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We investigate how the interference of the SM with ten four-light quark operators in the SMEFT
can be constrained thanks to multijet and Z, W , γ VBF production in association with jets. The
differential distributions for each process are generated at LO for different jet multiplicities, that
are then merged and showered. We check which observables provide better bounds on the Wilson
coefficients, and what directions in the ten-dimensional coefficient space they are able to probe. We
discuss the relevance of the quadratic contributions with respect to the linear terms.

Introduction With the current measurements
agreeing with the Standard Model (SM), one possi-
bility is that new resonances, if any, might exist at
high energies that cannot be reached by current and
future accelerators. The Standard Model Effective
Field Theory (SMEFT) is a formalism to parametrise
eventual deviations from the SM predictions, induced
by the interactions among known states and the new
heavy ones, at the energies of current experiments.
Complete sets of higher-dimensional effective operators
Oi, multiplied by their Wilson coefficients Ci, are added
to the SM Lagrangian,

LSMEFT = LSM +
∑
i

Ci
Λ2 Oi +O(1/Λ4), (1)

with Λ a cutoff scale. The same expansion is observed at
differential level for a generic measurable variable X,

dσ

dX
= dσSM

dX
+
∑
i

Ci
Λ2

dσ1/Λ2

dX
+O(1/Λ4), (2)

where the second term, of order O(1/Λ2) in the ex-
pansion, is an interference between the SM and the
dimension-6 operators. The last term contains the
cross section from the diagrams with the insertion of a
dimension-6 operator squared, plus the interference of the
SM with dimension-8 operators. Due to the large num-
ber of the latter [1], the dimension-6 squared is usually
considered as an approximation for the missing terms in
the truncated expansion.

Among the operators that have been included in the
Warsaw basis for dimension 6 [2, 3], the four-light quark
ones (4LQ) introduce four-fermion contact interactions
that are not present in the SM, featuring the u, d, c, s, b
quarks and their antiquarks. At Leading Order (LO),
these operators do not contribute to the main top and
Higgs processes and thus they have been investigated less
and almost never included in global fits, as new physics
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TABLE I. List of 4LQ operators considered in this study. q
denotes the left-handed quark doublets of all three genera-
tions, while u, d are the right-handed up-type and down-type
quark fields, respectively. σI , with I = {1, 2, 3}, are the Pauli
matrices, while TA, A = {1, . . . , 8} are the SU(3)C genera-
tors. p, r, s, t are flavour indices (see Sec. I for details); the
spin and colour ones are omitted. For each process, X and ×
specify if the interference of an operator with the SM QCD
contributes to it or not
Operator Coeff. Definition jj Zjj Wjj γjj

O
(1)
qq C

(1)
qq (q̄pγµqr)(q̄sγµqt) X X X X

O
(3)
qq C

(3)
qq (q̄pγµσIqr)(q̄sγµσIqt) X X X X

Ouu Cuu (ūpγµur)(ūsγµut) X X × X
Odd Cdd (d̄pγµdr)(d̄sγµdt) X X × X
O

(1)
ud C

(1)
ud (ūpγµup)(d̄sγµds) × X × X

O
(8)
ud C

(8)
ud (ūpγµTAup)(d̄sγµTAds) X X × X

O
(1)
qu C

(1)
qu (q̄pγµqp)(ūsγµus) × X X X

O
(8)
qu C

(8)
qu (q̄pγµTAqp)(ūsγµTAus) X X X X

O
(1)
qd C

(1)
qd (q̄pγµqp)(d̄sγµds) × X X X

O
(8)
qd C

(8)
qd (q̄pγµTAqp)(d̄sγµTAds) X X X X

(NP) is expected to couple preferentially to the heavi-
est SM states [4–9]. However, they can induce correc-
tions to virtually any process at Next-to-Leading Order
(NLO), if two of the fermionic lines in the diagrams they
produce are closed into a loop. We consider ten 4LQ
operators, defined in Table I; they conserve CP and the
lepton and baryon numbers. The aim of this letter is to
test how currently-measured observables and processes
can be used to set bounds on their Wilson coefficients.
It is known that dijets can probe at most two directions
in this coefficient space [10], so we also check processes
where jets are produced together with an electroweak
(EW) boson: since the latter can be sensitive to the
quantum numbers of the various quark fields, this can
help probe additional directions. In particular, we focus
on multijet production and γ+jets, Z+jets and W+jets
Vector-Boson Fusion (VBF) processes, as they receive
contributions from the considered operators at LO. Ad-
ditionally, we exploit the most recent developments in
flavour-tagging of b- and c-jets to be more sensitive to
some subprocesses.
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I. FRAMEWORK

Our analysis is performed via Mad-
Graph5 aMC@NLO v3.5.4 [11], but we advise to
always use the latest version, as issues were fixed during
this work. We feed it a Universal FeynRules Output
(UFO) [12], written from a FeynRules model [13] that
contains the SM and the ten 4LQ operators in Table I.
The CKM matrix is assumed to be diagonal. The leptons
and quarks, except the top, are considered as massless.
The top quark is included in the model, but not in
the process definitions. In a minimal-flavour-violation
scenario where only the top is massive, the operators
featuring the top should be separated from the ones
with the light flavours, but this is not expected to have a
large impact as the contributions from the bottom either
are small or have the same shapes as the others. The
only exception comes from processes where b-tagging
is employed, but their constraining power seems to be,
as it will be shown, quite limited. In all the non-SM
distributions and cross sections presented in this paper,
Ci/Λ2 is set to 1 TeV−2 for each operator.

For all processes, we include diagrams with both QED
and QCD vertices and generate up to three jets at LO
parton level, using MLM for matching and merging [14]
and then showering the events with Pythia8 [15]. The
sum of transverse energies divided by two, HT /2, is cho-
sen as the dynamical scale for the events. First, we re-
construct eventual dressed leptons with the kt algorithm
and a radius parameter R = 0.1 [16–18]; then, jets are
obtained from the remaining final states using the anti-kt
algorithm [19] with R = 0.4. Predictions are presented
for the Large Hadron Collider (LHC) at 13 TeV.

Numerical and scale uncertainties are reported for each
result [20]. Numerical errors are due to the limited
number of events generated, while scale variations are
computed by taking the envelope of nine scale combi-
nations, in which the renormalisation and factorisation
scales µR,F are varied by factors 0.5 and 2.

Flavour-indices contractions For operators fea-
turing two fermionic currents with same chirality, like
O

(1)
qq = (q̄pγµqr)(q̄sγµqt), two contractions of the gen-

eration indices p, r, s, t are possible: inside the fermion
bilinears (δprδst) or between them (δptδrs). The same
happens for O(3)

qq , Ouu and Odd. In our model, these
two cases are summed together inside the same operator:
therefore they contain both the colour-singlet and octet
terms. The contribution with four identical flavour, be-
ing identical in the two contractions, is however added
only once. Since we want to keep the analysis simple and
estimate the best bounds that can be placed over these
objects, we leave the separation of these components for
future studies; this would probably yield looser limits
than the ones presented in this letter. For all the others
operators, only the δprδst contraction is considered, as
shown in Table I.

