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ABSTRACT: The robustness of translating effective operator constraints to BSM theories crucially
depends on the mass and coupling of BSM particles. This is especially relevant for hadron colliders
where the partonic centre of mass energy is around the typical energy scales of natural BSM theories.
The caveats in applying the limits are discussed using Z’ and G’ models, illustrating the effects
for a large class of models. This analysis shows that the applicability of effective operators mainly
depends on the ratio of the transfer energy in the events and the mass scale of the full theory.
Moreover, based on these results a method is developed to recast existing experimental limits on
four-quark effective operators to the full theory parameter space.
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1 Introduction

The first runs of the LHC at 7 and 8 TeV have not provided us with any signal for new physics
beyond the Standard Model. However, these runs have proven to be very effective in excluding
regions in parameter space of many BSM theories using direct searches. On the other hand, model
independent methods like effective operators have been used to set limits on the same parameter
spaces. For example, fermionic contact interactions have been probed in dijet events by ATLAS [1—
3] and CMS [4-7]. For evaluating the full exclusion potential from LHC, limits from direct searches
and effective operator bounds need to be combined for BSM theories. The translation of effective
operator limits to parameter regions of BSM theories is the subject of this study.

The experimental analyses consider a set of effective operators and set upper limits on the size of
their coefficients, parametrising the deviation from the Standard Model. Typically the coefficient
is written as 2 /A? for dimension six operators and a lower bound on A is quoted. BSM theories
generically have heavy particles that generate effective operators of the types constrained by ex-
periment when integrated out [8, 9]. To translate the bound on the effective operator to the full
theory — the BSM theory — two ingredients are necessary: the analytic expression for the effective
operator in terms of full theory parameters and the domain of validity for the effective theory. Then
exclusion limits for the parameter space of the full theory can be derived from the experimental
results.

As a benchmark for this analysis the most explored channel for contact interactions at the LHC
is used: the dijet angular analysis constraining four-quark operators of dimension six. Beyond the
Standard Model theories that can be constrained by limits on four-quark operators are typically
strongly coupled models. These models contain particles similar to the heavy partners of the Z
boson or the gluon, known as Z’ or G’ bosons. A non-exhaustive list contains colour octets from
compositeness [10-12], flavoured Z’ models [13] and explanations for the top forward backward
asymmetry [14] using axigluons [15]. In appendix A a toy model is constructed based on Z’ or G’
models. The relevant parameters are the mass of the particle and the coupling strength to quarks.
For these toy models the width of the Z' and G’ depends solely on the mass and the coupling
strength, therefore not introducing any additional parameters. However, for other BSM theories
this may be different and the width must be considered independently.

The translation of effective operator bounds to BSM theories is an important method to constrain
full theory parameter spaces. In this study the errors made in this translation are quantified and
are connected with the kinematic parameters of the experiment and the theoretical model. An
important quantity is the effective theory expansion parameter which is the ratio of the transfer
energy in the events and the mass scale of the full theory. The non-negligible effect of this expansion
parameter on the exclusion regions in the full theory parameter space is scrutinised. Conclusively,
it is shown that these effects are crucial and should be taken into account.

Outline

This work is based on a toy model which is described in appendix A and the relevant cross sections
calculated in appendix B. These details are not needed for a basic understanding of the work, but
are added to ease understanding and usage of the results. First some general aspects of effective
operators at hadron colliders are discussed in section 2. Then in section 3 the existing experimental
analyses for constraining four-quark effective operators are reviewed and applied to the toy models.
For these analyses the exclusion potential is compared between the full and the effective descriptions



of the toy models in section 4. Finally, in section 5 conclusions are drawn and recommendations
are made for using effective operators at hadron colliders.

2 Effective Operators

In this section effective operators are discussed in general. First hadron colliders are discussed,
identifying which kind of effective operators might be constrained. After that beyond the Standard
Model physics is connected to these operators, justifying a certain class of toy models. Effective
field theories only work at low energies compared to the energy scale of the full theory. The errors
introduced in the effective approach are quantified by an expansion in energy scales, which forms
the basis of the work. This section is then concluded with a first comparison between the full
and effective theory description, when the translation from effective theory limits to the full theory
parameter space is discussed.

2.1 Bounds from Hadron Colliders

For an analysis of constraining effective operators at a hadron collider it is first useful to make
the comparison with lepton colliders. Lepton colliders are generally known for their very precise
measurements and therefore harsh limits on precision observables and effective operators. Precise
measurements and high luminosities lead to strong limits on effective operators compared to the
centre of mass energy of the collider. For example, the limit from LEP for the four-fermion operator
eedd equals 26 TeV [16]. Hadron colliders are very different, first of all composite particles like
protons are being collided and therefore not all and also an unknown amount of the centre of mass
energy of the collider is passed to the partons. These partons — quarks and gluons — then interact
to produce mostly hadronic final states, presenting another source of imprecision. However, what
hadron colliders lack in precision they compensate in centre of mass energy. Hence, also possibly
providing a source for constraining effective operators to high energy scales.

The essential difference when looking at effective field theories in both types of colliders is the
difference in energy scales between the limits set on the operators and the processes involved at the
collider. For a lepton collider nowadays the centre of mass energy is typically around 250 GeV and
the limits reach up to more than 10 TeV. The energy scale of the full theory behind the effective
theory must roughly be in the same ballpark as the limits on the effective theory. The reasoning
being that full theories operating at lower energy scales would have been excluded by these limits.
Therefore, we know that the effective theory provides a good description of the physics at centre of
mass energy at a lepton collider. For a hadron collider the typical centre of mass energies are around
10 TeV, resulting in partonic centre of mass energies of 2 to 4 TeV. The typical limits set by the
LHC — the most energetic hadron collider — are around 10 TeV. We see that the scale separation
is much lower!' and the validity of the effective description should be subject to investigation.

In hadron colliders usually protons or antiprotons are collided and these collisions produce a range of
Standard Model particles. However, the range of particles is severely dominated by QCD production
and therefore jet final states, which are hadronised light quarks or gluons. Therefore, if we are
looking into what kind of effective operators can be constrained by hadron colliders, the first that
come to mind are those involving quarks or gluons. Indeed, from the dimension six operators that

IThis issue is even more urgent if we take into account that the typical scales of BSM physics range
from 1 to 5 TeV.



parametrise BSM physics [8, 9], the most investigated effective operators at the LHC are four-quark
operators of the type

%C (@7"qr) (@7 ar) - (2.1)

In here ¢ = +1 accounts for destructive and constructive interference, respectively, and A is the
energy scale of the effective theory. Up to now the LHC has not set any bounds on effective
operators involving two or more gluons and therefore the scope of this article is limited to four-
quark operators. These operators form a direct contribution to the dijet cross section pp — jj at
hadron colliders. Then if one measures distributions of dijet cross sections at hadron colliders these
can be compared with theoretical predictions for the background (QCD) and the signal (effective
operators). The comparison, in absence of any deviations from the background, then leads to
exclusion limits on coefficients of the effective operators.

