GGGGGG

Ioannis Tsinikos Multijets in the EFT 14 / 20



Outline Introduction EFT validity Jet multiplicity Subprocesses Further steps Conclusions Additional slides

2-jet production

Outline Introduction EFT validity Jet multiplicity Subprocesses Conclusions Additional slides

2-jet production

ST>2 TeV

channel xsec (%) channel xsec (%)

GG -> GG 1.28E+00 12.511 GG -> GG 1.50E+00 13.846 GG -> GG 1.17

GG -> qq 5.80E-02 0.568 GG -> qq 8.40E-02 0.778 GG -> qq 1.45

Gq -> Gq 5.03E+00 49.269 Gq -> Gq 5.35E+00 49.579 Gq -> Gq 1.06

qq -> GG 3.79E-02 0.371 qq -> GG 5.64E-02 0.522 qq -> GG 1.49

qq -> qq 3.81E+00 37.287 qq -> qq 3.81E+00 35.278 qq -> qq 1.00

total 1.02E+01 100.006 total 1.08E+01 100.004 total 1.06

ST>4.7 TeV

channel xsec (%) channel xsec (%)

GG -> GG 1.98E-04 2.115 GG -> GG 1.00E-03 6.950 GG -> GG 5.05

GG -> qq 9.64E-06 0.103 GG -> qq 1.10E-04 0.764 GG -> qq 11.42

Gq -> Gq 2.62E-03 27.888 Gq -> Gq 6.44E-03 44.636 Gq -> Gq 2.46

qq -> GG 2.92E-05 0.312 qq -> GG 3.48E-04 2.414 qq -> GG 11.91

qq -> qq 6.52E-03 69.577 qq -> qq 6.52E-03 45.233 qq -> qq 1.00

total 9.38E-03 99.995 total 1.44E-02 99.997 total 1.54

(SM+OG)/SM

SM SM+OG

SM SM+OG

(SM+OG)/SM

R(qq̄ ! qq̄) = 1 regardless ST , no O
(6)
G insertions.

At large ST values the high R subprocesses are not the ones that dominate.
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R(qq̄ → qq̄) = 1 regardless ST , no O
(6)
G insertions.

At large ST values the high R subprocesses are not the ones that dominate.
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3-jet production

ST>2 TeV

channel xsec (%) channel xsec (%)

GG -> GGG 3.10E+00 14.206 GG -> GGG 3.54E+00 15.407 GG -> GGG 1.14

GG -> Gqq 3.40E-01 1.557 GG -> Gqq 4.15E-01 1.807 GG -> Gqq 1.22

Gq -> GGq 1.06E+01 48.607 Gq -> GGq 1.11E+01 48.471 Gq -> GGq 1.05

Gq -> qqq 5.72E-01 2.621 Gq -> qqq 6.07E-01 2.641 Gq -> qqq 1.06

qq -> GGG 5.50E-02 0.252 qq -> GGG 7.61E-02 0.331 qq -> GGG 1.38

qq -> Gqq 7.14E+00 32.750 qq -> Gqq 7.20E+00 31.341 qq -> Gqq 1.01

total 2.18E+01 99.994 total 2.30E+01 99.998 total 1.05

ST>4.7 TeV

channel xsec (%) channel xsec (%)

GG -> GGG 4.25E-04 2.792 GG -> GGG 1.99E-03 7.406 GG -> GGG 4.68

GG -> Gqq 4.20E-05 0.276 GG -> Gqq 3.00E-04 1.120 GG -> Gqq 7.16

Gq -> GGq 4.99E-03 32.817 Gq -> GGq 1.19E-02 44.452 Gq -> GGq 2.39

Gq -> qqq 2.31E-04 1.521 Gq -> qqq 5.97E-04 2.227 Gq -> qqq 2.58

qq -> GGG 3.85E-05 0.253 qq -> GGG 5.65E-04 2.106 qq -> GGG 14.68

qq -> Gqq 9.48E-03 62.346 qq -> Gqq 1.15E-02 42.700 qq -> Gqq 1.21

total 1.52E-02 100.004 total 2.68E-02 100.011 total 1.76

(SM+OG)/SM

SM SM+OG

(SM+OG)/SM

SM SM+OG

qq becomes important and there are no subprocess with R = 1.

From 2- to 3- jets the qg channel is enhanced.

Ioannis Tsinikos Multijets in the EFT 16 / 19

qq̄ still dominant, but there are no subprocess with R = 1.

