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1. Introduction

The dawn of the Large Hadron Collider (LHC) era brings rergtvmeentive to continue im-
proving theoretical predictions of Standard-Model backgids to new physics searches. For many
searches, including some channels for the Higgs boson ardhfa matter particles, the signals
will be excesses in jet +lepton or jet + missikg distributions. Such signals can be mimicked by
Standard-Model processes; accordingly, a thorough andtitatavely reliable theoretical predic-
tion is needed. This requires a calculation through nex¢ading order (NLO) in QCD.

Leading-order (LO) computations, while an important fitsfs suffer from a strong depen-
dence on the unphysical renormalization and factorizasicales. At this order, they enter only
through the strong couplings and parton distribution functions, uncompensated by amawbe
ior of the short-distance partonic matrix elements. Beeahe QCD coupling is large and runs
quickly, the absolute normalization of cross sections hasletantial dependence on scales. For
reasonable scale variations, the dependence is of theafrdet0% for theV + 3-jet processes we
shall study, withV a heavy electroweak vector boson. The dependence also gudstantially
with increasing number of jets. At NLO, the virtual corrects introduce a compensating depen-
dence on the scales. The scale dependence shridkd)#%, and we obtain a quantitatively reliable
answer. Shapes of distributions can also show a dramatedependence with poor scale choices.
Some shapes do display noticeable “genuine” NLO correstimmlependent of scale issues.

NLO predictions folV + n-jet production at hadron colliders require several ingrets:

e tree-levelV + (n+ 2)-parton matrix elements, which provide the LO contribution

e interference of one-loop and tree amplitudes\Mfor (n+ 2) partons (virtual contribution);
e tree-levelV + (n+ 3)-parton matrix elements (real-emission contribution);

e a subtraction approximation capturing the singular bajranf the real-emission term;

¢ the integral of the approximation over the singular phasesgreal-subtraction term).

These contributions must be convoluted with parton distidim functions, obtained from NLO fits,
and integrated over the final phase space, incorporatingpppate experimental cuts.
Schematically, we combine the contributions as follows,

do—NLO _
ot = [dxatite | [ 000t ot [ o0 Sons (03T, + 0} .0

+/d¢n+1 6Obs(05|36\3/+n+1_ USEQ/+n+1)] ) (1.1)

whered®, denotes th¥ -+ n-parton phase spacey; » f1 f> the integral over the appropriate parton
distributions, a sum over types being impli@dgps, the binning function for the desired distribution;
o'™e the tree-level squared matrix elemerd3:'°°P, the virtual correctionsg??P, the approxima-
tion to the real-emission contribution; aod PP, the approximation’s integral over singular phase
space. The set of subtraction terms ensures that each artine tn this equation is separately
finite, and thus may be computed numerically.



NLO Jet Physics witBLACK HAT Kosower and Maitre

We use the BACK HAT program library [1, 2, 3, 4] to compute the virtual corren@ 70,
and the SHERPA package [5] to comput&e€ and the required approximatiow¥P and g/ 2°p).
The approximation uses the Catani—-Seymour dipole appr@cihe phase-space integration is
performed with SHERPA, implementing a multi-channel ajpgio[7].

The BLACKHAT library implements on-shell methods for one-loop ampktsichumerically.
Such amplitudes can be written as a sum of cut te@y)scontaining branch cuts in kinematic
invariants, and rational ternt&,, free of branch cuts,

An = Cn + Ry. (1.2)

All the branch cuts appear in the form of logarithms and dilithms, and can be written as a sum
over a basis of scalar integrals — bubblggrianglesl}, and boxes),

Co=Ydily+ Scly+ Ybils. (1.3)

(Massive particles in the loop also require tadpole intisgraNe take all external momenta to be
four dimensional, expressible in terms of spinors. Thefadehts of these integraldy,c;, and
di, as well as the rational remaindBgy, are rational functions of spinor variables (in the form of
spinor products). The BACK HAT library computes these coefficients numerically, levarggiff
recent analytic progress. In particular, it exploits gahieed unitarity [8, 9]. We use Forde’s ap-
proach [10] to computk; andc;, making use also of the subtraction approach to integralatezh
first introduced by Ossola, Papadopoulos and Pittau [11]obfain the rational terms we have
implemented both loop-level on-shell recursion [12], arfdhassive continuation” approach due
to Badger [13], which is related to ti&-dimensional generalized unitarity [14] approach of Giele
Kunszt and Melnikov [15].