Constrained directions For a generic observable
X, a χ2 function is built from the experimental, SM and
interference differential distributions, as

χ2 =
Nbins∑
i=1

1
∆2
i

(
dσexp

i

dX
− dσSM

i

dX
−

operators∑
j

cj
Λ2

dσ
1/Λ2

j,i

dX

)2

,

(3)
where ∆i is the sum in quadrature of the numerical and
scale uncertainties from the experimental and SM results
in the ith bin and cT =

(
C

(1)
qq , C

(3)
qq , . . . , C

(8)
qd

)
is the vec-

tor of 4LQ coefficients, so that the second sum runs over
all the operators.

In order to get an estimate of how the limits would
change when uncertainties on the interference are consid-
ered, we compare the results from the previous formula
against the ones from

χ2 =
Nbins∑
i=1

1
∆2
i

[
dσexp

i

dX
− dσSM

i

dX
+

−
operators∑

j

cj
Λ2

(
dσ

1/Λ2

j,i

dX
±∆1/Λ2

j,i

)]2

, (4)

where ∆1/Λ2

i contains the theoretical errors on each in-
terference differential distribution. Among the possibili-
ties that are obtained when adding or subtracting these
terms, the one that gives the largest bounds is consid-
ered. Numerical uncertainties are summed in quadrature,
while scale variations are combined linearly to partially
account for their correlations between all the operators
[21]. Since the full correlation matrices are not available,
only the limits from Eq. (3) are reported, while the ones
from Eq. (4) are used for comparison.

For each operator, the individual bounds are obtained
by setting all the other coefficients to 0 in the χ2 formu-
las above, while for the marginalised limits they are set
to the values that minimise the χ2 function along their
directions.

The vector of uncorrelated directions that can be
constrained by the measurements is named c′T =(
C1, C2, . . . , C10

)
and is related to c through a change

of basis

c′ = RT · c. (5)

Since Eqs. (3) and (4) are quadratic polynomials in the
Wilson coefficients, the columns ofR are the eigenvectors
of the matrix of coefficients of the quadratic terms in the
χ2 expression [22]. These eigenvectors represent the di-
rections, in the coefficients space, that can be constrained
by the data: the larger the eigenvalues associated with
them, the better they can be probed. Some among them
are flat directions and, in principle, they should be re-
lated to null eigenvalues; because of the numerical nature
of the computation, though, it might be tricky to iden-
tify them. To do so, we estimate the uncertainty of each
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eigenvalue as in [23]: from each distribution, we generate
numerous toy ones by replacing each bin content with a
random number, extracted from a Gaussian centred on
that bin value and with standard deviation equal to the
Monte Carlo (MC) uncertainty. The eigenvalues are then
computed from each set of toy plots and their standard
deviation σ is taken as the error. Each eigenvalue that is
compatible with 0 within 2σ is considered to be related to
a flat direction. We define the eigenvectors so that their
norm is unitary and they show a positive scalar product
with the unit vector (1, 1, . . . , 1).

Squared contributions Even if the O(1/Λ4) term
in Eq. (2) is usually subleading to the interference one at
the experimental energies, it might dominate the cross-
section deviation from the SM at the high energies that
are considered in this analysis. Its inclusion would re-
quire the computation of the diagrams that feature the
insertion of a dimension-6 operator squared, with the in-
corporation of the correlations among them, and of the
interference between the SM and the dimension-8 oper-
ators, whose number is larger than the dimension-6 one.
In order to get an estimate of this effect without compli-
cating the study, we compute the cross section of the O(3)

qq

quadratic contribution to each process, and compare it
with the linear one for coefficient values that are close to
the limits we obtain.

Jet tagging Flavour-tagging can increase the sen-
sitivity to operators that feature only up- or down-like
quarks. An example of the application of such algorithms
to Z+jets production in the SM can be found in [24]. For
multijet production, we emulate the DL1r algorithm [25]
for b- and c-tagging. Reconstructed jets from FastJet,
if they are within a ∆R = 0.4 radius from a MC-true
b-jet, are b-tagged with a pT -dependent efficiency, whose
values are digitised from Figures 11 and 12 in the refer-
ence paper, respectively for the 20-250 and 250-3000 GeV
transverse momentum ranges in the 77% working point.
Light-flavour and c-jets are mistagged as b-ones accord-
ing to the rejection rates shown in the same figures. The
dependencies on pseudorapidity and luminosity are not
considered. For the c-tagging, the same procedure is fol-
lowed, but the efficiency is fixed at 30% independently of
the pT , and the b- and light-flavour jets mistagging rates
are also constant and taken from Fig. 16 of the reference
for the 30% working point. The c-tagging procedure is
applied only to jets with a pT between 20 and 250 GeV.
Since we do not have the full output of the DL1r network,
if a jet is b- and c-tagged at the same time, the MC truth
is consulted, or a random extraction is applied in case of
doubly-mistagged light jets.

II. MULTIJET PRODUCTION

These are among the most common processes at the
LHC and the final states can easily reach the highest

FIG. 1. Shapes of the differential cross section with respect to
χjj for the SM and its interference with the 4LQ operators,
for the dominant subprocess uu → uu to dijet production at
LO. PDF and PS effects are not included
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energies possible for that machine [26–28]. A study of
the effects of the OG and some 4LQ operators in multijet
processes can be found in [29].

We call y1, y2 the rapidities of the two leading jets in
pT and define

χjj = e|y1−y2|, (6)

yboost = |y1 + y2|
2 . (7)

χjj is related to the scattering angle in the centre-of-
mass (CoM) frame and the differential cross section as
a function of it shows an almost flat trend for the SM,
as the t-channel exchange of a gluon dominates and is
independent of |y1 − y2|. The 4LQ operators, on the
other hand, produce a more isotropic angle distribution
and show a peak of events for χjj ∼ 1.

A gluon cannot couple to quarks with different weak
charges and same colour, so O(1)

ud , O(1)
qu and O(1)

qd do not in-
terfere with SM QCD and they are not considered for this
process, as the QED term is usually subleading [10]. For
the same reason, theO(1)

qq interference does not contribute
to subprocesses that involve both up-like and down-like
quarks.

As suggested in the same reference, by employing Fey-
nArts [30] and FormCalc [31] we saw that for each
subprocess there are only two possible shapes for the in-
terference differential dσ1/Λ2

/dχjj cross sections at par-
ton level: O

(1)
qq , O(3)

qq , Ouu, Odd and O
(8)
ud interferences

with the SM generate the same trend, up to normalisa-
tions, while O

(8)
qu produces the same as O(8)

qd . The two
distributions are shown in Fig. 1 for the dominant chan-
nel uu→ uu, together with the SM one. Their analytical
expressions can be found in Appendix A.