The experimental collaborations ATLAS [1-3] and CMS [4-7] have been pursuing this strategy and
have set limits on the effective operators like the one in equation (2.1). Currently, the highest limits
are set by CMS from analysing the pr spectrum of the leading jet [7]. These limits are

AT =99 TeV and A~ = 14.3 TeV (2.2)

for destructive and constructive interference, respectively. Although not relevant for this work, the
experimental collaborations also constrain effective operators using monojet plus missing transverse
energy final states [17, 18]. These analyses constrain operators consisting of two quarks and two
invisible particles, and are relevant for dark matter searches. The validity of the effective description
for these experimental results has been discussed in a series of papers [19-21] and has been compared
to specific models in [22, 23]. Moreover, in the Higgs sector similar analyses have been performed
in references [24, 25].

2.2 BSM Physics

In general, new physics beyond the Standard Model produces quarks rather than gluons, so in that
sense the four-quark operator already matches topologies in BSM physics. Generically, strongly
coupled theories are susceptible to effective operator limits, due to their relatively large couplings.
High values for the couplings of new resonances to quarks automatically generate large effective
operators coefficients. Moreover, the parameter space of these models can not be fully probed by
direct resonance searches. A fact caused by the large couplings of these particles, making them
very wide and reducing the effectiveness of resonance searches. Therefore, effective operators are a
vital method to constrain strongly coupled BSM models.

For example, in composite Higgs models with partial compositeness, Standard Model quarks are a
mixture of elementary and composite quarks. Some flavour implementations allow for large mixing
with the composite sector and then the SM quarks have large couplings to a heavy partner of the
gluon — in these models called the colour octet [10-12]. The colour octet — being sufficiently heavy
— can be integrated out to obtain a four-quark effective operator. Analogously, models explaining
the Standard Model flavour using Z’ bosons lead to the same four-quark effective operator [13].
Another example is the introduction of an axigluon to explain the top forward-backward asymmetry
[15]. This model predicts a new resonance which when integrated out produces the four-quark
operator, as well.

In summary, typically strongly coupled BSM theories predict bosonic resonances with couplings
to Standard Model quarks. These resonances are in most cases heavy copies of the electroweak



gauge bosons or the gluon. For that purpose two toy models are introduced: a Z’ boson which is
a heavy partner of the Z boson and a G’ boson which is the gluon’s partner. Both partners couple
universally to the Standard Model quarks governed by a single coupling constant?. This coupling
constant g and the mass m are the fundamental parameters of the model, the details for both toy
models can be found in appendix A. The coefficients of the effective operators corresponding to
the full theory are obtained in section A.3 and also depend on m and g. Then when translating
the experimental limits on effective operators to the full theory it is most conveniently done in the
mass versus coupling plane. This also allows for a direct interpretation in many BSM models. This
study is focussed on the validity of the EFT description and not in particular on constraining Z’
and G’ bosons, see references [26, 27] for constraints from LHC on these types of models.

2.3 EFT Expansion

An effective field theory is the low-energy description of some full theory with heavy particles.
The effective description is in general valid if it describes processes involving energies much smaller
than the energy scale of the full theory. The energy scale of the full theory is determined by the
masses of the particles in that theory. The higher dimensional operators in the effective theory
are obtained if heavy particles in the full theory are integrated out. This can be done through
diagrammatic matching and a detailed example is given in appendix A.3. Generically in the full
theory the propagators of the massive particles are expanded around zero transfer momenta ¢ = 0
to obtain the EFT expansion

2 2 2 4
g g q q
PomE R [1+m2+0<m4)]' (23)

A coupling ¢ has been introduced and the particle in the full theory has mass m. It is shown in
appendix A.3 and specifically in equation (A.18) that the width of the particle does not play a role
if the transfer energy ¢ goes to zero. The first term in the expansion will be the coefficient in front
of a dimension six operator and the other terms in the expansion will be the coefficients for higher
dimensional operators involving derivatives.

In the EFT expansion from equation (2.3) ¢? is the energy transferred by the heavy particle in the
diagram. For four-quark operators that can be in all channels, so ¢> = 4, t or @. Usually the EFT
description is considered valid or applicable if ¢2 is smaller than m?2, since then a converging series
is ensured. However, experiments only probe the leading order operator and are neglecting terms of
the order of ¢/m?. This introduces large errors when translating back from effective to full theory
if the energy at which the experiments operate are close to the mass scale of the full theory.

The experimental results, in the absence of new physics, constrain dimension six operators like
in equation (2.1). Comparing these limits to the coefficient in front of the effective operator will

constrain the full theory parameter space
2
g 27
W < F. (2.4)

A graphical representation of this limit is given in figure 1 and the sign indicating interference
effects has been absorbed in A. It is to be noted that the naive EFT limit constrains a region above

2Universal couplings to Standard Model quarks is of course not a general feature of BSM physics and
depends heavily on the flavour implementation. However, for the purpose of determining the validity of the
effective description simplicity prevails over completeness.
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Figure 1. Estimation of the exclusion potential of effective operators in the full theory mass versus
coupling parameter space. The effective theory description naively breaks down in the part of
parameter space covered by the dashed grey region, where m? < <q2>. In reality the error of the
effective description is given by the light blue area which scales as <q2> /m?2. This figure is just an
indication of the effects and actual results are derived in later sections.

a straight diagonal line in the mass versus coupling plane. Naively the effective description is valid
if m? > <q2>, however, more realistically the EFT limit will have an error which scales as <q2> /m?.
The realistic exclusion can only be obtained by performing the actual analysis and depends on
whether the full theory is over or underestimating the cross section relevant for the analysis.

For hadron colliders, however, due to the composite nature of the proton the transfer energy is not
an exactly known quantity and is not the same for all events used in the experimental analysis. The
transfer energy depends on the kinematic requirements of the analysis, see [19-21] for a detailed
discussion. Therefore, in an experimental context the average transfer energy should be used as a
measure for the expansion parameter. This average is an analysis dependent quantity and further
discussion is postponed until section 4.1. To allow for a good estimation of the validity of the
effective description it is recommendable that experimental analyses quote the average transfer
energies in the events used for setting limits on effective operators?.