From 2- to 3- jets the qg channel is enhanced.
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4-jet production
ST>2 TeV

channel xsec (%) channel xsec (%)

GG -> GGGG 3.93E+00 15.138 GG -> GGGG 4.39E+00 16.113 GG -> GGGG 1.12

GG -> GGqq 6.71E-01 2.585 GG -> GGqq 7.78E-01 2.852 GG -> GGqq 1.16

GG -> qqqq 1.36E-02 0.052 GG -> qqqq 1.83E-02 0.067 GG -> qqqq 1.35

Gq -> GGGq 1.21E+01 46.490 Gq -> GGGq 1.26E+01 46.190 Gq -> GGGq 1.04

Gq -> Gqqq 1.34E+00 5.154 Gq -> Gqqq 1.47E+00 5.375 Gq -> Gqqq 1.10

qq -> GGGG 4.68E-02 0.180 qq -> GGGG 6.72E-02 0.247 qq -> GGGG 1.44

qq -> GGqq 7.53E+00 29.027 qq -> GGqq 7.58E+00 27.820 qq -> GGqq 1.01

qq -> qqqq 3.56E-01 1.373 qq -> qqqq 3.64E-01 1.336 qq -> qqqq 1.02

total 2.59E+01 100.000 total 2.73E+01 100.000 total 1.05

ST>4.7 TeV

channel xsec (%) channel xsec (%)

GG -> GGGG 6.09E-04 3.857 GG -> GGGG 2.21E-03 7.492 GG -> GGGG 3.63

GG -> GGqq 7.52E-05 0.476 GG -> GGqq 4.34E-04 1.471 GG -> GGqq 5.77

GG -> qqqq 1.30E-06 0.008 GG -> qqqq 8.58E-06 0.029 GG -> qqqq 6.62

Gq -> GGGq 5.45E-03 34.530 Gq -> GGGq 1.24E-02 42.057 Gq -> GGGq 2.28

Gq -> Gqqq 4.58E-04 2.900 Gq -> Gqqq 1.38E-03 4.684 Gq -> Gqqq 3.02

qq -> GGGG 3.52E-05 0.223 qq -> GGGG 4.78E-04 1.622 qq -> GGGG 13.60

qq -> GGqq 8.89E-03 56.350 qq -> GGqq 1.21E-02 40.870 qq -> GGqq 1.36

qq -> qqqq 2.62E-04 1.660 qq -> qqqq 5.23E-04 1.775 qq -> qqqq 2.00

total 1.58E-02 100.005 total 2.95E-02 99.999 total 1.87

(SM+OG)/SM

(SM+OG)/SM

SM SM+OG

SM SM+OG

Further increase of R for high ST .

Ioannis Tsinikos Multijets in the EFT 17 / 19Further increase of R for high ST .
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4-b production
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4-b production

ST>2 TeV

channel xsec (%) channel xsec (%)

GG -> qqqq 5.81E-04 85.724 GG -> qqqq 7.12E-04 87.513 GG -> qqqq 1.23

qq -> qqqq 9.67E-05 14.276 qq -> qqqq 1.02E-04 12.483 qq -> qqqq 1.05

total 6.77E-04 100.000 total 8.14E-04 99.995 total 1.20

ST>4.7 TeV

channel xsec (%) channel xsec (%)

GG -> qqqq 6.92E-08 45.652 GG -> qqqq 4.28E-07 74.789 GG -> qqqq 6.18

qq -> qqqq 8.24E-08 54.348 qq -> qqqq 1.44E-07 25.221 qq -> qqqq 1.75

total 1.52E-07 100.000 total 5.73E-07 100.010 total 3.77

(SM+OG)/SM

(SM+OG)/SM

SM SM+OG

SM SM+OG

No qg channel.

gg channel is large even at the tail with a large R (from 2-jet R(gg ! gg) ⇡ 5).

4-q channel is even more sensitive to O
(6)
G , but it is cross section suppressed.

Increase of the O
(6)
G e↵ect at the high jet multiplicities (= The large R channels

become luminosity favoured.
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No qg channel.

gg channel is large even at the tail with a large R (from 2-jet R(gg → gg) ≈ 5).

4-q channel is even more sensitive to O
(6)
G , but it is cross section suppressed.

Increase of the O
(6)
G effect at the high jet multiplicities ⇐= The large R channels

become luminosity favoured.
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The CP-odd triple-gluon operator

Operator O
(6)

G̃

gs fabcε
µνρσG a

ρσG
b
µλG

cλ
ν , Gρνa = ∂ρGνa − ∂νGρa − igs fabcG

bρG cν

Contributes to neutron EDM: strong limits. [arXiv:1303.3156]

Subject to large uncertainties, 1-O
(6)
i fit.
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Independent direct limits from colliders.

Ioannis Tsinikos Multijets in the EFT 19 / 20



Outline Introduction EFT validity Jet multiplicity Subprocesses Further steps Conclusions Additional slides

The CP-odd triple-gluon operator

Operator O
(6)

G̃

gs fabcε
µνρσG a

ρσG
b
µλG

cλ
ν , Gρνa = ∂ρGνa − ∂νGρa − igs fabcG

bρG cν

Contributes to neutron EDM: strong limits. [arXiv:1303.3156]

Subject to large uncertainties, 1-O
(6)
i fit.