One-loop matrix element computations can suffer from nigakinstabilities. In BACK-
HAT, this problem is solved by detecting pieces of the amplitwtiéch do not have a sufficient
accuracy and recomputing them with higher precision udiegnultiprecision package QD [16].
This approach has the advantage of solving the problem tissngame approach for well-behaved
points and for numerically unstable ones. As discussedf# &, 4], with a series of tests — the
simplest of which checks whether the infrared divergen@a lthe proper values — there is no
need fora priori knowledge of what set of circumstances can lead to instigsili In each con-
tribution where precision loss is detected, A8 K HAT automatically switches to higher precision,
regardless of the underlying cause. With on-shell metheddiappens infrequently and therefore
has only a mild effect on the overall computation time.

We have previously used these software tools to provide theghenomenologically useful
NLO study of the production of & boson in association with up to three jets [3, 4]. In this Gent
bution, we extend our previous studies with a more detadelt bt the question of scale choices;
at aspects of the polarization Wfs produced at higRr; and at a new distribution displaying the
probability of emitting a jet into a rapidity gap. We also geat the first NLO results of+ 3-jet
production at hadron colliders, in a leading-color appmation designed to be accurate within
a few percent. In all cases, we decay the vector boson torspté™ — |Tv;, W~ — |y, and
Z — 11—, using the appropriate vector boson linewidth. We inclute\irtual photon contribu-
tion to |1~ production. Other recent state-of-the-art NLO results im@yound in ref. [17]. The
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production oW + 3 jets has also been computed at NLO using a leading-colapzippation and
extrapolation [18, 19].

2. Scale Choices

The renormalization and factorization scales are not ghyscales. Physical quantities should
be independent of them. A dependence on them is nonethelessnp in theoretical predictions
that are truncated at a fixed order in perturbation theoryleadling order, the dependence arises
solely throughag and the parton distributions, respectively. We adopt thalysractice and choose
the two to be equalir = ur = 4. NLO results greatly reduce the dependence compared towtO, b
of course they do not eliminate it completely. We still needhoose this scale. We should expect
a good choice fop to be near a typical energy scale for the observable we arputimg, in order
to minimize the uncomputed logarithms in higher-order tridowever, multi-jet processes such
asV + 2,3-jet production have many intrinsic scales, and it is neach priori how to distill them
into a single number. For any given point in the fully-di#fatial cross section, there is a range of
scales one could plausibly choose. For example, one migitsehthe same fixed scalefor all
events. However, because there can be a large dynamic rangementum scales (particularly at
the LHC, where jet transverse energies well abldygare common), it is natural to pick the scale
u dynamically, event by event, as a function of the event'skiatics.
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Figure 1. LO and NLO predictions for the second et distribution inW + 3 jet production at the LHC.
The only difference between the left and right panels is ttadeschoice:u = ETW on the left andu = Hr

on the right. The former choice is clearly problematic andusti not be used in phenomenological studies.
The bottom panels show the LO and NLO predictions, variedfag@®r of two around the central scale, and
divided by the NLO value at the central scale.

Previous studies (seeg.refs. [20, 21]) have used the transverse energy of the veoson,
E¥ , as the scale choice. For many distributions at the Tevathiis satisfactory. With the larger
dynamic range at the LHC, the choice becomes problematieeleh, for some observables, such as
the transverse-energy distribution of the second-hajdest W + 3-jet production, shown in the
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Figure 2: The NLO Pr distribution of the third jet inZ 4+ 3-jet production at the Tevatron. For the left
panel the scale choiqe= E# is used, and for the right pangl= Hr /2. Although the two NLO results are

compatible, the LO results have large shape differendestrihting thaty = I:|T/2 is a better choice than

U = E# at the Tevatron as well. The lepton and jet cuts match the Qi3S {20].