Beyond the Standard Model theories may predict Z’ or G’ like particles which have additional
couplings beyond the usual couplings to SM quarks. These additional couplings may be to other
heavy particles and increase the width of the Z’ or G’ like particle. However, these couplings will not
affect the production cross section of the dijet final state considered in the experimental analyses.
Hence, the effect of these couplings is solely through the additional width of the particle, which can
be parametrised as I'ggy. Then, if we look at the scaling of I'ggy with the transferred momentum

3A similar recommendation has been proposed in reference [24] where running and mixing effects for
effective operators have been discussed.



q? it is expected to have the same scaling as in equation (A.12) with m, replaced by the mass of
the heavy particle decayed into. From this it immediately follows that also the effect of additional
widths can be neglected when looking at the first term of the effective operator expansion, as ¢
goes to zero.

3 Experimental Analyses

In this section the analyses for obtaining limits on the four-quark effective operators are discussed.
Both the full and the corresponding effective theory are analysed according to the ATLAS and CMS
prescriptions in order to find out the differences in exclusion potential. Therefore, the experimental
analyses are discussed first and then the theoretical application to the limit setting is reviewed
in the next section. The understanding of the experimental analyses begins with the calculation
of differential dijet cross sections for QCD, the full theory and the effective theory. These cross
sections are calculated differentially with respect to ¢ in appendix B and we base this analysis on

do
dt

(é, t, 4, a) , (3.1)

where « denotes the collection of the relevant theory parameters for either QCD, the full theory
or the effective theory. The results in appendix B are obtained at leading order in «;, however,
next-to-leading order QCD corrections are important as well [28, 29]. Unfortunately, inclusion of
these effects is beyond the scope of this work, since the focus is on the validity of the effective field
theory expansion. In the experimental setting, the partonic cross sections need to be transformed
to realistic cross sections using parton density functions. Moreover, to apply kinematic cuts, the
cross sections should be differential in certain kinematic variables. These steps are discussed in the
rest of this section for the different experimental analyses.

3.1 Differential Cross Sections

For four-quark effective operators there have been two types of analyses to date at the LHC: dijet
angular distributions [1-6] and leading jet pr spectrum [7]. The first type and the necessary
kinematics are discussed in this section. However, the first step from partonic cross sections to an
actual analysis in a hadron collider is folding with parton distribution functions. For the partonic
cross sections differential in ¢ the identification

d3c do

——(pp — 34) = fi(x To)— (12 — 34 3.2
o = 31) = i) folea) T (12 31) (32
gives the full cross section. In this formula 12 — 34 denotes the partonic process and x1, xo are the
momentum fractions for partons 1 and 2. However, this is still differential in ¢ and not in variables
used in experiments like the rapidity of the dijet system Y = %(yd + y4) and the invariant mass of
the dijet system mﬁijet = §. The momentum fractions in terms of these variables are

x) = \/;ey T = \/gey, (3.3)
s s

where s is the centre of mass energy of the pp collider. From this the differential cross section in
the variable defined before can be deduced as

dPo do 1
- = ——. 3.4
dY dadi $1f1($1)$2f2($2) di s ( )



The integration limits on Y and $§ are determined by the individual experimental analysis and the
variable ¢ might still be converted to an experimental observable. Note that the limits on Y are
also influenced by the limits on the momenta fraction 0 < x < 1, which give

1 S

By construction the partonic centre of mass energy is limited by the collider’s centre of mass energy
§ < s, providing an upper limit for the § integration.

3.2 Angular Distribution

In the analyses based on the angular distribution, events are selected by cuts on the total rapidity
of the system Y and are grouped in invariant mass § bins. This can be reconstructed by integrating
equation (3.4) over these kinematic variables. The remaining data is then binned in the variable

y =elvsval = _ <1 + ‘Z) , (3.6)

which represents the angular distribution of the dijet system. It is therefore necessary to obtain
the cross section differential in y rather than ¢. Calculating the Jacobian from equation (3.6) —

e do — dodt _ do 2
finding 2% = % - = 955

— and inserting it in to equation (3.4) one obtains
do

do_ gmax Ymax
e dA dY T Aot
dx /3 S/Y £U1f1(1“1)$2f2(332) di 82

min min

(3.7)

Both angular analyses [3, 6] set the integration limits to |Y| < 1.1. Then the data is binned in

§, where the most significant bin in the CMS analysis is § > 3 TeV. This analysis then looks for
differences between QCD and the effective operator in the %g—; distribution. This distribution is
shown in figure 2 for QCD, the toy models and their corresponding effective theories.
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Figure 2. Reconstruction of the experimental angular distributions for QCD, for the Z’ model
(left) and the G’ model (right) with parameters myz = mg = 2 TeV and gz = gor = 5. This
distribution has been obtained for the centre of mass energy integration from /3, = 3 TeV
t0 vV3max = b TeV. The bands around the different distributions represent the combination of

statistical and systematic errors, more details are given in section 3.4.

Error Estimation
For the production of an actual 142

~ 9 distribution, the x range is binned and the bin content is
X



calculated using

Xmax

ldo
o dx

_ N(Xmin < X < Xmax)

. 3.8
Ntotal ( )

Xmin
Since each of the bins is a ratio of number of events, it is straightforward to obtain the error from
the systematic errors on the cross section and the statistical error on the number of events. The
error on the angular distribution is then readily calculated as

0 <i§;‘() = \/((SN (Xmin <x < Xmax))2 + (6Ntotal)2~ (39)

3.3 F, Variable

The ATLAS analyses use a single parameter which measures the isotropy of the dijet events. This

is defined as
Nccntral

F,=—
X 5
Ntotal

(3.10)
where Neentral 18 the number of events in the central region with 1 < X < Xcentral and Niotar is the
total number of events with 1 < x < Xmax. This parameter can depend on §, for that purpose we
explicitly write the §pin and Spax in equation (3.7) and define the integral over y as

R ~ Xint d(f R R
(o} (Xinty Smins Smax) == dxdi (SmiIu Smax) . (311)
1 X

The total cross section thus depends on three integration boundaries, from which we can formally
define F), as

o (Xcentraly Smin Smax)

g (Xmaxa <§mina <§max) .

Fy (Eritmy Seroe )| = (3.12)

In the most recent ATLAS analysis [3] the event selection criteria |Y]| < 1.1 and § > 800 GeV are
used. The boundaries for the x limits are Xcentral = 3.32 and Xmax = 30.0, the F, parameter is
then binned in §. An example distribution is shown in figure 3 for QCD, the toy models and their
corresponding effective theories.
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Figure 3. Reconstruction of the experimental F) distributions for QCD, for the Z’ model (left)
and the G' model (right) with parameters mz = mg = 2 TeV and gz» = go» = 5. The bands
around the different distributions represent the combination of statistical and systematic errors,

more details are given in section 3.4.



