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In the second run of the LHC, which started in April 2015, acuaate understanding of Standard
Model processes is more crucial than ever. Processes ingletectroweak gauge bosons serve
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searches. We here present the NLO QCD virtual contributio®y*W~ + jet in an analytic
format obtained through unitarity methods and show regaitshe full process using an imple-
mentation into the Monte Carlo event generator MCFM. Phestmitogically, we investigate total
as well as differential cross sections for the LHC with 14 Te®¥nter-of-mass energy, as well as
a future 100 TeV proton-proton machine. In the format presetiere, the one—loop virtual
contributions also serve as important ingredients in theutaion of W™W~ pair production at
NNLO.
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1. Overview

We here consider the hadronic production/fpairs in association with a single jet at next-
to-leading order (NLO) in QCD at a hadron collider with a egrtf-mass energy of 14 and 100
TeV, respectively. Th&V bosons decay leptonically, with all spin correlations unlgdd. At tree
level this process corresponds to the partonic reaction,

q+q— W +W~+g
|—> H 4+ vy (1.2)
— Ve+ €'

with all possible crossings of the partons between initial &inal states. Tree level diagrams for
this process are shown in Fig. 1.
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Figure 1: Sample diagrams entering the calculation of the leadingraathplitude for th&/W--jet process,
corresponding to (&) emission from the quark line and (b) emission from an intetiate Z boson or
photon.

At next-to-leading order we must include the emission of dditéonal parton, either as a
virtual particle to form a loop amplitude, or as a real exé¢particle. Sample diagrams for virtual
NLO contributions are shown in Fif] 2; in addition, one-loomrections to Fig[]1 (b) must be
included. All results presented in the following have bebtamed using the calculation of Ref. [1],
where virtual corrections have been obtained using geredaunitarity method{J4] §] £] §, B. 71
as follows: Each amplitude is decomposed in terms of thel wsigloop basis

S({p}) =Y dili+ 5 cill+ Y bl +R. (1.2)
J J J

In this equationl,‘; represents a scalar loop integral wittpropagators, commonly referred to as
box (n = 4), triangle ( = 3) and bubblerf= 2) integrals. The integral coefficient, c; andb;
can be obtained by the application of unitarity cuts in foimehsions. The rational remainder
term R can be determined using similar cutting rules, after théusion of a fictitious mass for
the particles propagating in the loop. Since the tree-lemeshell amplitudes that appear in the
cutting procedure are quite complex, this procedure has pedormed with the help of the S@M
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Mathematica packagg][8]. The evaluation of the scalar rategppearing in Eq[(].2) has been
performed using the QCDLoop Fortran librafy [9].

The combination of the virtual contributions with born améiremission diagrams has been
implemented using MCFM 1§, JL1]. Note that we do not incluae éffects of any third-generation
qguarks, either as external particles or in internal loops.
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Figure 2: Sample diagrams entering the calculation of the one-logpitude for theN\Wjet process. The
one-loop diagrams can be categorized according to whetjlapa dresses a leading-order amplitude (left),
or whether the diagram includes a closed fermion loop (yight

2. Coefficients
We consider all particles outgoing and consider the process

00 (p1) + " (p2) + ¢ (pa) + " (pa) + ¢ (ps) + £ (pe) + 9" (pr) (2.1)

Tree-level amplitudes for this process have been presémtetail in Refs. [IR[ 3], whose nota-
tion we follow closely.