left panel of fig. 1, it goes disastrously wrong, leading tgata/e values of the distribution fdtr
beyond 475 GeV. Even at the Tevatron, the scale choieeEY is not necessarily a good one; for
example, with this choice, the left panel of fig. 2 displayargé change in shape between LO and
NLO in the Pr distribution of the third hardest jet i+ 3-jet production. This difficulty reflects
the emergence of a large logarithn{lifE), whereE is a typical energy scale, spoiling the validity
of the perturbative expansion.
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Figure 3: Two distinctW + 3 jet configurations with rather different values for etransverse energy.
In configuration (a) an energetiy balances the energy of the jets, while in (b) Weis relatively soft.
Configuration (b) generally dominates over (a) when therggtdverse energies get large.
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To understand the problem with the scale chqice- EY, consider the two configurations
depicted in fig. 3. In configuration (a), th& has a transverse energy larger than that of the jets,
and accordingly sets the scale for the process. In configarb), the two leading jets roughly
balance irEt, while theW has much lower transverse energy. HereWhscale is too low, and not
characteristic of the process. In the tail of the distrimtiwve expect configuration (b) to dominate,
because it results in a larger secondgetfor fixed center-of-mass partonic energy; contributions
from higher center-of-mass energies will be suppressetidiall-off of the parton distributions.

Can we choose a scale that treats the different final-staéetskmore democratically? The
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total partonic transverse energy,

Hr = z Ef + EE + E7, (2.1)
partonsi
or a fixed fraction of it, is such a choice. As we can see in thbtmpanels of figs. 1 and 2, this
choice results in stable and sensible NLO predictions — sl ia a relatively flat ratio of the
NLO and LO predictions. For LO predictions, it is better tesich a scale when NLO results
are unavailable. A similar type of scale choice, based orctimbined invariant mass of the jets,
has been motivated by soft-collinear effective theory [22)cal scales associated with “branching
histories” as used in parton showers have recently beerestta W + 3-jet production at LO [19].

3. Z+ Jetsat the Tevatron

At hadron colliders,Z boson production manifests itself primarily in either ge-lepton
pair production, or the production of missing transversergy (when theZ decays to neutrinos).
The latter process is an important background to a wide tyapiesupersymmetry searches (when
no charged lepton is required), and to dark matter searcloes generally. Thé"l~ mode has
a significantly lower rate, but it is an excellent calibratiprocess, as th# can be reconstructed
precisely. It is also an excellent process for confrontingON\predictions with experimental data.

We have computed the NL@ + 1,2 3-jet production cross sections for the Tevatrqp (
collisions at,/s= 1.96 TeV), with theZ decaying into a charged lepton pair. We applied the same
cuts used by the CDF collaboration [20] in their measuremétitese processes fdr— ete™,

P> 30GeV, E&>25GeV, AReju>07, 66<Mge <116 GeV,
I <21, |n%l<1, |n%®|<1 or 12<|n®| <28, (3.1)

where the electron cuts apply to both electrons and positamd the jet cuts apply to all jets. We
cut on the jet pseudo-rapidity rather than CDF’s cut on rapidity, the two cuts coincide at LO
but differ slightly at NLO. We employed three different iafed-safe jet algorithms [23], SISCone
(with merging parametef = 0.75), kt and antiky, all with R= 0.7. Production of ah™|~ pair
can also be mediated by a virtual photon; we include thestibations as well, although they are
suppressed by the cut on the lepton-pair invariant rivess-.

Fig. 4 shows how th& + 1,2, 3-jet cross section depends on a fixed sgalendependent of
the event kinematics, for the ali- algorithm and with the cuts (3.1). Here choosingz My is
appropriate, because the cross section is dominated bipigets. The upper three panels show the
scale dependence of the cross section at NLO, compared @&tth@, inZ-+ 1-,Z+ 2-, andZ + 3-
jet production, respectively. They illustrate the lessedependence at NLO. The bottom panel
shows the ratio of NLO to LO results for all three cases, destrating the increasing sensitivity
to scale variations at LO with increasing number of jets. sTikiexpected, because there is an
additional power ofog(u) multiplying the LO cross section for each additional jet.caaingly,
the impact of an NLO calculation also grows with the numbejets. The results for thkr and
SISCone algorithms (not shown) are similar.