Error Estimation
The statistical error on F), is determined by the number of events in the respective mass bins for
both the central and the total region in x as shown in equation (3.10). Then similarly as for the

Ldo {istribution in equation (3.9) the errors on the number of events propagate as

errors on the
o dx

5FX = \/(5Nccntral)2 + (5Nt0tal)2' (3.13)

3.4 Error Analysis

In the next section the comparison between the background — pure QCD — and a possible signal
is made. For these types of comparisons a detailed account for the different errors affecting the
angular distributions is needed. The distributions discussed in sections 3.2 and 3.3 are dependent on
the number of events in certain bins. The error on that number of events is obtained by propagating
the errors on the number of events using the results from the error estimation paragraphs in the
previous sections. In the following we describe the error on the number of events.

In the theoretical limit setting procedure the data is assumed to equal the background prediction
including the total error on the background coming from statistic and systematic uncertainties. For
the QCD background we consider statistical errors on the number of events to be Poisson distributed.
The systematic errors originate from experimental effects and from theoretical uncertainties. The
systematic uncertainties from experimental effects are described in the respective analyses [3, 6]
and range up to 15% for the highest mass bin in the angular distribution. Theoretical uncertainties
are estimated by varying the renormalisation and factorisation scales by half and twice their values
and this results in errors up to at most 30% for both distributions. A conservative measure for the
total systematic uncertainty for the QCD background is then 35%.

The limit setting for the signal does not involve any statistical errors and purely depends on the
systematic uncertainties from theory calculations. As for the QCD background these uncertainties
are estimated by varying the renormalisation and factorisation scales by half and twice their values.
For the signal, which is for each of the two toy models, the errors are similar to the background
and range up to 30%. The distributions shown in figures 2 and 3 include all the errors discussed in
this section based on events with a centre of mass energy of 7 TeV and using 5 fb™* of integrated
luminosity. Other theoretical errors for the effective description are introduced by renormalisation
group running and mixing effects [24]. However, these effects have been estimated to be of the order
of 10% for differential dijet cross sections and therefore these errors can be safely neglected in our
discussion.

4 Results

The goal of this work is to quantify the difference between the full and effective theory exclusions
limits in the mass versus coupling plane analogous to figure 1. For this an experimental measure
based on the angular analyses needs to be introduced. We already observe that there is a significant
deviation between the full and effective description for both the experimental angular distributions
%g—; and F, presented in figures 2 and 3. We base our theoretical measure on the F) distribution,
similar to the analysis in reference [3], since this observable is a ratio of the number of events
in different angular regions. For the F, distribution many systematic effects cancel, making it a

sensitive probe for deviations from QCD.
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In the ATLAS analysis the F data is binned in the § = m?j variable as in figure 3 and deviations
between experimental data and background predictions are looked for in these bins. The simplest
theoretical measure would be taking a single large bin in § and performing a x? analysis on difference
between the theory predictions for the full and effective theory and the data, see for example
reference [30]. However, this implies less sensitivity to the kinematic details of the distribution and
moreover less similarity with the actual experimental method. Therefore we adopt a more detailed
x? measure based on the full set of bins*. From figure 3 a reasonable binning is determined to be
in V8 ranging from 1200 GeV to 4000 GeV with steps of 400 GeV. Then a x? analysis on the F)
variable with the errors as described in section 3.4 is repeated for different values of the coupling
and mass of the toy model. These results are then transformed into a 95% confidence level exclusion

contour in the mass versus coupling plane, presented in figure 4.

2 .
F, Exclusion

=3

=l

o g

i i I i I i i I
1000 2000 3000 4000 5000 6000 7000 8000
m [GeV]

Figure 4. Comparison of exclusion limits in the mass versus coupling plane between effective
theory (solid lines) and full theory (dashed lines). This region above the lines is excluded at 95%
confidence level based on a binned F) theoretical measure as described in this section.

The results in this section are obtained for a centre of mass energy of 7 TeV and an integrated
luminosity of 5 fb~!. This corresponds roughly to the analysis presented in reference [3] and
therefore allows for a good comparison with limits obtained in there. Even though the operators
corresponding to the Z’ and G’ models from equation (A.13) are different from the ones studied in
reference [3], a rough comparison can be made. The limits for the effective description in figure 4
correspond to the limits on the effective operator coefficients A. These equal

Ay = 13.4 TeV, Acr = 9.3 TeV, (4.1)

and we observe an approximate agreement with the results from the ATLAS analysis. In the near
future the LHC enters the second phase with a 14 TeV centre of mass energy for which this analysis

4The ATLAS analysis uses a different statistical method to look for deviations, namely the tail hunter
method [31]. However, the deviation between this method and a x? analysis is not expected to be significant.
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is relevant as well. The results for LHC14 are provided in appendix D, where further details can
be found. In the next section the deviation between the full and effective theory is quantified and
compared to the effective field theory expansion.

4.1 EFT Expansion Check

In this section the error made by using the effective description for excluding the full theory parame-
ter space is quantified. From a theoretical viewpoint, the error introduced by the effective expansion
is governed by the ratio of the transfer energy and the mass of the particle being integrated out
as presented in equation (2.3). As the series is truncated after the first term, the deviation of the
effective partonic cross section compared with the full cross section is expected to be given roughly
by ¢%/m?. However, for the limit setting the difference in the total cross sections is also influenced
by the parton density functions, the kinematic requirements and the statistical analysis being used.
Therefore, the scaling of the deviation in the exclusion limits of the full theory’s parameter space
is expected to be modified by these effects.

Deviation

An interesting quantity to measure is the deviation between the effective and full description is the
difference between exclusions limits for the coupling constant for a given mass of the full theory
particle. This deviation can be defined as

Ag = Gfull — geff7 (42)
Jeft
and is represented in figure 5 by the solid lines. The figure shows the deviation for the binned F
based exclusion described in the previous section and presented as in figure 4. From the interesting
observation that the deviation scales to good approximation as 1/m?2, it is conjectured that Ag can
be fitted to the function
02

)
m2

Ag ~ (4.3)
This function with a single free parameter C' is then fitted to the actual Ag in figure 5 and is
represented by the dashed lines. For the binned F), based exclusions the free parameter equals

C(Z')=131TeV, C(G')=1.40TeV. (4.4)

The difference between the Z’ and G’ models is small, which might indicate that the coefficient C
is indeed mainly determined by the effects of the parton densities, the kinematics in the analysis
and the statistical method.