Calculational details The phase space that we con-
sider is defined as in the CMS analysis [32]: we require
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TABLE II. Cross sections for the contributions of the SM and its interference with the 4LQ operators, whose coefficients are
set to 1 TeV−2, to the processes investigated in this analysis. The dim.-6 squared contributions to the O(1/Λ4) term for O(3)

qq

are also shown. The units are not the same in each column and can be found at the top. The 4LQ cross sections are computed
at LO with MLM and PS, and the first relative uncertainty is numerical, while the following numbers are scale variations. For
the SM, we report the values from the respective experimental analyses for Z+jets and γ+jets, and the ones we obtain in our
LO generations for W+jets and multijets. The experimentally-measured cross sections are also shown, when available, with
their cumulative uncertainties

Multijets `+`−+jets `±ν+jets γ+jets
Mjj > 2.4 TeV (pb) Mjj > 6 TeV (fb) (fb) (pb) (fb)

Exp. Not avail. Not avail. 3.7·101+11%
−11% Not avail. 2.3·104+5%

−5%
SM 6.6±0.6%+15%

−29% 2.7±0.5%+26%
−30% 3.95·101+9%

−9% 4.2·101 ± 0.5%+10%
−17% 2.6·104+31%

−31%
O(1/Λ2)

O
(1)
qq -5.9±0.7%+27%

−17% -3.7·101 ± 0.5%+35%
−27% -5.12±0.8%+21%

−14% -1.3±0.8%+31%
−23% -4.0·102 ± 0.3%+13%

−18%
O

(3)
qq -1.8·101 ± 0.6%+22%

−11% -7·101 ± 0.4%+43%
−23% -3.7·101 ± 0.5%+16%

−11% -6.1±0.5%+18%
−11% -1.9·103 ± 0.15%+9%

−11%
Ouu -4.4±0.5%+16%

−14% -2.7·101 ± 0.4%+37%
−26% -3.8·10−1 ± 0.5%+18%

−8% × -3.7·102 ± 0.16%+15%
−14%

Odd -9.4·10−1 ± 0.5%+16%
−14% -1.7±0.5%+41%

−24% -3.3·10−2 ± 0.5%+18%
−9% × -3.9·101 ± 0.18%+10%

−13%
O

(1)
ud × × 1.3·10−2 ± 0.6%+15%

−31% × 1.5·101 ± 0.2%+27%
−13%

O
(8)
ud -1.03±0.6%+16%

−14% -3.2±0.4%+37%
−25% -1.02·10−1 ± 0.6%+22%

−14% × -1.13·102 ± 0.18%+8%
−12%

O
(1)
qu × × -5.6·10−2 ± 0.7%+18%

−13% -1.1·10−2 ± 1.2%+63%
−46% -1.3·101 ± 0.3%+23%

−31%
O

(8)
qu -2.0±0.5%+15%

−15% -6.9±0.4%+12%
−26% -9.3·10−1 ± 0.5%+20%

−12% -1.9·10−1 ± 0.5%+21%
−16% -2.1·102 ± 0.2%+14%

−24%
O

(1)
qd × × 1.5·10−2 ± 1.3%+20%

−27% 1.1·10−3 ± 9%+270%
−360% 2.0±0.5%+60%

−60%
O

(8)
qd -1.1±0.5%+27%

−15% -2.4±0.5%+42%
−25% -4.8·10−1 ± 0.6%+21%

−13% -1.5·10−1 ± 0.5%+27%
−13% -8.0·101 ± 0.2%+15%

−24%
Partial O(1/Λ4)

O
(3)
qq 1.0·102 ± 0.9%+20%

−10% 1.9·103 ± 0.6%+48%
−20% 9.8·101 ± 1.2%+10%

−16% 1.8·101 ± 0.6%+7%
−11% 6.2·103 ± 0.4%+8%

−8%

FIG. 2. Differential (top) and normalised (bottom) distributions of the exponential of the azimuthal distance among the two
leading jets in multijet production, for the SM (black) and the contributing 4LQ operators, with all the coefficients set to
Ci/Λ2 = 1 TeV−2. Two dijet invariant-mass regions are shown: [2.4, 3] TeV (left) and [6, 13] TeV (right). The numerical
uncertainties are represented with shaded bands in both plots, while the scale variations are shown in hatched bands in both
plots for the SM, and only on top for the 4LQ operators. Note that the cross-section unit is not the same in the two top plots.
The experimental measurements are also included in the bottom plots
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FIG. 3. Differential distributions of the transverse momentum of the b-tagged jets in the b+jets region for multijet production,
for the SM (black) and the contributing operators at LO, with all the coefficients set to Ci/Λ2 = 1 TeV−2. The numerical
uncertainties are represented with shaded bands, while the scale variations are shown in hatched bands for the SM only. The
last bin includes the overflow
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χjj < 16, |yboost| < 1.11 and the invariant mass of the
two leading jets has to satisfy Mjj > 2.4 TeV. The CT18
Parton Density Function (PDF) set [33] is used.

It is known that parton shower (PS) algorithms have
problems with multijet events, as scales drop quite
quickly and colour reconnection tends to spread radia-
tion over large areas around the main interaction [34].
Because of this, a consistent fraction of events is lost
when cuts are reapplied after PS, especially for the less-
energetic SM jets. Even though the cross sections before
the full matching and merging are not physical, it can be
seen that their ratios before and after PS are similar for
all the interference terms, which suggests that the events
that are cut do not contain specific flavours in the final
or initial states and that the kinematical differences in-
duced by the PDF among the subprocesses do not affect
the rejection rates.

The experimentally-measured and SM total cross sec-
tions in [32] are not publicly available, so we assume for
both of them the values we obtain from MadGraph for
the SM at LO, and use them to rescale the normalised
CMS distributions. These numbers can be found in Table
II for the first and last of the Mjj regions in the experi-
mental analysis: [2.4, 3] and [6, 13] TeV. The experimen-
tal and SM uncertainties from CMS are also rescaled by
these factors when included in the χ2 to get limits.

Results The cross sections and uncertainties for the
SM and each contributing operator are summarised in
Table II, in the two Mjj regions mentioned above.

To get limits on the 4LQ Wilson coefficients, we con-
sider the differential cross section dσ/dχjj , computed in
the [2.4, 3] and [6, 13] TeV Mjj intervals; for χjj , the
binning we use is [1,2,3,4,5,6,7,8,9,10,12,14,16] in the first
dijet mass region and [1,3,6,9,12,16] for the other. The
dσ/dχjj LO SM distributions have been checked against

the CMS predictions, that are normalised to 1, obtained
through NLOJET++ [35]: ours exhibit lower tails, at
higher values of χjj .

The differential and normalised distributions for χjj ,
matched to PS, are shown in Fig. 2, in the two Mjj re-
gions we consider, for the SM and the 4LQ operators that
contribute. The two different shapes described above for
uu → uu are still visible, one more peaked at χjj ∼ 1
for O(1)

qq , O(3)
qq , Ouu, Odd and O(8)

ud , and one more flat and
closer to the SM one for O(8)

qu and O
(8)
qd . This confirms

that the PDF only favours different flavour mixes at dif-
ferent momentum fractions. It also proves that only two
directions in the coefficient space can be probed by this
process despite the number of bins, because the operators
can only generate two distinct shapes for the differential
cross section.

