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1. Introduction

Four-jet production seems a natural case to look for hardldgparton scattering (DPS) ef-
fects (see e.g. Ref. [1] and references therein). A year agbave analyzed how to find optimal
conditions for the observation and exploration of DPS efféa four-jet production [2]. In this
analysis only the leading-order (LO) collinear approacts wpplied both to single and double-
parton scattering mechanisms.

Very recently, we have performed for the first time a cal¢akaof four-jet production for
both single-parton and double-parton mechanism withifactorization [3]. It was shown that the
effective inclusion of higher-order effects leads to a saigal damping of the double-scattering
contribution with respect to the SPS one, especially formagtnic (identical) cuts on the transverse
momenta of all jets.

So far, most practical calculations of DPS contributionseygerformed within the so-called
factorized ansatz. In this approach, the cross section R i3 a product of the corresponding
cross sections for single-parton scatterings (SPS). $kigphenomenologically motivated approx-
imation which is not well under control yet. A better forngati exists in principle, but predictions
are not easy, as they require unknown inpugj, double-parton distributions that should contain
informations about space-configuration, spin, colour arofla correlations between the two par-
tons in one hadron [4]. These objects are explored to a faetesxtent than the standard single
PDFs. However, the factorized model seems to be a reasowabl® collect a sufficient amount
of empirical facts to draw practical conclusions about fidegdentification of the DPS effects in
several processes.

As discussed in Ref. [2], jets with low cuts on the transverssmenta and a large rapidity
separation seem more promising than others in exploring &fests in four-jet production. In the
following we shall concentrate on the study of this and othere optimal observables to pin down
DPS contributions in th&r-factorization framework.

2. A sketch of the theoretical formalism

The theoretical formalism used to obtain the following ficedns has been discussed in detall
in our previous paper [3]. All details related to the scatigramplitudes with off-shell initial state
partons as well as with the Transverse Momentum Dependewinpdistribution functions (TMDs)
can be found there.

Here we only very briefly recall the high-energy (ar)-factorization (HEF) formula for the
calculation of the inclusive partonic four-jet cross setat the Born level:

dx d
0% jets = Z/ - XZdszld kr2 Zi (X1, kra, HF ) 7 (X2, kr2, HF)

14 d3
X=1 ===
28 D (2m)32E,

4
Os_jet (2)* 5 <X1P1+X2P2+ kr1i+kro— Z ki) | (i, j* — 4part)|?.
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Here .7 (x, krk, Ur) is the TMD for a given parton typeg are the longitudinal momentum frac-
tions, e is a factorization scalekry the parton’s transverse momenta (i*, j* — 4part) is the
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gauge invariant matrix element for-2 4 particle scattering with two initial off-shell partonshay
are evaluated numerically with the AVHLIB [5] Monte Carltary. In the calculation, the scales
are settqur = pr = =331 | KL,

The so called pocket formula for DPS cross sections (for efauton final state) is given by

do} jetops _ . m do®(i1j1 — kil1) doB(izjo — kol2)
d&1d&, Oeffi, ik, dé; dé, ’

where theo (ab — cd) cross sections are obtained by restricting (2.1) to a sicigéenel and the
symmetry factomis 1/2 if the two hard scatterings are identical, to avoid doublenting. Finally,

&1 and &, stand for generic kinematical variables for the first andadcscattering, respectively.
The effective cross sectiam ¢ can be interpreted as a measure of the transverse cometditibe
two partons inside the hadrons, whereas the possible latigél correlations are usually neglected.
In the numerical calculations here we usg: = 15 mb that is the typical value known from the
world systematics [6].

(2.2)

[1312,j2,k2,12

3. Numerical results

We start with a comparison of our numerical predictions weitisting experimental data for
relatively low cuts on jet transverse momenta. In this cdantthe CMS experimental multi-jet
analysis [7] is the most relevant as it uses sufficiently sofs on the jet transverse momenta for
DPS. The cuts are in this cager| > 50 GeV for the two hardest jets afpr| > 20 GeV for the
third and fourth ones; the rapidity region is defined|hy < 4.7 and the constraint on the jet cone
radius parameter iAR > 0.5. The overall situation is shown in Fig. 1, where we plot d#pi
distributions for leading and subleading jets ordered leyrtpr’s.

The ky-factorization approach includes higher-order corregtithrough the resummation in
the TMDs even at the Born level. However, within this framekviixed-order loop effects are not
taken into account. Therefore, we allow foKafactor for the calculation of the SPS component.
The NLOK-factors are known to be smaller than unity for 3- and 4-jedpicction in the collinear
approximation case [8]. To describe the CMS data, we alsd Kefactors smaller than unity for
the SPS contributions, as expected. In contrast to the eafat, the NLO predictions for the 2-jet
inclusive cross section are further away from the measuaégevthan the LO ones [8]. The 2-jet
K-factor is known to be about2, however it enters squared in the case of the DPS calcuatio
Therefore, in order to ensure that the predicted DPS effaetgot overestimated, we ignoke
factors for the DPS.