Average Transfer Energy

In section 2.3 the expansion around the energy transfer was introduced to estimate the validity of
the EFT at parton level. In order to gain more insight in the deviation of the effective expansion,
an estimate for the average energy transfer in the events considered in the analysis is needed. These
averages depend on the kinematic requirements of the angular analyses discussed in the previous
section and we present the average values for all the hatted Mandelstam variables. The expressions

- 12 —
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Figure 5. Deviation of the full theory description with respect to the effective theory for the binned
F, based exclusion. The solid lines show the difference between the full and effective description for
the limits on the coupling constants given in equation (4.2) as a function of the mass. The dashed
lines show the fitted function in equation (4.3) using the fitted result for C.

read

1 Smax Xmax d2
(3) = / di / dx §—2
Ttot J3min Xmin dsdx

Smax Xmax B 2
() = 1 / ds / dy —5 @0
Otot J3

wn LT X d3dX
1 Smax Xmax _ a2 d2
)= / ds / gy —X 470 (4.5)
Otot J3
with the normalisation factor oot defined as

X1+ x dédy’
Smax Xmax dZO'
Otot = / d§/ dx——. (4.6)
3 X dsdx

min min

min min

The theoretical averages for an experimental analysis can then be obtained by integrating over the
ranges given in the analysis for § and x. For the binned F, based theoretical measure the results
are depicted in table 1 for both the total and the central region in x.

The experimental collaborations can determine each of the average transfer energies by using the
kinematic information on an event by event basis. For each event the kinematic variables § and y
are known from measurements on the dijet system. Then, with the use of equation (3.6) and the
sum of Mandelstam variables § + ¢ + @ = 0 (for vanishing quark masses) the quantities 4,  and @
can be determined for each event. Finally, averaging over all events leads to the determination of
the average transfer energies in the experiment.

The detailed knowledge of the average transfer energies in the events allows for the observation
that the concept of a sharp cut-off of the effective theory expansion at <q2> = m? is not the most
sensible approach. Even at masses above this cut-off, where the effective description is generally
considered valid [24, 30, 32], from figure 5 we observe deviations of more than 25% in the bound
on the coupling constant. Therefore, it is suggested that errors introduced when employing the
effective operator approach are presented in combination with the resulting bounds. Alternatively,
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region | \/[(¢®)] | QCD | Full Z' Eff 7' | Full G’ Eff ¢’

total | /[(8)] | 1.43 | 145 147 | 144 145
total | /|()] | 043 | 0.46 049 | 045 045
total | /|(@)] | 1.36 | 1.37  1.38 | 1.37  1.37
central | /[(3)] | 143 | 1.50  1.58 | 146  1.49
central | /]({H)] | 0.82 | 0.88 093 | 085  0.87
central (a)| | 117 | 1.22  1.28 | 1.19  1.21

Table 1. Average transfer energies in TeV, which are the hatted Mandelstam variables for both

the total region with x < Xxmax and the central region with x < Xcentral- Presented are the absolute

values of the Mandelstam variables, however, they are constrained to § > 0 and ¢, % < 0. The values
s

correspond to the model parameters mz = mg =2 TeV and gz = go» = 5.

for special classes of BSM states a rescaling procedure to recast the existing experimental effective
operator limits is described in the next section.

4.2 Limit Recast

The ultimate goal of the quantification of the deviation is to re-analyse existing limits from effective
operators. The full theory effects could be included by performing a rescaling based on the fitted
result for the deviation in equation (4.3). These results have been obtained for Z’ and G’ toy models
and could be applied to similar models as well. This would then lead to a more reliable exclusion
limit in the mass versus coupling plane of these models, which is crucial for scrutinising a model’s
parameter space. In the previous section the deviation was quantified for the ATLAS analysis in
reference [3]. In appendix C we perform a recast for a colour octet considered in [12], which has
been excluded using these ATLAS limits on four-quark effective operators. This example illustrates
how considering the full theory effects leads to more reliable exclusion limits.

Consequently, experiments are urged to apply their angular dijet analyses to full models — like the
7' and G’ which cover a large class of BSM models — as well. Thereby allowing for a trustworthy
quantification of the deviation between the full and effective description, which can then be applied
to similar BSM models.

5 Conclusions

The interpretation of effective operator limits from hadron colliders for beyond the Standard Model
theories with energy scales around the TeV scale is a delicate matter. It is argued that effective
operator limits for BSM theories at and around the TeV scale should be more carefully interpreted
in the mass versus coupling plane. In this work the pitfalls are identified and methods to reliably
interpret the experimental limits are described.

For a correct interpretation of effective operator limits at the Large Hadron Collider it is necessary
that experimental collaborations provide information on the average transfer energies in their anal-
yses. In section 4.1 a procedure which achieves this is outlined for the existing angular analyses.
Furthermore, the collaborations are invited to apply the limit setting procedure to generic models
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like the Z’ and G’ as well. This allows for more accurate limit setting in the mass versus coupling
plane for specific BSM models with similarities to these models. From these results it is deduced
that the concept of a sharp mass threshold above which the effective description is valid is not a
sensible approach, rather a continuous deviation from the effective limit is observed.

The reinterpretation of the effective operator limits in the full theory can be obtained through a
rescaling procedure based on the quantified deviation in section 4.1. The deviation scales as the
inverse square of the mass of the BSM particle considered, and this can be fit using the experimental
analyses for toy models. The observation that the deviation is not very model dependent implies
that this rescaling procedure can be used for a plethora of BSM particles within a reasonable
accuracy. In conclusion, a method has been presented which allows for a more reliable scrutinising
of BSM parameter spaces while using effective operator limits.
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A Toy Model

The toy model should be as simple as possible while still reproducing the interesting parts of realistic
BSM models. Based on Z’ models we can construct a single boson which couples uniformly to
quarks, also known as the hadronic Z’. Equivalently also a partner for the gluon can be constructed,
denoted as G’. These spin-one bosons will be used and their interactions with the Standard Model
quarks are governed by the Lagrangians

Ly C—myZ"Z, + gz 701505 Z),
Lo C —mQG/ G/(LHGZL + 9¢/ (jf}/“TZqu G;f (Al)

In here gz and gg are the coupling constants and ¢, the colour indices. For these toy models
the different transformations under gauge groups and the charges of the quarks are not taken into
account. This is not relevant for the analysis in this work, for a comprehensive description discussing
anomalies see [26]. Another relevant property of these particles are their masses which are denoted
as my and mgs respectively. Together with the coupling constants they form the fundamental
parameters of this toy model. The Feynman rule for the Z’gq and G’gq couplings are

G G
W , , 3 ,
z;/\/\/\< =gz i G,AN{< = igey" T} (A.2)
q q

In the rest of the appendix two additional important properties of the toy model are discussed.
First, in the next two sections the width and its effect in the propagator are calculated for both the
Z' and the G’ and secondly in section A.3 the effective operators generated by this toy model are
derived.