The experimental uncertainties lie between 1 and 8%
in the 2.4 < Mjj < 3 TeV region, and between 50 and
70% in the Mjj > 6 TeV one. For the SM, they spread
up to 12% and 30% in the same invariant-mass intervals.

The largest correction to the SM, when all the Wilson
coefficients are equal, comes from O

(3)
qq as it is the only

operator that contributes to all the subprocesses. Scale
variations for this sample are around 35% in the [2.4, 3]
TeV region and 60% in the [6, 13] TeV one. Numerical
uncertainties are of order 1% in both.

Multijets with b- and c-tagging By applying the
b- and c-tagging algorithms described in Sec. I, we check
the contributions of the 4LQ operators to b+jets, c+jets
and bb+jets productions, where respectively at least one
b-jet, at least one c-jet and at least two b-jets are iden-
tified. The request for a b-jet to be present in the final
state, for example, increases the sensitivity to operators
that feature down-like quarks, and analogously holds for
c-jets and up-like ones. The operators that contribute at
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linear level are the same as above.
Jets are included in the analysis if they show pjT > 20

GeV and |yj | < 2.5. Due to the operational window of
the tagging algorithms, jets cannot be b-tagged if they
show pT > 3 TeV, or c-tagged with pT > 250 GeV.

For the experimental data, we assume the same differ-
ential distributions and uncertainties as the LO SM ones
that we obtain through MadGraph.

The total cross sections are summarised in Table VI in
the Appendix. It is possible to observe that the require-
ment of a b-jet in the final state, for example, does not
rule out the operators that only feature up-like quarks,
like Ouu, due to the mistagging of c- and lighter-jets.

The variable we consider for extracting limits, in this
case, is the transverse momentum pbT of the b-tagged jets
in the b+jets region. Its differential distributions can be
observed in Fig. 3. The SM relative scale variations that
we obtain are larger than 60%, and in the first bins they
increase above 100%. As in the other multijets regions,
the primary correction to the SM comes from O

(3)
qq , if all

the coefficients are set to 1 TeV−2. For this operator, the
scale variations lie between 50% and 80% in all bins but
the first ones, where they get over 100%.

Due to the relatively low scale in pT that the events can
probe, the NP contribution is much smaller, compared
to the SM one, than in the generic multijet production
discussed above: therefore, constraints are expected to
be rather weak.

III. Z+JETS PRODUCTION

The relevance of processes where jets are produced to-
gether with EW bosons has increased in the past years,
not only because they represent a background to the
Higgs boson production via VBF but also for new physics
searches [36–38]. We target the interference among
the SM diagrams and the four-fermion interaction ones,
where one fermionic line emits a Z boson that decays
into a pair of leptons (Z → `+`−). All the ten opera-
tors included in our analysis contribute to this process at
O(1/Λ2) order, as it can be seen in Table I.

Calculational details We attempt to recast the
ATLAS analysis [39]. Two leptons with same flavour and
opposite electric charge have to be present, with p`T > 25
GeV, rapidity satisfying |y`| < 2.5, invariant mass M`` in
the interval [81, 101] GeV and p``T > 20 GeV.

The reconstructed jets are considered if they show
pjT > 25 GeV, |yj | < 4.4 and minimum ∆R`j of 0.4 with
the leptons; at least two jets need to be present. The
two leading jets in pT have to show transverse momenta
above 85 and 80 GeV respectively, Mjj > 1 TeV and
|∆yjj | > 2. Furthermore, no other jet must be present in
the rapidity gap among them. Finally, to ask for the Z
boson to be centrally produced with respect to the jets,

we impose ξZ < 0.5, with the last quantity defined as

ξZ =
|y`` − 1

2 (yj1 + yj2)|
|∆yjj |

. (8)

y``, yj1 and yj2 stand for the rapidities of the dilepton
system and of the two leading jets. In particular, the
last cuts are requested in the ATLAS analysis to enhance
the EW VBF contribution to the process. While other
cuts may be more efficient to target 4LQ operators, we
limit ourselves to the experimental setup as a first step,
keeping the investigation of different phase-space areas
for future work.

NNPDF3.0 is used as PDF, with αS(MZ) = 0.118 [40].
It is known that predictions from different generators
do not agree for the VBF processes, even for the SM,
and that results heavily depend on the shower choice
[41–44]. In the reference analysis, the SM from Her-
wig7+Vbfnlo seems to be in closest agreement with
the total cross section measured experimentally, so these
are the distributions that are assumed for the SM. Any-
way, we would like to stress that no MC generator con-
sidered in that study can match the measured differential
distributions everywhere, and that choosing the SM pre-
dictions that are closest to the data might fit possible
room for new physics away.

Results The inclusive cross sections and uncertain-
ties for the SM and the interference of each operator are
summarised in Table II.

The variables we investigate are the azimuthal distance
between the leading jets ∆φjj , their invariant mass Mjj

and absolute rapidity difference |∆yjj |, and the trans-
verse momentum of the dilepton system p``T .

The differential distributions and their shapes for the
first one are shown in Fig. 4, for the SM and all the
operators included in this study, together with the ex-
perimental data. The bins we use are [0, π/4, π/2, 3π/4,
7π/8, 15π/16, π] and their symmetric around 0.

The uncertainties on the SM generation presented in
the ATLAS analysis are close to 9% in every bin. In the
experimental measurements, the largest source of uncer-
tainty comes from the comparison among different MC
generators, for the reasons stated above, and it reaches a
30% impact alone in the external bins.

It can be seen that O(3)
qq produces the largest deviation

from the SM, if all coefficients are set to 1 TeV−2, and
that most of the interference corrections are negative, but
a sign flip occurs in the central bins for O(1)

qq and O
(3)
qq .

Relative scale variations in the O(3)
qq distribution are of

order 25% in all bins, except the two ones where the sign
change happens, which show uncertainties above 100%.
The same two bins show larger numerical uncertainties
(∼ 20%) compared to the others (∼ 1%).
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FIG. 4. Differential (top) and normalised (bottom) distributions of the azimuthal distance between the two leading jets in
`+`−+jets production, for the SM (black) and the interference of the ten operators included in this analysis at LO, with all the
coefficients set to Ci/Λ2 = 1 TeV−2. The numerical uncertainties are represented with shaded bands in both plots, while the
scale variations are shown in hatched bands in both plots for the SM, and only on top for the 4LQ operators. The experimental
measurements are also included
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IV. W+JETS PRODUCTION

In general, the production of a W boson in association
with jets is studied in the VBF regime to investigate the
SM, model the parton radiation, and NP studies, like the
generation of anomalous trilinear gauge couplings [45–
47]. As in the previous section, our diagrams of interest
include a four-fermion interaction with the emission of
a leptonically-decaying W boson from one of the quark
lines (W± → `±ν). Due to the left-handed nature of the
W -boson interaction, Ouu, Odd, O(1)

ud and O
(8)
ud do not

contribute, as it is summarised in Table I.