2000 2500 3000 3500 4000 4500 5000

 [p
b/

bi
n]

T
/d

S
σd

3−10

2−10

1−10

1

10

 jjjj, LHC13→pp 

=5 TeV
(6)
GC/Λ/2, 

T
=HµLO, 

SMσ

(2)σ2+C(1)σ+CSMσ

 [GeV]TS
2000 2500 3000 3500 4000 4500 5000

S
M

σ/σ

1
1.5

2
2.5 2000 2500 3000 3500 4000 4500 5000

 [p
b/

bi
n]

T
/d

S
σd

3−10

2−10

1−10

1

10

 jjjj, LHC13→pp 

=5 TeV
(6)

G
~C/Λ/2, 

T
=HµLO, 

SMσ

(2)σ2+C(1)σ+CSMσ

 [GeV]TS
2000 2500 3000 3500 4000 4500 5000

S
M

σ/σ 2
4

6

Independent direct limits from colliders.

Ioannis Tsinikos Multijets in the EFT 19 / 20



Outline Introduction EFT validity Jet multiplicity Subprocesses Further steps Conclusions Additional slides

Conclusions- Further research

The ST variable in multijet processes can be used to constrain the O
(6)
G

operator. [see also the arXiv:1611.00767]

Strong limit in high jet multiplicity within the EFT validity region.

The effect of the O
(6)
G is a combination of the different channel

luminosities and the energy dependence of different O
(6)
G parts.

Larger enhancement in 4-b but this process is cross-section suppressed.

Include the CP-odd OG̃ ∼ G̃GG operator.

Use this result to put indirect bounds to heavy states (stops, vector-like
quarks), appearing in loop corrections of the gluonic vertices.

...Thank you
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Operators

O
(6)
tG = ytgs (Q̄σµνTAt)ϕ̃GA

µν

O
(6)
φG = gs (φ†φ)G a

µνG
aµν

O
(6)
ϕQ,3 = i

1

2
y 2

t

(
ϕ†
←→
D I
µϕ
)

(Q̄γµτ IQ)

O
(6)
ϕQ,1 = i

1

2
y 2

t

(
ϕ†
←→
D µϕ

)
(Q̄γµQ)

O
(6)
ϕt = i

1

2
y 2

t

(
ϕ†
←→
D µϕ

)
(t̄γµt)

O
(6)
tW = ytgw (Q̄σµντ I t)ϕ̃W I

µν

O
(6)
tB = ytgY (Q̄σµνt)ϕ̃Bµν

O
(6)
4q =

∑
q,q′

(q̄Lγ
µqL)(q̄′Lγ

µq′L)
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Angles

Cross =⇒ ST ≈ M

(largest ratio R)

45° =⇒ ST < M

Forward =⇒ ST << M
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3-jet production, M < 5 TeV

4-jet and 3-jet ST distribution with and without the M < 5 TeV cut

Ecm for 4-jet, 3-jet and dijet
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tt̄ production

Enhance the GG → qq channel (R = 11.42)

ST>2 TeV

channel xsec (%) channel xsec (%)

GG -> ttx 1.08E-02 50.730 GG -> ttx 1.56E-02 59.775 GG -> ttx 1.44

qq -> ttx 1.05E-02 49.278 qq -> ttx 1.05E-02 40.233 qq -> ttx 1.00

total 2.13E-02 100.008 total 2.61E-02 100.008 total 1.22

ST>4.7 TeV

channel xsec (%) channel xsec (%)

GG -> ttx 1.86E-06 15.891 GG -> ttx 2.15E-05 68.627 GG -> ttx 11.58

qq -> ttx 9.82E-06 84.106 qq -> ttx 9.83E-06 31.385 qq -> ttx 1.00

total 1.17E-05 99.998 total 3.13E-05 100.011 total 2.68

SM SM+OG

(SM+OG)/SM

SM SM+OG

(SM+OG)/SM

No qg channel

Probes the gg → qq with the largest R, but there is also the qq → qq with R = 1

Smaller effect w.r.t. tt̄j
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tt̄j production

Enhance the GG → qqG channel (R = 7.16)

ST>2 TeV

channel xsec (%) channel xsec (%)

GG -> ttxG 4.46E-02 37.056 GG -> ttxG 5.83E-02 40.556 GG -> ttxG 1.31

Gq -> ttxq 6.33E-02 52.532 Gq -> ttxq 7.25E-02 50.456 Gq -> ttxq 1.15

qq -> ttxG 1.25E-02 10.412 qq -> ttxG 1.29E-02 8.988 qq -> ttxG 1.03

total 1.20E-01 99.999 total 1.44E-01 100.000 total 1.19

ST>4.7 TeV

channel xsec (%) channel xsec (%)