As a representative box integral coefficient we choose tleecorresponding to the basis inte-
gralls (Sse, S34,0,S17; S127, S234). We here show the leading color integral coefficient, wheteives
a pre-factor oN.. It can be written as,

d (Ss6,534,0,S17; S127, S234) = 1 (127 <2|P|2]
Y ’ 534—”6\1556—”6\/ 2(27) 17>

(132~ 2P4) (132 - Z212PIL) (7405 29)) 02

where the compound momentuPrand denominator factdd are defined by,

P = S17 P34+ S34P17, D= (2/(3+4)(1+7)[2). (2.3)

The factors oD can be put into a more familiar form by relating them to thedoict DD*, where
the complex conjugate d is simply given byD* = [2|(3+4)(1+7)|2]. The product can be
written as a trace of gamma matrices that evaluates to,

DD* = 4sga( P2 - P17)” + 4s17(P2 - Paa)® — 8(P2- P17) (P2 Paa)(P17- Paa) - (2.4)
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my | 80.385GeV|Tlw | 2.085GeV
m; | 91.1876 GeV| I'; | 2.4952 GeV
& 0.095032 | g2, 0.42635

sif6y | 022290 | Gr | 0.116638x 1074

Table 1: The values of the mass, width and electroweak parametedsapeoduce the results in this paper.

This is just the Gram determinant for this basis integralpitesence, when raised to a sufficiently
high power, can lead to numerical instability in phase spagions where it is very small. To
avoid any such issues we veto phase regions where carmesidietween the terms in Eq. (2.4)
(and equivalent expressions for the other box integralshioat the level of 106 or more. In our
studies this occurs only very rarely, in about one in a millevents, so that the effects of such a
veto are tiny compared to the anticipated level of precision

3. Total cross sections

The results presented in this section have been obtained & parameters shown in Taffle 1.
In calculations of LO quantities we employ the CTEQ6L1 PDE[gd], while at NLO we use
CT10 [13]. The renormalization and factorization scaleswsually chosen to be the samg, =
Ur = U, with our default scale choice = g given by,

_Hr 1
UOZT—ZZF’L- (3.1)

The sum over the indexruns over all final state leptons and partons. Jets are defisied the
antikr algorithm with separation parametere= 0.5 and must satisfy,

P> I <45, (3.2)

The cross-sections predicted at LO and NLO are shown in[figs & function ofpjfCut and for
values as large as 400 GeV at the 100 TeV machine. The theairetcertainty band is com-
puted by using a series of scale variations about the cethi@te Lp. The uncertainty corre-
sponds to scale variations §fir, Ur } = {2Uo, 2o}, {Ho/2, o/2} for 14 TeV and{pur,Ur} =
{2, Ho/2} ,{Ho/2,21p} for 100 TeV. The cross-sections at NLO are significantly darthan
those at LO and, in general, the uncertainty bands do notapveAt 100 TeV the cross-sections

are about an order of magnitude larger than at 14 TeV.

As useful operating points, we uﬁ?fmt = 25 GeV at both collider energies and also choose
to study the additional casg’". , = 300 GeV at 100 TeV, which we will label 100 TeV* in the

following. The cross-sections fa/W+jet production at these colliders, under the basic jet cuts
of Eq. (3:2), are collated in Tab[@ 2 Note that the effect of the decays of Mébosons is not
included. Atthe 100 TeV machine, the jet cut of 300 GeV haslob®sen so that the cross section

INote that there is a minor typographical error in RET. [1]he telative uncertainty due to scale variations for the
LO cross section at 100 TeV, which we have corrected here.
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Figure 3: Cross-sections afs= 14 TeV (left) and 100 TeV (right), as a function of the tramseemomen-
tum cut on the jet. The prediction at each order is shown a$iclste, with the dotted lines indicating the
scale uncertainty corresponding to a factor of two varraéibout the central scale.

Vs ffcut OLo [pb] OnLo [pDb]

14TeV| 25GeV| 3957110% | 486738%

100 TeV| 25GeV| 648223% | 740r45%

11.22% 8.0%
100 TeV | 300 GeV | 30.31422% | 53 7+80%

Table 2: Cross-sections for the procepp — WW+jet at proton-proton colliders of various energies, to-
gether with estimates of the theoretical uncertainty fraales variation as described in the text. Monte
Carlo uncertainties are at most a single unit in the last digbwn shown in the table.