Calculational details The cuts we apply are the
ones imposed in the CMS analysis [48]: events need to
contain exactly one lepton, with p`T > 27 GeV and |y`| <
2.4, and at least two jets, with the two leading in pT
satisfying Mjj > 200 GeV and with transverse momenta
of at least 50 and 30 GeV respectively. Other jets are

considered if they show pT > 25 GeV and |y| < 5. Both
the missing transverse energy pmiss

T and the transverse
mass M `ν

T of the lepton-neutrino system have to exceed
40 GeV. NNPDF3.0 is used as PDF in the generation.

The longitudinal component of the neutrino momen-
tum is estimated from pmiss

T by assuming that the W
boson is on-shell. Among the possible solutions that this
condition yields, the one with the lower absolute value is
considered [49]. If no real roots can be found, we obtain
one by discarding the imaginary part.

As a Boosted Decision Tree (BDT) is trained in the
experimental analysis to separate the EW contribution
from the rest, we generate the SM at LO with Mad-
Graph and assume that the experimental data will agree
with the SM distributions for the considered quantities.
For each bin, we introduce an experimental uncertainty
equal to 10%, similarly to the central region in the SM
∆φjj distribution for Z+jets in the previous section: the
W+jets cross section is larger, so we expect smaller rel-
ative error bars.
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FIG. 5. LO differential (top) and normalised (bottom) distributions of the azimuthal distance among the two leading jets in
`±ν+jets production, for the SM (black) and the operators that contribute, with all the coefficients set to Ci/Λ2 = 1 TeV−2.
The numerical uncertainties are represented with shaded bands in both plots, while the scale variations are shown in hatched
bands in both plots for the SM, and only on top for the 4LQ operators
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Results The total cross sections for the SM and the
interference of each operator are listed in Table II.

We check the following observables: ∆φjj , Mjj and
|∆yjj | among the two leading jets, the transverse mo-
menta pj1T , pj2T and p`T , M `ν

T for the lepton-neutrino sys-
tem, the angular distances ∆RW,j1 and ∆R`,j1 among
the leading jet and the W boson or lepton, the triple
product (~j1×~j2)·~̀

|~j1×~j2||~̀|
, and the azimuthal angle φW between

the plane containing the W boson and the beam axis,
and the plane where the lepton and neutrino lie, in lab
frame [50].

The differential distributions and the shapes for ∆φjj
are shown in Fig. 5, for the LO SM and the operators
that contribute to this process. The bins we use are [0,
π/4, π/2, 3π/4, 7π/8, 15π/16, π] and their symmetric
around 0, as in the Z+jets case. In our SM distribution,
numerical uncertainties are of order 1% and scale ones
lie between 25 and 30%. The largest correction comes
from O

(3)
qq , if all coefficients are equal. The relative scale

variations in this sample are between 25 and 50%. O(1)
qd

produces a different shape from the other operators, but
its contribution to the cross section is negligible.

Also ∆RW,j1 is a valid observable for this process, as
it is sensitive to the jet chiralities. It yields slightly worse
individual bounds on the operator coefficients than ∆φjj ,
because of the larger uncertainties over the SM predic-
tions and the smearing induced by the W -boson recon-
struction.

V. γ+JETS PRODUCTION

The production of a photon in association with jets is
studied at the LHC to test perturbative QCD. The pho-
ton can originate by the hard interaction (direct process)
or by the fragmentation of a high-pT parton (fragmen-
tation process); the latter is usually distinguished from
a hadron-in-jets decay into photons thanks to isolation
requirements.
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FIG. 6. Differential (top) and normalised (bottom) distributions of the photon transverse momentum in γ+jets production, for
the LO SM (black) and the 4LQ operators, with all the coefficients set to Ci/Λ2 = 1 TeV−2. The numerical uncertainties are
represented with shaded bands in both plots, while the scale variations are shown in hatched bands in both plots for the SM,
and only on top for the 4LQ operators. The experimental measurements are also shown. The last bin contains the overflow
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As in the previous processes, we are interested in the
interference among the SM and four-fermion interactions
induced by 4LQ operators, where one fermionic line emits
a photon. All the operators we are considering contribute
to this process. In principle, due to the different elec-
tric charges, the O(1/Λ2) term should be enhanced when
the photon is emitted by an up-like quark rather than a
down-like one.

Calculational details Our phase space is defined
as in the ATLAS analysis [51]. At least one photon with
pγT > 150 GeV and |yγ | < 2.37 is requested, together with
at least two jets with a minimum pjT of 100 GeV and a
maximum |yj | of 2.5. An angular separation ∆Rγj > 0.8
is required between the photon and leading jets. For the
other jets, only the ones with pT > 20 GeV and |y| < 2.5
are considered.

Together with an inclusive region delimited by these
cuts, a direct-enriched (pγT > pj1T ) and a fragmentation-
enriched (pγT < pj2T ) ones are also defined, in order to

investigate the two topologies described above.
NNPDF3.0 is used for PDF. The SM predictions that

we include are the Sherpa ones from the reference anal-
ysis, and we compare them against the experimentally-
measured distributions in the same paper [52].

Results The inclusive cross sections for the SM and
the interference terms can be found in Table II; the cross
sections in the fragmented- and direct-enriched regions
are listed in Appendix C. O(1)

ud , O(1)
qu and O

(1)
qd do not

interfere with the t-channel gluon exchange diagram, that
dominates the SM contribution, so their cross sections are
smaller than the others [53].

We comput predictions, in all three phase-space re-
gions, for the following observables: the transverse mo-
menta of the photon and jets, pγT and pjT , the absolute
rapidity of the jets |yj |, the rapidity and azimuthal dis-
tances of the leading jets among them and the photon,
|∆yjj |, |∆φjj |, |∆yγj |, |∆φγj |, and the invariant masses
Mjj and Mγjj of the dijet and photon-jet-jet systems.
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The differential and normalised contributions of the
SM and the 4LQ interference terms to pγT are shown in
Fig. 6, together with the experimental measurements.
The binning we employ is [150, 175, 200, 250, 300, 350,
400, 470, 550, 650, 750, 900, 1100, 1500, 2000] GeV, with
the last one containing the overflow. The uncertainties
on the SM distribution lie between 50 and 60% in all
bins, while the experimental ones are of order 10% in all
bins but the last two, where they increase. The largest
deviation from the SM rises, as in all the other processes,
from O

(3)
qq : in the histogram we obtain, numerical uncer-

tainties are of order 1% in every bin, while scale ones
vary between 15 and 30%. A difference in shape can be
observed between the SM and 4LQ contributions, as the
latter show higher tails at larger pT values. However,
here again all the operators share in good approximation
the same shape.