A.1 Widths

A relevant property of any particle in detector based experiment is the width, it influences the
detectability in resonance searches. Though, also the width may have an impact on the correctness
of the effective description. For our simple bosons the partial widths for decay into a single ¢q pair

2 2
m 2m

Tz ——a/iz'_k L./m%, —4m2

Z'—qq — OZ m2 Z! q

A

2 2
agr Mgy +2my

are given by

Calculation
The starting point for calculating the width of the decay X — ¢q is the equation
i |ﬁ1,2| dQcm
8r m% 47

Ixqq = |MX—>qzj|2a (A~4)

where for equal quark masses the relevant kinematic variables — assuming incoming momentum k
and outgoing momenta p; and p, — in this process are

2

2 2 2 2
k¥ =mx pi=p3=my

2p1-p2:m§(—2m3 2k3-p1:2k~p2:m§(

. . 1
Ip1] = |p2| = 51/m§( — 4m2. (A.5)
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For Z' the amplitude equals
Mz qq = 1920 (p1)V" 0ijvj(p2)eu(k), (A.6)

similarly for G’ with the replacements gz — gg, dij — T}% and €,(k) — €, (k). Then square the
amplitude and average over initial spin and colour to obtain

Mazmwal” = a3 (o + 2252 ) 0 (9, + m# 9, ~ ma)] (A7)

A

The same can be obtained for G’ with a different factor due to the colour structure and averaging

e ey . . . . —|2 —12 . .
over initial colour. This leads to the identification Mg _qq|" = % |Mzqq| with the obvious
7' — G’ replacements. Evaluating the trace

tr | (p, +mg)v" (p, — mq)v”)] = 4 [p'ps + piph — g (m2 +p1-p2)] (A.8)
and using the kinematic expressions from equation (A.5) the averaged matrix element reduces to
—2

Plugging this expression into equation (A.4) leads to final result given in equation (A.3), concluding
the calculation.

A.2 Propagator

For the calculation of the dijet cross sections in appendix B and for the determination of the effective
operator coefficients in the next section a proper definition for the propagator including the width
is needed. In general for Z’ like models large widths are a possibility and the usual Breit-Wigner
propagator using the narrow-width approximation is not valid. Instead we adopt the methods
developed in [34, 35] which imply that for the Z’ case the propagator equals

7759#1/
HZ’ q2 = - . (AIO)
(@) ¢* —m% +ivq*T7/(¢?)

For the case of the dijet cross sections the transfer energy ¢?> may equal either §, £ or @. In this
expression the width depends on the transferred momentum in the propagator and is at leading
order given by

(¢ —4m2)° m3,

(m3, —4m2)* ¢

(A.11)

17 (q2) = Z]-—‘Z’*)qﬂji

The width I'z/_,,4, is given in equation (A.3) in the previous section and the sum is over all six
quark flavours. The results for the G’ model are exactly the same and are obtained using the
replacement Z' — G’. In the rest of the calculations involving the width or the propagator, the
quark masses are neglected, which leads to

L'y (qQ) = 6ay \/L]72 (A.12)
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A.3 Effective Operators

The full theory is given in (A.1) and from this we can obtain an effective theory by integrating out
the Z' or G’ boson. Among other higher-dimensional operators these two are generated

_ _ a 72
£ = ez [q7"0i505)" + cer 37" Ta5]” - (A.13)
The Feynman rule for each of the operators reads
qg; Ok

=2iczy Y b Yy (5ﬂ, (A.14)

g, q

where for the G’ boson d;; is replaced by Tf;. Note that the combination where k and [ are
interchanged also exists. From the calculation below when matching the full theory onto this
effective theory we find that the coefficients equal

Cyzr = _ﬁ7 Cg'r = — gé/ o (A.15)
2m221 2mé/

It is important to note here that the effective operator coefficient does not depend on the width of
the Z’ or G’ particle. The width only enters at non-leading order in the effective expansion of the
transfer energy over the mass of the Z’ or G’ particle.

Calculation

The starting point for the matching are equation (A.1) for the Z’ and G’ bosons and equation
(A.13) for the effective theory. For the matching procedure the process ¢;q; — ¢;q; is used, this
only leaves the t-channel diagram and simplifies the calculation. In the full theory we have for this
amplitude in the case of the Z’

*ig,uu
® —m% + i/ @? Tz (q?)

In the effective theory we find — using the Feynman rule from equation (A.14) — the amplitude

MU= e (ks) [ig27" 0ri) wi(kr) (k) [i92:7" 0ks)uj(k2).  (A.16)

M5 = 2icg iy (ks) [v" O] ws (k1 )t (ka) [v,,005] ws(k2). (A.17)
Expanding the propagator around ¢ = 0 in the full theory gives
1 2 Iz
= —— {1+ e <1+i Z>+~-} (A.18)
@ —m%, +i/? Tz (q?) m%, m, my

Then taking the leading order term from this equation leads to the matched coefficients in equation
(A.15). The calculation for G’ follows exactly the same procedure, however, with the replacements
7' — G’ and 5”- — T;}.

B Dijet Cross Sections

In this appendix the partonic cross sections for dijet production at the LHC are calculated and
tabulated for QCD in combination with the toy model from appendix A. Knowing the exact and
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analytical expressions for all these cross section is essential for the understanding of the experimental
limits and the transition between effective and full theory. Since the toy model involves only quarks
as external particles for the dijet production, interference with QCD amplitudes involving external
gluons is not present. Therefore these processes are presented first and can be directly obtained
from the literature [30, 36, 37], the analytic cross sections differential in £ are

dﬁ( L= 9qi) _dma[ a5 98 +d7
th 94q; 99i)QCD = 9§2 z 7 4 £2
da( . Cwma2fa b 9t2+a?
di 99 = 4i%)QCD = G Tta 1 2
do Ira2 [ ta  sa &t
—(g99 — ==L 13- - -= B.1
7 (99 = 99)acp = 55 K> {LQ] (B.1)

In this work all partonic cross sections will be presented differential in , because of their simple
structure and easy convolution with the parton density functions in the performed analysis. The
relevant production processes only involving external quarks are ¢;q; — ¢;q; and g;q; — ¢;q; where
i # j. These also include interference effects between QCD and the toy model and therefore need
a dedicated calculation. The full details of the calculation are not presented, but a rigorous outline
is given in the paragraphs below. At the end of this appendix in equation (B.8) the resulting cross
sections are presented.