GG -> ttxG 9.82E-06 14.185 GG -> ttxG 7.70E-05 32.620 GG -> ttxG 7.85

Gq -> ttxq 4.26E-05 61.532 Gq -> ttxq 1.34E-04 56.703 Gq -> ttxq 3.14

qq -> ttxG 1.68E-05 24.272 qq -> ttxG 2.52E-05 10.676 qq -> ttxG 1.50

total 6.92E-05 99.989 total 2.36E-04 99.998 total 3.41

SM SM+OG

(SM+OG)/SM

SM SM+OG

(SM+OG)/SM

Large qg and gg contribution with large R’s

No effect from O
(6)
tG operator (O

(6)
tG = ytgs (Q̄σµνTAt)ϕ̃GA

µν)
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bb̄j production

ST>2 TeV

channel xsec (%) channel xsec (%)

GG -> bbxG 1.85E-01 35.479 GG -> bbxG 2.25E-01 38.464 GG -> bbxG 1.22

Gq -> bbxq 3.05E-01 58.430 Gq -> bbxq 3.27E-01 55.792 Gq -> bbxq 1.07

qq -> bbxG 3.18E-02 6.094 qq -> bbxG 3.37E-02 5.748 qq -> bbxG 1.06

total 5.22E-01 100.003 total 5.86E-01 100.005 total 1.12

ST>4.7 TeV

channel xsec (%) channel xsec (%)

GG -> bbxG 1.35E-05 9.039 GG -> bbxG 1.23E-04 27.723 GG -> bbxG 9.06

Gq -> bbxq 1.04E-04 69.563 Gq -> bbxq 2.69E-04 60.709 Gq -> bbxq 2.58

qq -> bbxG 3.21E-05 21.423 qq -> bbxG 5.12E-05 11.568 qq -> bbxG 1.60

total 1.50E-04 100.025 total 4.43E-04 100.000 total 2.95

(SM+OG)/SM

SM SM+OG

(SM+OG)/SM

SM SM+OG

Smaller effect w.r.t. tt̄j
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4-jet production O
(6)

G̃

ST>2 TeV

channel xsec (%) channel xsec (%)

GG -> GGGG 3.93E+00 15.138 GG -> GGGG 5.88E+00 17.993 GG -> GGGG 1.50

GG -> GGqq 6.71E-01 2.585 GG -> GGqq 1.16E+00 3.534 GG -> GGqq 1.72

GG -> qqqq 1.36E-02 0.052 GG -> qqqq 2.74E-02 0.084 GG -> qqqq 2.02

Gq -> GGGq 1.21E+01 46.490 Gq -> GGGq 1.49E+01 45.533 Gq -> GGGq 1.23

Gq -> Gqqq 1.34E+00 5.154 Gq -> Gqqq 1.82E+00 5.575 Gq -> Gqqq 1.36

qq -> GGGG 4.68E-02 0.180 qq -> GGGG 1.41E-01 0.431 qq -> GGGG 3.01

qq -> GGqq 7.53E+00 29.027 qq -> GGqq 8.36E+00 25.579 qq -> GGqq 1.11

qq -> qqqq 3.56E-01 1.373 qq -> qqqq 4.13E-01 1.263 qq -> qqqq 1.16

total 2.59E+01 100.000 total 3.27E+01 99.993 total 1.26

ST>4.7 TeV

channel xsec (%) channel xsec (%)

GG -> GGGG 6.09E-04 3.857 GG -> GGGG 8.63E-03 10.913 GG -> GGGG 14.18

GG -> GGqq 7.52E-05 0.476 GG -> GGqq 1.79E-03 2.263 GG -> GGqq 23.82

GG -> qqqq 1.30E-06 0.008 GG -> qqqq 3.87E-05 0.049 GG -> qqqq 29.85

Gq -> GGGq 5.45E-03 34.530 Gq -> GGGq 3.72E-02 47.074 Gq -> GGGq 6.83

Gq -> Gqqq 4.58E-04 2.900 Gq -> Gqqq 4.64E-03 5.872 Gq -> Gqqq 10.15

qq -> GGGG 3.52E-05 0.223 qq -> GGGG 2.08E-03 2.627 qq -> GGGG 59.12

qq -> GGqq 8.89E-03 56.350 qq -> GGqq 2.35E-02 29.651 qq -> GGqq 2.64

qq -> qqqq 2.62E-04 1.660 qq -> qqqq 1.23E-03 1.549 qq -> qqqq 4.68

total 1.58E-02 100.005 total 7.91E-02 99.999 total 5.01

SM SM+OG

(SM+OG)/SM

SM SM+OG

(SM+OG)/SM
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