In previous studies [53, 54], Mjj is suggested as an
observable to investigate this process, since it is sensi-
tive to the hard-interaction dynamics. In our predictions,
though, we find that the interference effect over the SM
one is larger for pγT by at least a factor ∼ 4 in the tail
bins, leading to more stringent bounds. For this reason,
this is the variable we adopt in our analysis.

VI. INDIVIDUAL AND MARGINALISED
BOUNDS, AND SQUARES

Individual limits on all the 4LQ operators at 95% Con-
fidence Level (CL) are shown in Fig. 7, for the processes
and observables described before; the numerical values
are listed in Appendix D. The marginalised bounds are
not shown for the single operators, as ten different dis-
tribution shapes would be needed for each process, with
respect to SM and experimental uncertainties, to obtain
meaningful results. This issue could be bypassed by in-
cluding more variables, even though the bin-per-bin cor-
relations between them are not always available, or by
finding differential observables that display larger shape
variations amongst the operators. A summary of the ex-
perimental datasets used to obtain these limits can be
found in Table III.

By comparing the interference and partial O(1/Λ4)
cross sections for O(3)

qq in Table II, it is possible to ob-
serve that the dimension-6 squared contribution is at
least as large as the interference one, at the coefficient
values obtained in the limits, for all the processes; the
only exception is multijet production in the [2.4, 3] TeV
Mjj region. For other operators like O(1)

ud , O(1)
qu and O(1)

qd ,
that in some cases do not interfere with the SM at all or
do it only in some subleading subprocesses, the quadratic
contributions will always dominate. It may be worth re-
minding that the total O(1/Λ4) term would also include
the interference among dimension-8 operators and the
SM, which could either increase or decrease significantly
the squared contribution.

For multijet production, the limits from both the con-
sidered Mjj intervals are shown. In the [2.4, 3] TeV one,
the χ2 denominator in Eq. (3) is dominated by the SM
uncertainties, while in the [6, 13] TeV region the exper-
imental errors are larger. When the interference uncer-
tainty is included as in Eq. (4), the individual limits
worsen by factors 1.3 to 1.7. As explained in Sec. I,
though, this approach does not incorporate the full cor-
relations among the theoretical uncertainties.

In the Z+jets production case, the χ2 denominator is
driven by the experimental uncertainties, that also in-
clude the MC-generator choice ones [39]. If the error
sources on the interference are also partially considered,
the limits become 1.2 to 1.5 times larger.

ForW+jets, the bounds are obtained by comparing the
4LQ O(1/Λ2) terms against the LO SM that we gener-
ated, and the experimental data is assumed to follow the
same distribution, but with different errors. The inclu-
sion of theoretical uncertainties on the interference wors-
ens the bounds by factors between 1.4 and 2.

In γ+jets production, the absolute uncertainties in the
χ2 denominator are dominated by the SM. With the ad-
dition of the interference uncertainties, the limits worsen
by factors between 1.2 and 2.3 for all the operators.

For each operator, the most competitive limits come
from multijet production, and particularly from the 2.4 <
Mjj < 3 TeV region, where the experimental uncertain-
ties are lower. It is worth reminding the reader, though,
that the total experimental cross section is not available
for this process, and that the total LO SM one was used
instead. O

(1)
ud , O(1)

qu and O
(1)
qd , that do not interference

with the SM QCD in dijet production and with the main
SM γjj channel, are basically unconstrained already at
individual level. The most constrained operator is O(3)

qq ,
as its contributions are the largest for every process if all
coefficients are the same.

The directions in the coefficient space that are best
constrained by each process described above are listed
in Tab. IV. As discussed in Sec. I, these are not the
only vectors that the data could probe, but all the others
show eigenvalues that are at least one order of magnitude
smaller than the best one, so they would require much
larger experimental and theoretical precisions to be in-
vestigated. Also, when uncertainties are computed for
these other eigenvalues, they all seem to be compatible
with zero and thus associated to flat directions.

All these directions are closer to C(3)
qq /Λ2 than to the

other coefficients, meaning that the respective opera-
tor will be the most constrained even in the combined
marginalised scenario. Also the limits from b+jets pro-
duction are shown in Fig. 7 and they are much weaker
than for the other processes: this is because of the large
scale uncertainties and the low-pT ranges imposed by the
tagging algorithms, that do not help reduce the SM ef-
fect. It can be seen from Table IV, though, that the
application of the tagging strategies increases the sensi-
tivity to some operators, like Cdd, compared to the other
multijet scenarios. The most constrained line from the
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FIG. 7. Individual limits, at 95% CL, on the 4LQ operators from the processes and variables included in this study. For
multijet production, the same observable is considered in two dijet invariant-mass regions separately, and the experimental and
SM normalised distributions from CMS are rescaled by the total LO SM cross section we computed. In the W+jets case, the
interference terms are compared against the LO SM generated by us. The numerical values for these limits are listed in Table
VIII
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TABLE III. List of experimental measurements used to obtain bounds on the 4LQ coefficients, for the processes studied in this
chapter. For W+jets and b+jets, we assume that the measurements follow the LO SM distribution. For multijets, we use the
total LO SM cross section to multiply the normalised experimental distributions presented in the reference. The two Ndata
values for multijets refer to the low- and high-Mjj regions that we consider, respectively

Proc. Observable
√
s, L Final state Ndata Ref.

Multijets d2σ/(dχjj dMjj) 13 TeV, 35.9 fb−1 jets 12, 5 [32]
b+jets dσ/dpbT Exp. data taken as LO SM
Z+jets dσ/d∆φjj 13 TeV, 139 fb−1 `+`−+jets, ` = e, µ 12 [39]
W+jets dσ/d∆φjj Exp. data taken as LO SM
γ+jets dσ/dpγT 13 TeV, 36.1 fb−1 γ+jets 14 [51]

TABLE IV. Best constrained directions, in the coefficient space, by the processes and main observables included in this study.
The last column is obtained from the sum of all the other χ2 polynomials in the table. The eigenvalues λ for each of them,
with 1σ uncertainties, are also shown. The symbol × is used to mark the operators that do not contribute to a certain process,
while zeros replace entries that are smaller than 10−2, in absolute value. Details on the calculations can be found in Sec. I

Best-constrained directions in coefficient space
Multijets, χjj b+jets `+`−+jets `±ν+jets γ+jets Combined

2.4 < Mjj < 3 TeV Mjj > 6 TeV pbT ∆φjj ∆φjj pγT
C

(1)
qq 0.41 0.52 0.39 0.25 0.36 0.38 0.43

C
(3)
qq 0.83 0.74 0.83 0.97 0.93 0.84 0.82
Cuu 0.32 0.40 0.02 0.02 × 0.37 0.33
Cdd 0.07 0.03 0.28 0 × 0.01 0.07
C