is similar in size to the 14 TeV cross section, as can be seemTabIenZ. This cut provides a useful
benchmark in a different kinematic regime that may be mope@iate at that collider energy.
An interesting feature of the higher order corrections tocpsses such as the one at hand

is the existence of so-called “giant K-factor§”J[16]. These due to the existence of kinematic
configurations at NLO that do not exist at LO and that can beltminant contribution in certain
distributions. An observable that exemplifies this effsdfljrets, which is defined to be the scalar
sum of all jet transverse momenta in a given event. At NLO|, r&diation contributions arise in
which two hard partons are produced approximately badbatk, with theW W~ system rela-
tively soft. Such configurations are not captured at all lgyltld calculations, in which the parton
andWtW~ system are necessarily balanced in the transverse plaris.réBults in the by now
well-known feature of huge NLO corrections at Iang'gts, as shown in Fig[]4. Similar effects are
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Figure 4: The distribution of the observabhf™™ = 5 ;s P® at LO and NLO, for 14 TeV (left) and 100 TeV
(right).

variable cut

PL,j > 25 GeV
nj] <45

|Ne| <25

P > 22 GeV
PL s, > 15GeV
My € [10, 80] GeV
piiss > 20 GeV
ADyy <28

mff < 150 GeV
maxmi, m?] | > 50 GeV

Table 3: Cuts applied in the 14 TeV analysis, corresponding to th#"“&et of cuts. The jet cuts, corre-
sponding to the first two lines in the table, are the only omgdied for the “basic” cross-section.

observed at both energies, with NLO predictions at leastrdarcf magnitude larger than their
LO counterparts in the tails of the distributions. At 100 T onset of the giariK-factor is a
little slower, but still occurs well before the interestinglti-TeV region.

4. Differential distributions

We first consider the case of 14 TeV LHC running, with a set ¢$ @uspired by the ATLAS
determination of the spin and parity of the Higgs boson preskin Ref. [17]. Th&VW process
constitutes the largest irreducible background inthe WW* decay channel and a cocktail of cuts
must be applied in order to access information about the $ilgrggon. The cuts are summarized
in Table[3. These include constraints on the transverse ofag$,EMsS) systems,m¥, where
X € (00,01,05), with pye = py, + pr,- This quantity is defined By

ms = \/2 pXEpiss (1—cosAq>( >T<,E$“SS)>. (4.1)

2See, for instance, Eq. (3) of Ref.J18].
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cuts | 0 9[fb] | oMOfb] | K
basic | 462.0(2) | 568.4(2) | 1.23
full | 67.12(4) | 83.91(5) | 1.25

Table 4: Cross-sections at 14 TeV. Monte Carlo uncertainties arieated in parentheses and are smaller
than the per mille level.

In the results that follow we shall always consider the deafagachW boson into a single
lepton family, i.e. the Born level quark-antiquark procegsconsider is the one shown in Eg.]1.1).
The cross-sections under these cuts are given in ]Eable 4dén o assess their effect, we also show
for comparison the cross sections obtained using only thaujs, i.e. the top two lines of the cuts
in Table[3. The table also shows tKefactor, defined by = gNtO/g-©, which we find is rather
insensitive to which set of cuts is applied.

We now consider differential distributions m/T” A®Dy, andmy, as well as the transverse mo-
mentum of the lead jep‘f. These quantities are shown in Fig{ife 5 where, for comparibe LO
prediction has been rescaled by tefactor from Tablgd}4. This indicates that there is verysdittl
difference between the shapes of the distributions at esddr,ovith the exception of the trans-
verse momentum of the leading jet. In contrast this doesvesignificant corrections, which is
expected since additional radiation beyond a single jenig present at NLO.
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Figure 5: Kinematic distributions at 14 TeV, using the full set of csfgecified in the text. The NLO
prediction is shown as the solid (red) histogram, while thshetd (blue) histogram corresponds to the LO
prediction rescaled by th€-factor.