Fig. 5 compares the theoretical predictions for the segenBr distribution inZ + 2-jet pro-
duction with data from CDF [20]. CDF used the midpoint altum [24]. This algorithm is
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Figure 4: The scale dependence of the cross sectiolZferl, 2,3-jet production at the Tevatron, for the
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Figure5: The second-je®r distribution forZ 4 2 jets at LO and NLO compared against CDF data [20].

infrared unsafe foZ + 3-jets at NLO, so we use infrared-safe ones instead. Figotvsihesults
for the antiky algorithm; the other two algorithms yield similar resulti.is worth noting that
CDF did not attempt to “deconvolve” the hadronization cotiens (estimated using Pythia) from
their measured data; rather, they provided a table of hadton corrections. This is helpful be-
cause it will allow for future improvements to hadronizatimodels to be taken into account in
theoretical predictions. Accordingly, we have used thesdrdnization corrections to generate a
complete prediction from the LO and NLO perturbative prédits. The hadronization corrections
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are significant for lowPr, on the order of 20% at 30 GeV, and become rather small atriggte
transverse momenta. As expected, the LO scale-dependanceivomuch larger than the NLO
one. Excepting perhaps the last bin, the agreement betweeNLtO prediction and the data is
quite good, especially given the different jet algorithms.

Fig. 6 gives our predictions for the three fat distributions inZ + 3-jet production, using the
antikr jet algorithm. With the choice of scale = Hr /2, only minor shape changes are visible
between LO and NLO, for all three distributions. The NLO plare based on a leading-color
approximation along the lines of refs. [3, 4], except thacps proportional to the number of light
quark flavors ;) are included. We expect this approximation to be valid tevafercent.
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Figure 6: The LO and NLOPr distributions forZ + 3-jet production for the leading, second and third jet,
for the antikr algorithm and scale choiqe = HT/Z. The thin vertical bars in the top panels indicate the
integration errors.

4. W Polarization at theLHC
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Figure 7: The left panel shows the ratio of the charged-lefEerdistributions at the LHC fow™ andw—
production in association with at least three jets, conmghatdNLO. The right panel shows the corresponding
ratio for the neutrinder, or equivalentlyir.

As noted in ref. [4], at the LHC thEy distributions of the daughter leptons show a surprisingly
strong shape dependence on whether they come fidfmt ar aW—, independent of the number
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of jets. Fig. 7 shows the ratio of the NLO transverse energgridutions for theV* boson decay
products in inclusiv&V + 3-jet production at the LHC, charged leptons in the left pand neutri-
nos in the right panel. The differences betw®éh andW ™ distributions are quite dramatic. The
left panel shows a large ratio fav* toW~ at smallE§ which declines at large$. In contrast, the
corresponding ratio for they, or equivalently the missing transverse enefgyin the event, starts
somewhat smaller but increases rapidly wih. The significant difference in behavior between
W andW ™ suggests a means for separaftiighosons produced in top quark decays from those
produced from light quarks; th&'s from top decays do not exhibit a similar phenomenon.
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Figure 8: The LO and NLO predictions for polarization fractions of fe&-handedf_ (top curve), right-
handedfr (middle curve) and longitudindy (bottom curve) fractions foW + 2 jets at the LHC. The left
panel gives the polarization fo¥* and the right panel fow~. For high transverse momentuf,w, the

W bosons become predominantly left-handed.

This disparate behavior is explained by a net left-handédalrization for bothV* andW— at
high transverse momentum. This effect is easily visible @ &nd it does not get washed out at
NLO. Infig. 8, we give the fraction &V bosons in each of the three polarization states, left-frdinde
right-handed and longitudinaf(, fr, fo, respectively) folV + 2-jet production at the LHC, at both
LO and NLO. As seen in the figure, at high transverse momerttieWe bosons are preferentially
left handed. Although the cross-sections Wér andW— are rather different, their polarizations
are nearly identical. Interestingly, we also find that whHesWs have a transverse momentum of
more than 50 GeV, the polarization is quite independent efj¢h transverse energy cuts. With
W= bosons left-hand polarized at larg¥’, thew* tends to emit the left-handed neutrino forward
relative to its direction of motion (resulting in a largearisverse energy) and the right-handed
positron backward (smaller transverse energy). In contifas\W— prefers to emit the left-handed
electron forward. At higter, such decays produce an enhancement in the neuirbstribution
and a depletion in the charged-lepton distribution\or relative toW —, consistent with the results
displayed in fig. 7. We note that this phenomenon is distirmnhfthe well-known dilution of the
W rapidity asymmetry at the Tevatron, when passing to theydkgdon, which can be explained
using angular momentum conservation solely along the be@s2b].