(1)
ud × × × 0 × -0.01 0

C
(8)
ud 0.08 0.05 0.10 0 × 0.07 0.07

C
(1)
qu × × × 0 0 0 0

C
(8)
qu 0.17 0.10 0.12 0.04 0.05 0.11 0.16

C
(1)
qd × × × 0 0 0 0

C
(8)
qd 0.10 0.04 0.22 0.02 0.04 0.03 0.09
λ 1.1·105 2.1·104 1.2·10−1 1.6·102 3.1 4.4·102 1.3·105

±50% ±57% ±67% ±40% ±52% ±50% ±54%
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FIG. 8. Individual contours in the C(1)
qq vs C(3)

qq (left) and C
(8)
qu vs C(3)

qq (right) planes. The contours from b+jets and W+jets
are not shown as they exceed the limits on the axes. Note that the ranges are different on the two axes
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FIG. 9. Individual (solid) and combined marginalised (dashed) contours in the C(1)
qq vs C(3)

qq (left) and C
(8)
qu vs C(3)

qq (right)
planes, when only O

(1)
qq , O(3)

qq , Ouu and Odd are included in the fit and only the predictions from Z+jets, γ+jets and the two
Mjj regions in multijet are used. Note that the ranges are different on the two axes
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sum of all the χ2 polynomials in the table is very close
to the one in the 2.4 < Mjj < 3 TeV multijet region, as
expected from the large eigenvalue of the latter.

We check that different observables for the same pro-
cesses are probing the same directions in coefficient space,

with variations of at most a few percent in the largest
components. The same happens even if the variables
are plotted over the direct- and fragmentation-enriched
regions for γ+jets. For multijet production, moving to
higher energies slightly increases the sensitivity to O

(1)
qq



13

and Ouu, compared to O(3)
qq . Moreover, multijets are able

to constrain O
(1)
qq twice more strongly than Z+jets.

We also check that switching between the χ2 Eqs. (3)
and (4) to include the linear-term uncertainties does not
significantly alter the constrained directions.

The individual contours in the C(1)
qq vs C(3)

qq and C
(8)
qu

vs C(3)
qq planes are shown in Fig. 8. It can be seen that

the most stringent bounds come from the combination
of the two multijet Mjj regions, that are both included
at the same time as the correlations among their bins,
reported in [32], are much smaller than the ones inside
the same ranges. The Z+jets and W+jets ellipses point
along similar directions, as seen in Table IV, and the same
happens for γjj and multijets in the [2.4, 3] TeV region.
Despite the larger cross section, W+jets has a lower con-
straining power than Z+jets because of its looser cuts in
energy and the larger uncertainties in the LO SM sam-
ple that we generated. The latter could be reduced by
going to NLO, but similar pole-cancellation issues as the
ones discussed in [44] for Zjj would have to be tackled.
Moreover, more stringent cuts on Mjj and the pT of the
jets would increase both the linear and quadratic effects
over the SM.

We then repeat the fit, this time including only the four
most constrained operators O(1)

qq , O(3)
qq , Ouu and O(8)

qu and
using exclusively the χjj , ∆φjj and pγT differential distri-
butions from the two Mjj regions in multijets, Z+jets
and γ+jets respectively, since they are the most con-
straining processes. The best-constrained direction in
the coefficient space in this case is the same as in the last
column of Table IV, and is associated to the eigenvalue
λ = 1.3 · 105± 50%; all the other three eigenvectors seem
again to be related to flat directions. Both the individ-
ual and combined marginalised contours for this scenario
are shown in Fig. 9 for C(1)

qq and C
(8)
qu vs C

(3)
qq . The

marginalised ellipses are tilted towards the C(3)
qq /Λ2 axis,

as in the individual case, and the associated limits on this
coefficient are better by at least a factor ∼ 5 compared
to the ones on the other three included operators. The
weaker constraints on the latter make them once again
more vulnerable to validity issues. The marginalised lim-
its in the C

(8)
qu vs C(3)

qq plane are better than the ones
in C

(1)
qq vs C

(3)
qq , even though the combined individual

bounds are worse; the marginalised contour in the sec-
ond plane becomes more stringent than in the first one
if Cuu is set to zero. The same happens if Cuu and C

(1)
qq

are swapped in the previous sentence. This suggests that
O

(1)
qq and Ouu might partially cancel each other along the

main direction probed by the combination of the datasets
included in this fit.

VII. CONCLUSIONS

In this paper we showed predictions for the interfer-
ence among the SM and the 4LQ operators to different

processes. We considered multijet as well as jet produc-
tion in association with EW bosons, like Z+jets, W+jets
and γ+jets, and different phase-space regions were inves-
tigated for some of them. We also simulated a b- and
c-tagging algorithm and applied it to multijets. In each
case, we asked for multiple jet multiplicities at parton
level, that were then matched, merged and showered.

For each process and phase-space region, we checked
which observables provide the best individual bounds on
the 4LQ operators at linear order, and saw that O(3)

qq is
always the most constrained as its contribution to each
process is the largest, if all coefficients are equal. This is
partially an effect of the normalisation chosen for this op-
erator: if the τ I = σI/2 matrices were used instead of the
Pauli ones, as in [10], it would induce similar or smaller
effects than O

(1)
qq and Ouu in the studied processes. It

goes without saying that physics should not depend on
the nomalisation: the assumption of some UV models
that can run into the 4LQ operators would remove this
issue through the matching procedure. Furthermore, de-
pending on the model, this might allow to neglect some
of the operators, as the renormalisation group would not
mix all of them. Even when keeping model independence,
though, using the τ I matrices would introduce a factor
1/4 in front of O(3)

qq and simplify the comparison with
the other operators, especially when computing the con-
strained directions and the O(1/Λ4) estimate.

We also proposed a way to include theoretical uncer-
tainties on the interference distributions in the limit com-
putation, at least partially as their correlations are not
always available.

We computed the directions in the coefficient space
that each process and observable can probe and saw that
the most constrained ones are close to each other, in par-
ticular for the low-Mjj multijet region and γ+jets on one
side andW,Z+jets on the other. The direction probed by
b+jets is quite singular, but its constraining power is not
competitive with the others. Even the γ, Z,W+jets pro-
cesses have low eigenvalues compared to multijets. These
directions mainly use the information from the total cross
sections; all the other ones, that would include more de-
tails about the distribution shapes, seem to be out of
the reach of current measurements, as they would need
much more precision in the predictions and in particular
in the SM ones, where the uncertainties are larger than
the experimental ones and MC generators do not agree
on the results. As a consequence, only one direction is
truly constrained.

For this reason, all the variables that we checked from
the same process can only probe very close directions in
the coefficient space with different strengths, so we picked
the most constraining observable for each of them to ob-
tain marginalised limits on the operators. The main axes
of the contours are close to the (C(3)

qq +C(1)
qq /2+Cuu/2)/Λ2

one every time these operators are contributing, with the
strongest bounds coming from multijet production.