In the following we introduce a set of observables that we fiatticularly convenient to
identify DPS effects in four-jet production. Here we use ptetely symmetric cutspr > 20 GeV,
for all the four leading jets. The cuts on rapidity and jetiuadparameter stay the same as for
the CMS case. In Fig. 2 we show our predictions for the rapidistributions. In contrast to the
previous case (Fig. 1), where harder cuts on the two haretsstjere used, the shapes of the SPS
and DPS rapidity distributions are rather similar. Thererily a small relative enhancement of the
DPS contribution for larger jet rapidities.

1we use thédt notation to refer to the energies of the final state partonisiets, despite this is obviously the same
thing in a LO analysis.
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Figure 1: Rapidity distribution of the leading and subleading jet©ie TSPS contribution is shown by the
dotted line while the DPS contribution by the dashed line.
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Figure 2: Rapidity distribution of leading jet fog/s= 7 TeV (left column) and/s= 13 TeV (right column)
for the symmetric cuts. The SPS contribution is shown by thteed line while the DPS contribution by the
dashed line. The relative contribution of DPS is shown ingtkiga lower panels.

As it was shown first in Ref. [9] in the context of Mueller-Ndekjet production, and then
repeated in Ref. [2] for four-jet studies in the LO collineggproach, there are two potentially
useful observables for DPS effects, namely the maximunditgpilistance

AY =max 12341 [N — Njl (3.1)
i7#]

and the azimuthal correlations between the jets which at remote in rapidity

ojj = |¢i—¢;|, for |ni—nj|=AY. (3.2)

One can see in Fig. 3 that the relative DPS contribution asme withAY which, for the CMS
collaboration, can be as large as 9.4..Ag¢= 13 TeV the DPS component dominates over the SPS
contribution forAY > 6. A potential failure of the SPS contribution to describebsa plot in this
region would be a signal of the presence of a sizable DPSibatitm.

Figure 4 shows azimuthal correlations between the jets mewsbte in rapidity. While at
V/S =7 TeV the SPS contribution is always larger than the DPS ah¢/s = 13 TeV the DPS
component dominates over the SPS contributionpipr< 1/2.
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Figure 3: Distribution in rapidity distance between the most remets for the symmetric cut witlpr >
20 GeV for/s=7 TeV (left) and/s = 13 TeV (right). The SPS contribution is shown by the dotiad |
while the DPS contribution by the dashed line. The relativetibution of DPS is shown in the extra lower
panels.
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Figure 4: Distribution in relative azimuthal angle between the mestote jets for the symmetric cut with
pt > 20 GeV for,/s=7 TeV (left) and\/s= 13 TeV (right). The SPS contribution is shown by the dotted
line while the DPS contribution by the dashed line. The redatontribution of DPS is shown in the extra
lower panels.

We also find that another variable, introduced in the highsvarse momenta analysis of four
jets production presented in Ref. [10], can be very intargdbr the examination of DPS effects:

NP5 = mir\7j7ke{l72|,(374} (|6 — &j| + 1¢j — dxl) - (3.3)
A7

As three out of four azimuthal angles are always enteringi)( configurations featuring one
jet recoiling against the other three are necessarily ckenised by lower values a‘iq)g‘}‘” with
respect to the two-against-two topology; the minimum, ut,favill be obtained in the first case for
i, j,k denoting the three jets in the same half hemisphere, whaeasch thing is possible for the
second configuration. Obviously, the first case would benadtbonly by SPS in a collinear tree-
level framework, whereas the second would be enhanced by IDB#&ky-factorization approach,
this situation is smeared out by the presence of transveoseemta of the initial state partons. For
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our TMDs, the corresponding distributions are shown in Bigie do not see such obvious effects
in the case okt -factorization.
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Figure 5: Distribution inA¢§]‘i” angle for the symmetric cut withr > 20 GeV for,/s = 7 TeV (left) and
\/s= 13 TeV (right). The SPS contribution is shown by the dotied vhile the DPS contribution by the
dashed line. The relative contribution of DPS is shown ingtkiza lower panels.

4. Conclusions

In this presentation we have discussed how to look at the Die&eand how to maximize
their role in four jet production. We found that, for sufficty small cuts on the transverse mo-
menta, DPS effects are enhanced relative to the SPS cditrnibwhen rapidities of jets are large,
for large rapidity distances between the most remote jetssrhall azimuthal angles between the
two jets most remote in rapidity and/or for large values emskpg;i” variable. For more details we
refer the interested reader to our regular article [1].
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