Amplitudes

Now we discuss the production processes g;q; — ¢;¢; and ¢;q; — g;q; where ¢ # j. The first takes
place through ¢- and u-channel exchange, whereas the second is an exact copy of the first with
only t-channel exchange. Hence the calculation is done only for the first process and for the second
process the contributions from t-channel are then extracted. As a starting point, all amplitudes
relevant for the process are listed for QCD, the full theory and the effective theory (both ¢-channel
and u-channel)

R 2
Mg = i% [ (ks)y" T (k)] [ (k) T )]

2
[ ~gs — a — a
Maep = —i7 [ (k)Y Ti5u; (k)] [t (ks )y, Ty (kz)]

N 2
Mtu :iA 9z _ _ U; k- ’7“51"114' k an(k v Seiw (ke
= VT, g ke s )] [ b (ko)

2
o _ 9z - _

M = — i(ka)y" 055w (k k3)vué k
full Zﬁ_mgz, +ivVaTy(a) (@i (ka) " biju (k)] [@r (K3) 0k (k2)]

Mg = 2icg [;(ks)y" 8z (k)] [ (ka) v 0nu (k2)]
Mg = —2icy [ (ka)y" 0550 (k1)) [ (ks)vu 0w (k)] - (B.2)

For the coloured resonance G’ one needs to make the replacements Z’ — G’ and d;; — T} in the
last four amplitudes. The different colour structure affects the interference terms and some of those
may be non-zero for the G’ where they would vanish for the Z’. We allow the effective operator
coefficients ¢z and cgs from equation (A.15) to be complex, furthermore the full theory propagators
also include imaginary parts proportional to the width.
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Definitions
Per process we want to calculate the spin and colour averaged amplitude

-2 1 1 N
(M" =5 > 55D MxM;, (B.3)
colour spin
where M x and My are a combination of any of the amplitudes from equations (B.2).

Some useful traces, where k; and ko are incoming momenta and k3 and k4 are outgoing momenta,
are given by

tr (k37" k17" - tr [Ravukon] =8 (§2 + 7:‘2)
tr [kﬂukﬂ/y} “tr [k?ﬁu}%%f] =38 (‘§2 + 52)
tr (K" Fr v Eayukan) = —85%. (B.4)

Moreover, for this momenta configuration and all initial and final state particles massless we have
the differential cross section

— 2
do |M
dt 167352 (B.5)

Squared Amplitudes

The calculation of squaring the amplitudes from equation (B.2) can be split up in a pre-factor and
four spinor structures (t-channel colour octet, u-channel colour octet, t-channel colour singlet and
u-channel colour singlet)

Mgy = [a(ks )y T (k)] [ () v Tiyus (k2))
Uy = [@i(ka) V" T (k)] [ir (ks )y Tiyua (kz)]
Mfl) = [ (k3)y" i (k)] [tk (ka)yu Ok (k2)]

) )
V0w (k)] [We (ks)vudriui(k2)] - (B.6)

To calculate all contributions from equation (B.2) to the g;q; — ¢;q; process all possible sixteen
contractions from equation (B.3) are needed. These are summarised as

M| =@+ M =5+ )

‘%‘2 —2(8? + %) ’Miyl)r =2(38% + )

MigMy)" = Migp Mg = ;732

MMy = M MG = —§§2

Mig MGy = My Mi) " =0

MigMy™ = MEMiy™ =0

MigMiyy" = My M) = _§§2

MigMiyy" = M MG)" = _S§2' (B.7)

To obtain the final result for the different cross sections one needs to combine the pre-factors from
equation (B.2) with the results from equation (B.7) and insert them into equation (B.5).
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Results

For the ¢;q; — ¢;q; process we then find the following results (with the colour coding ¢-channel,
u-channel, t-u channel interference)

do _Ara? [$24+ 402 2442 242
dilqop 982 £2 02 30
do |pure 27ra22/ 2+ 42 §2 4 12 2 .9 i o ol
T o 82 T 2 \2 212 ([ + A /2 B) AFQ ~ +§5 P(t,U,Z)
dt Ztan S (t mZ’) 4+t /(t) (U mZ/) +u A (1 )
do |int 16masay [ &2 82
= = 9 || 2 i, VA (4, 7!
d@ilz, ~ o { FQ2)+ 3052
dopure ez |? [5% + a2 LB 2
dilz:, 2« 52 §2 3
do |int 8as Re (czr) [é 1
= =— |+ =
dt 1z, 9s t U
dopwre  4ral, 82 + 42 N 82 442 2 2p(i,0,¢)
Fn 7 n N 2 — 35S , U,
dilGt, 982 | (E—m%)2+tT%, ()  (a—mg)?+alg (a) 3
do |int Srasaq [8%+4% . §2 4 {2 1 /352 R
—= = z = t,G/ i, G)— = | = A,G, t <> U
dt lay, 942 { P Q( ) + —Q(a,G") 3\ 7 Qa,G") + { u
do |pure B |CG/|2 §2 +ﬁ2 §2 +£2 2
diler, — 9m 52 52 3
do o SouReleg) (#1447 #47 15 12 (B3
dtlar, — 93 st s 3% 34 '
In the above equations the functions P (&, 9, X) and @ (&, X) are defined as
P(i: g X): (j_mg( (A_m%()—i_\/'%FX(i‘)\/?jFX(g)
s Yy - R 2 R R R 2 " N
(= m3)* +T%@)] [@—m3)* +9T%@)]
2
Q(@,X) = e (B.9)

The results for the ¢;q; — ¢;g; process can be directly read of from equation (B.8) and are given
only by the t-channel contributions. In equation (B.9) the assumption has been made that the
combination v/# I'x (&) is real for all values of &. Equation (A.12) shows that this holds for vanishing
quark masses. This is assumed in the numerical calculations as well, since their effect on the
differential cross sections is negligible.