We computed the dimension-6 squared corrections for
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O
(3)
qq in each process. Because of the high energies re-

quested in the experimental analyses, these contributions
are at least as large as the linear ones for the coefficient
values that we obtained in our limits. This holds for all
processes, with the only exception of the low-Mjj region
in multijet production. As expected, there is a sweet spot
in the energy range where the NP effects are significant
compared to the SM, while the experimental precision is
still high enough and EFT uncertainties are under con-
trol. The interference among the SM and dimension-8
operators needs to be computed, though, to get a com-
plete estimate of the O(1/Λ4) correction.

To conclude, further improvements of the constraints
on the 4LQ operators request both to obtain more precise
SM predictions and to find new observables that are more
sensitive to their contributions.
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Appendix A: Dijet differential cross sections

The analytical expressions for the dijet differential
cross sections, with respect to the cosine of the scattering
angle θ∗ in the CoM frame and to χjj , are listed in Table
V, split for different subprocesses. The shapes for some
of them are shown in Figures 1 and 10. Even if the sub-
processes present different trends, the one from uu→ uu
still dominates when they are summed together, as it can
be seen in Fig. 2.

Appendix B: Multijet with flavour-tagging

Table VI shows the cross sections for multijet produc-
tion with the employment of simulated flavour-tagging
algorithms to identify at least one b-jet, one c-jet or two
b-jets. More details about the implementation can be
found in Sec. I. The values for the SM and its interfer-
ence with the 4LQ operators are shown, at LO matched
with MLM and PS.

TABLE V. Analytical expressions of the differential cross sec-
tion for some dijet subprocesses, in the SM and its interfer-
ences with the 4LQ operators, as functions of χjj . PDF and
PS effects are not included. Each interference term has a pref-
actor 4CiαS/(9Λ2), while for the SM ones it is 2α2

Sπ/(9s),
with s the total energy squared of the process

pp→ jj, LO
Operator dσ1/Λ2

/dχjj
uu→ uu, dd→ dd, ūū→ ūū, d̄d̄→ d̄d̄

SM 2(3+2χ+χ2+2χ3+3χ4)
3χ2(1+χ)2

O
(1)
qq , O(3)

qq , Ouu, Odd - 1
χ

O
(8)
ud 0

O
(8)
qu , O(8)

qd - 1−χ+χ2

2χ(1+χ)2

ud→ ud, ūd̄→ ūd̄

SM 1+2χ+2χ2

(1+χ)2

O
(1)
qq , Ouu, Odd 0

O
(3)
qq -2 1

1+χ
O

(8)
ud - 1

4
1

1+χ

O
(8)
qu , O(8)

qd - χ2

4(1+χ)3

ud̄→ ud̄, dū→ dū

SM 1+2χ+2χ2

(1+χ)2

O
(1)
qq , Ouu, Odd 0

O
(3)
qq -2 χ2

(1+χ)3

O
(8)
ud - 1

4
χ2

(1+χ)3

O
(8)
qu , O(8)

qd - 1
4(1+χ)

uū→ uū, dd̄→ dd̄

SM 27+12χ+29χ2+2χ3+6χ4

3(1+χ)4

O
(1)
qq , O(3)

qq , Ouu, Odd - χ3

(1+χ)4

O
(8)
ud 0

O
(8)
qu , O(8)

qd -χ(3+3χ+χ2)
2(1+χ)4

TABLE VI. Cross sections, in pb, for multijet production
when at least one b-jet, at least one c-jet and at least two
b-jets are tagged, at LO matched to PS. The SM and 4LQ
interference values are reported. The scale-variation uncer-
tainties are shown

pp→ jets
b+jets c+jets bb+jets

SM 2.9·106+69%
−44% 1.9·106+57%

−42% 2.5·106+54%
−35%

O
(1)
qq -8·102+38%

−62% -4·102+40%
−50% 1·101+400%

−400%
O

(3)
qq -2.3·103+43%

−65% -1.4·103+43%
−57% 7·101+142%

−142%
Ouu -1.6·102+44%

−63% -3.7·102+41%
−54% -2+100%

−100%
Odd -6·102+50%

−67% -3·101+67%
−67% 1·101+400%

−400%
O

(8)
ud -1.9·102+42%

−63% -1.3·102+38%
−62% 7+114%

−114%
O

(8)
qu -2.6·102+42%

−62% -2.9·102+41%
−59% 6 +150%

−150%
O

(8)
qd -5·102+20%

−60% -1.3·102+46%
−62% 1·101+300%

−300%
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FIG. 10. Shapes of the differential cross section with respect
to χjj for the SM and its interference with the 4LQ operators,
for some subprocesses to dijet production. PDF and PS effects
are not included
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Appendix C: γ+jets cross sections in the direct- and
fragmentation-enriched regions

As stated in Sec. V, the experimental analysis [51] for
γ+jets productions defines, together with an inclusive re-
gion, a direct-enriched (pγT > pj1T ) and a fragmentation-
enriched (pγT < pj2T ) ones. The total cross sections for
these last two are listed in Table VII. It can be observed
that the direct-region cross section is larger than the
fragment-region one in the SM and experimental mea-
surments, but the opposite holds for almost all the inter-
ference terms (in absolute value).

Appendix D: Numerical values of the individual
limits

The numerical values for the individual limits shown
in Fig. 7 on the 4LQ coefficients are reported in Table
VIII, from each process included in this study.

TABLE VII. LO cross sections, in fb, for the SM and its inter-
ference with the 4LQ operators in γ+jets production, in the
fragmented- (left) and direct-enriched (right) phase-space re-
gions described in the text. The experimental measurements
are also reported. For these and for the SM, the cumula-
tive uncertainty is shown, while for the interference terms the
first source is numerical and the following ones come from
scale variations

pp→ γ+jets
pγT < pj2T pγT > pj1T

Exp 3.5·103 ± 4% 1.17·104 ± 6%
SM 2.6·103 ± 30% 1.3·104 ± 31%
O

(1)
qq -2·102 ± 0.3%+15%

−20% -4.7·101 ± 0.9%+17%
−21%

O
(3)
qq -8.9·102 ± 0.2%+10%

−12% -3.0·102 ± 0.5%+10%
−10%

Ouu -1.7·102 ± 0.2%+12%
−17% -5.5·101 ± 0.4%+9%

−11%
Odd -1.6·101 ± 0.3%+13%

−19% -6.6±0.5%+11%
−12%

O
(1)
ud 7.1±0.3%+28%

−18% 3.1±0.5%+23%
−16%

O
(8)
ud -4.7·101 ± 0.3%+9%

−15% -2.6·101 ± 0.4%+7%
−12%

O
(1)
qu -5.4±0.6%+30%

−35% -2.5±0.8%+24%
−32%

O
(8)
qu -9·101 ± 0.3%+19%

−26% -4.1·101 ± 0.5%+14%
−20%

O
(1)
qd 9·10−1 ± 1.0%+78%

−67% 3·10−1 ± 2%+67%
−67%

O
(8)
qd -3.3·101 ± 0.3%+18%

−27% -1.6·101 ± 0.5%+13%
−19%
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