5. Emission into Rapidity Gaps

In previous work [21], we provided the first NLO study of th@pability of emitting a third jet
in W + 2-jet events, as a function of the rapidity interval betwaeo leadingEr jets at the LHC.
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This distribution was studied earlier at LO at the Tevatrad aompared to CDF data [26]. Jet
emission probabilities are relevant to Higgs searches étowdoson fusion [27], in which color-
singlet exchange leads to a paucity of jet radiation in theraéregion between two forward tag
jets. On the other hand, QCD backgrounds with color exchaamgW + 2-jet production, will
generally lead to significant jet radiation.
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—- LO: (W +3jets+X) / (W+2jets+X )
— NLO: (W +3jets+X) / (W+2jets+X )

[
L —

Ve = 14Tev

o

o
T T T

'l

[ BlackHat+Sherpa

do (W +3jets) / d(W +2jets)

o
L —

=)
=
N
w;
IN
o

Figure9: The ratio of the inclusivéV~ + 3-jet cross section to th&/~ + 2-jet cross section as a function of
the pseudorapidity separatidm between the two most widely separated jets that pass the Tgssolid
(black) line gives the NLO result, while the dashed (blueg lgives the LO results.

To mimic vector-boson fusion searches, however, the apiatedag jets are not the two hard-
est ones (byET), but rather the two most separated in pseudorapidity. &fbee, in fig. 9 we
present the ratio of th&/~ + 3-jet cross section to thé&/~ + 2-jet cross section as a function of
the pseudorapidity separatidm between the two most separated jets. The emission prdlyabili
rises roughly linearly wittAnp. The NLO result is somewhat less than the LO one at lange
(The ratio forW is quite similar.) This plot is similar to one for Higgs pradion in association
with jets [28], obtained from high-energy factorizatiomnsalerations. It would be interesting to
compare results obtained in this way to NLO results for theesguantities.

6. Conclusions

In this Contribution we presented some new resultsfor 3-jet production obtained from
BLAck HAT combined with SHERPA, expanding on earlier scale-depaselstudies [3, 4]. We
also demonstrated théf bosons produced at larg® are indeed polarized left-handed, explaining
an asymmetry betwed'™ andW ™ in the transverse energy distributions of the daughteotept
BecauseWNs from top decays do not exhibit this polarization effectmidy prove effective for
distinguishing suclWs from ones produced by light quarks. We presented the fir€d Kiudy
of the probability of emitting a third jet between the two rmesdely separated jets W + 2-
jet production. We also presented the first NLO resultsZfer 3-jet production. We observed that
even at the Tevatron, choosing the renormalization andraetion scale to equal the vector boson
transverse energy is not a particularly good choice, aslitdas large shape changes between LO
and NLO.

A publicly available version of BACKHAT is in preparation and is currently being tested in
diverse projects (seeg.ref. [29]). This version uses the proposed Les Houchesfauerfor one-
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loop matrix elements. It has been tested with both C++ antdoclients. The public version will
provide all processes that have been carefully tested hetliull BLACK HAT code.

In the more distant future, the next benchmark process facR HAT + SHERPA is the pro-
duction of aW boson in association with four jets at NLO. Using the techaijdescribed above,
the virtual part of the NLO cross section seems within rea€bmputing the real emission ma-
trix elements, and integrating them over the seven-parfibase space (including the decay of the
vector boson) appears to be rather challenging with theeotitools, due to the large number of
integration channels. It is interesting to note that in tidse the bottleneck no longer seems to be
the virtual contributions to the cross section.

The results summarized here are indicative of the type aiphythat can be carried out using
BLACKHAT in conjunction with SHERPA. We look forward to comparing gitions from these
tools to the forthcoming LHC data.
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