Numerical Calculations

The analytical results derived in this section have to be transformed from partonic dijet cross
sections to realistic angular distributions at the LHC. This has been done using the Mathematica
package of the MSTW 2008 parton density functions [38]. Furthermore, the integration over angular
variables and the extraction of exclusion limits on parameters has been done using Mathematica.
A notebook containing all partonic cross sections, the interface with the parton densities and the
extraction of limits is available upon request with the author.
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C Recast Example

Here we outline the recasting of existing limits from effective operators for the full theory using the
original effective operator bound and the quantified deviation between the full and effective theory.
As an example the heavy gluon resonance p in a model with right-handed partial compositeness is
used [12]. When the p is integrated out, the effective operator

2

iz ' 8 (01"0) (@0 (€1)

is obtained and was used to constrain the parameter space in the m, versus sin ¢ plane®. With
the use of this example we outline the steps needed to rescale this limit to include the full theory
effects.

sin(9)

0.6,

RH Compositeness

05
----- CMS Original

—— CMS Rescaled
0.4
ATLAS Original

ATLAS Rescaled

0.3

1000 1500 2000 2500 3000 3500 4000
my, [GeV]

Figure 6. Recasting of existing effective operator limits using the quantified deviation between
effective and full theory for the example of partial right-handed compositeness [12]. A detailed
description of the procedure is provided in the text. The dashed lines represent the naive limits
from effective operator constraints, whereas the solid lines show the more reliable rescaled limits.

1. The first step is to obtain the experimental limit on either one of the toy models using the
effective operator coefficient and compare with the experimental limit

2
g s
le| = ’QmQ =12 (C.2)
exp

In this case this is the Z’ operator and it establishes the exclusion contour in the mass versus
coupling plane.

SHere we use the simplification of removing the handedness of the Standard Model quarks.
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2. Convert the exclusion contour to a limit on the coupling g as a function of the mass m and then
use equation (4.3) with the fitted parameter C from equation (4.4) to rescale the exclusion
limit. A realistic limit on the full theory behind the Z’ toy model using the experimental
limit is then obtained.

3. Compare the effective operator coefficients and express the parameters of the model under
consideration in terms of the toy model parameters. For the example at hand we obtain

g= \/ggp sin” ¢, (C.3)
where m equals m, by definition and drops out.

4. Express the exclusion limits on the toy model in terms of the model parameters using equation
(C.3) to obtain realistic exclusion limits for the considered model. For the model considered
the limits are expressed in the mass versus sin ¢ plane, using g, = 3 for the identification.

Following these steps for the model with right-handed compositeness results for the adjusted exclu-
sion limits are presented in figure 6. We observe that the exclusion limits are significantly reduced®.
However, it is noted that the exclusion limits quoted in reference [12] remain unchanged due to
overlap between the exclusion regions from effective operators and dijet resonance searches.

D Results for LHC14

Angular distribution

Angular distribution
— Qcp — QD

—— QCD + Full Z'

QCD + Full G'

0.20f —— QCD+EffZ' 0.20f QCD + Eff G'

513
=1 0
0.10]

0.10f

0.05] 0,05

Figure 7. Equivalent of figure 2 for the 14 TeV LHC run with an integrated luminosity of 100 fb™*.
This distribution has been obtained for the centre of mass energy integration from /Sy, = 4 TeV

t0 V/Smax = 7 TeV.

The results presented in the main body of this work all have been obtained for the LHC operating
at a centre of mass energy of 7 TeV with an integrated luminosity of 5 fb~!. However, it is even
more interesting to see the effects at a centre of mass energy of 14 TeV, since the partonic centre
of mass energy significantly increases. With a higher partonic centre of mass energy the average
transfer energy will increase and the effective expansion will be less reliable for the same points
in the full theory parameter space. On the other hand, when the Large Hadron Collider operates
at 14 TeV it will gather more data, resulting in an increased integrated luminosity and producing
more precise results. To this extent the results presented in this appendix assume an integrated

5The deviation between full and effective theory limits has been obtained based on the ATLAS analysis
and has also been applied to the CMS limits. Therefore, the rescaled limits should be seen as an indication
and a more detailed analysis of the deviation is required.

~ 93 -



luminosity of 100 fb~! for the 14 TeV run. In figures 7 and 8 the angular distributions used in the
CMS and ATLAS experiments are presented.

F, distribution | F, distribution

— QD : — Qcp
03
— QCD+FullZ! ; —— QCD+FullG

o4l = QCD +Eff Z' ; o4 QCD +Eff G

1000 2000 3000 4000 5000 6000 7000 1000 2000 3000 4000 5000 6000 7000

Vi '
Figure 8. Equivalent of figure 3 for the 14 TeV LHC run with an integrated luminosity of 100 fb™*.

The theoretical measure based on the binned F), distribution from section 4 needs to be modified.
Based on figure 8 the binning for the x? analysis is changed to v/3 ranging from 2000 GeV to
7200 GeV with steps of 400 GeV. This allows for a more thorough scanning of the full kinematic
reach of the 14 TeV LHC run. The resulting exclusion limits for the full and effective descriptions
of the toy models are presented in figure 9. The limits in figure 9 correspond to values

Ay =324 TeV, Agr = 23.3 TeV. (D.1)
uf S
----- Full Z
T — EFTZ
I 1 S A S S S Full G
N —— EFTG
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Figure 9. Equivalent of figure 4 for the 14 TeV LHC run with an integrated luminosity of 100 fb~*.

The deviation between the full and the effective descriptions is given in figure 10. The fitted values
for the C' parameter in this case are given by

C(Z')=248TeV, C(G')=2.61TeV. (D.2)
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As expected, we observe that the deviation is larger for any chosen mass of the particle in the
full theory compared to the 7 TeV result from figure 5. This is explained by the higher average
transfer energies, which are presented in table 2. Therefore, one should be even more careful when
extracting limits on BSM models from four-quark effective operator bounds when using 14 TeV
data.

)
100%}- Limit Deviation

60%[-

Ag

40%[-

)

S

2
T

i i i I i i I i
1000 2000 3000 4000 5000 6000 7000 8000
m [GeV]

Figure 10. Equivalent of figure 5 for the 14 TeV LHC run with an integrated luminosity of
100 fb~ 1.

region | \/[(¢®)] | QCD | Full Z' Eff 7' | Full G’ Eff ¢’

total [(3)] | 242 | 252 278 | 248 255
total | /|(®] | 0.73 | 0.87 115 | 0.79  0.88
total | /|(@)] | 231 | 236 253 | 235 239
central | /|(3)] | 242 | 266  3.17 | 253 281
central | /|(f)] | 1.39 | 1.56  1.90 | 147  1.66
central | /[(@)] | 1.97 | 215 254 | 2.06 227

Table 2. Equivalent of table 1 for the 14 TeV LHC run with an integrated luminosity of 100 fb~*.
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