To illustrate some of the key differences between the ptiedis for WW+jet production at
14 and 100 TeV, we now examine NLO predictions for a numberimérkatic distributions and
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compare their behaviour at different c.0.m energies. [Fghdvs two quantities that characterize
the overall nature of this process, the transverse momeottine leading jet and the scalar sum of
all jet and lepton transverse momerits, (c.f. H"TetS earlier). All histograms have been normalized
to the total NLO cross-sections given earlier, in order tttdsecompare their shapes. At 100 TeV
the leading jet is significantly harder than at 14 TeV. Hyedistribution is also harder at 100 TeV
with, of course, a significant shift in the peak once the j¢isuaised?
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Figure 6: NLO p_ j (left) andHy (right) distributions, normalized by the respective tatass sections, for
14 TeV(red), 100 TeV(blue), and 100 TeV* (green)

Turning to leptonic observables, F{g. 7 shows the trangverementum and rapidity of the
positron from theV* decay. The transverse momentum spectrum of the positrisnnfizich less
steeply at 100 TeV, and even less so with a higher jet cut. apielity distribution of the positron
is also changed non-trivially, with the broader peak at 169 fieflecting the fact that the process is
probing a much smaller parton fraction. When the jet cutisedto 300 GeV the required parton
fraction is again larger so that the shape is a little claséneé one found at 14 Te¥.An observable
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Figure 7: NLO p, , (left) andn, (right) distributions, normalized by the respective tatalss sections, for
14 TeV(red), 100 TeV(blue), and 100 TeV* (green)

that is particularly interesting for this process is thenatihal angle between the electron and the

3This variable is also frequently used as a cut variable imcbes for physics beyond the SM, for example in
Refs. ,], where cuts are placed in the rang@6—2 TeV depending on the details of the search strategy.
4Although not shown here, the jet rapidity exhibits a simbahaviour.
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positron, which can be used to isolate contributions tofthal state from Higgs boson decays. As
shown in Fig[B, under the usual jet cuts at 14 TeV, this distion is peaked towards®,, = T,

a feature which persists at 100 TeV using the same jet cute @ecjet cut is raised significantly,
the recoil of thew W~ system results in the two leptons instead being prefetgnpaoduced
closer together, i.e. in the regidxb,, — 0. This is the same region &f®,, that is favoured by
events produced via the Higgs boson decay. Even if the jesiiold at a 100 TeV collider were
not as high as 300 GeV, such a shift in this distribution cduddan important consideration in
optimizing Higgs-related analyses in th&"W~ decay channel. Despite this shift to smalieb,,,

'OB_I L N B I I I | I L L L I B I B I I LI L O B I I B I_ -OB_I L I L I L I L I L I_
14 TeV 1 F 14 TeV ]
[ 100 TeV ] % 100 TeV E
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Figure 8: NLO Ad,, (left) andmy, (right) distributions, normalized by the respective tatass sections,
for 14 TeV(red), 100 TeV(blue), and 100 TeV* (green)

the combination of this effect with the change in the, distribution shown earlier results in a
relatively similar distribution fomy,, albeit with a longer tail.

5. Summary

In this contribution we have considered the prod&ssV— + jet at NLO QCD, making use of
an analytic calculation implemented into the Monte Carlerg\generator MCFM. We have consid-
ered total cross sections as well as several differentitiblitions at proton-proton colliders with
14 TeV and 100 TeV center-of-mass energies. For the latserwa have also considered the effect
of increasing the minimunp,_; cut by roughly an order of magnitude. We found that in genatal
100 TeV dimensionful variables such ps or my, exhibit longer tails in the distributions, reflecting
the increased center-of-mass energy of the system; theaiserof the center-of-mass energy also
leads to broader rapidity distributions. Furthermore \dpg a higherp, cut significantly changes
distributions for the dilepton azimuthal andl&,, as well as the total transverse momentum of the
visible systentHy, which are frequently used for background suppression fgggimeasurements
or BSM searches, respectively. In case such an increaséslajylied, this needs to be taken into
account when devising the respective search strategies(ft &V machine.
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