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Satus of diboson productionin NNLO QCD Dirk Rathlev

1. Introduction

ZZ production is an important Standard Model (SM) procesgte LHC physics program.
It provides a direct test of the electroweak (EW) sector ef M. Furthermore, off-shell SM Z2Z
production is an irreducible background in Higgs searcimels i the high-mass region, for Higgs
width measurements. Its high-mass tail is also sensitiedfézts from anomalous couplings.

Until recently, the state-of-the-art fixed-order SM preidic for ZZ production, including the
leptonic decay and off-shell effects, was the next-toilegudNLO) QCD calculation from Ref. [1].
In the following, we will present results from the first fulliifferential NNLO QCD computation of
the procespp — 4leptons, including spin correlations, off-shell effeated non-resonant contri-
butions fromzZy* andy*y* production. In the meantime some of these results have hesisiped
in Ref. [2].

2. Detailsof the calculation

We have performed the NNLO calculation with the numericalgpam MaTRIX®, which con-
tains a process-independent implementation ofggheubtraction procedure [3]. In the AfRIX
framework, MUNICH? takes care of the phase-space integration, the consmustithe necessary
Catani-Seymour (CS) dipoles [4,5] and also provides amfate to the one-loop generatoPEn-
Looprs[6]. OPENLOOPS together with the ©LLIER library [7—10], is used for the evaluation of
all tree-level and one-loop amplitudes. To deal with profdéc phase-space pointspENLOOPS
provides a rescue system, which uses the quadruple-gnediaplementation of the OPP method
in CutTooLs[11] and scalar integrals fromM@ELOOP [12].

MATRIX has also been used in the NNLO computations of Refs. [13-ah6l]in the resummed
calculation of Ref. [17].

For the handling of infrared singularities at NNLO we use ghesubtraction formalismgr
subtraction renders the separation between genuine NNigDlsirities, characterised by the limit
in which the transverse momentum of the diboson mﬁﬂ’,, approaches zero, from NLO-like
singularities in the VV+jet contribution fully transpatenThis implies that the real contribution
doVV+et in its master formula,

VV VvV VvV VV +jet CT
doNLo = Ao @ oLy + |doNia ™ — doiLo - (2.1)

can be evaluated using any NLO subtraction procedure. Maegdince of the real contribution in
the limitgY¥ — 0 is cancelled by a process-independent counterterfii dThe one- and two-loop
virtual corrections, which live on the Born phase-spacégrevia the hard functionz’VV .

gr subtraction is a non-local subtraction method w.r.t.¢ghe+ 0 singularity, and in practical
implementations a small technical eyf; needs to be applied or= gr/Q, whereQ is the invariant
mass of the final-state system, in this c&se my\,. For sufficiently small values ot the cross
section should become cut-independent. The qualitiy ofémeellation between real contribution

IMATRIX is the abbreviation of “MUNICH Automates qT subtraction and Resummation to IntegratesC3es-
tions”, by M. Grazzini, S. Kallweit, D. Rathlev, M. Wiesenmrarin preparation.

2MUNICH is the abbreviation of “MUIti-chaNnel Integrator at SwisdH) precision”—an automated parton level
NLO, by S. Kallweit. In preparation.
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and counterterm, and the optimal size of the technical gpéxe on the process. Fig. 1 shows the
cut dependence of the total cross section for two benchmaxtepsesZZ production (left) and
WYy production (right). In the case &Z production, the result is very stable when varying the
cut, and even relatively large valuesrgf; ~ 102 give reliable results, while in the case \My
production the cut dependence is significantly strongenvangsmall cut values below ~ 103

are required. The origin of the stronger cut dependenceartése ofVy production lies in the
photon isolation. More details can be found in Ref. [16].
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(a) ZZ production. (b) W~y production.

Figure 1:r,; dependence of the NLO (magenta) and NNLO (blue) cross sefdreZZ andW~—y
production. They independent NLO cross section computed with CS subtraciaiso shown
(red). The lower panels show the ratio of the NLO cross seatmmputed withgr subtraction
over the same NLO cross section computed with CS subtractimhthe ratio of the NNLO cross
section over the NNLO cross section evaluated at the smabesidered value af..

3. Numerical results

As a benchmark, we considep collisions at,/s= 8 TeV. We use the so-called, scheme,
in which the input parameters a@ = 1.16639x 10> GeV 2, my = 80.399 GeV andm; =
91.1876 GeV, and cody andagy are computed from these. Consistently withEdL oorPs we
use the complex mass scheme forWiendZ bosons, in which the weak mixing angle is defined
via cosB2 = (mg, —iFwmy)/(mé — il zmz), and we sefy = 2.1054 GeV and 7z = 2.4952 GeV.
Contributions with closed top-quark loops in the realuwaitand gluon-fusion contribution are also
sensitive to the masses and widths of the top quark and thgsHigson, which we settq = 1732
GeV andl'; = 1.4426 GeV, and tony = 125 GeV and y = 4.07 MeV, respectively. We employ
NNPDF3.0 PDF sets [18], where we use consistent setsrgandnning at each perturbative order,
i.e. NLO sets and two-loop running at NLO and NNLO sets anédHoop running at NNLO.
We consideMNs = 5 massless quark flavors in the initial and final states. Thexisen cuts we
employ are quite inclusive, justifying fixed renormalizatiand factorization scaleg = ug = ny.
We estimate perturbative uncertainties due to missingdnighder corrections by independently
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varying both scales up and down by a factor of two, where wéudercthe antipodal variations to
avoid large logarithms qfir/ Ui .

We consider two benchmark scenarios. The first is given byATHeAS ZZ analysis at 8 TeV
presented in Ref. [19]. The three decay chanegls ete™, y*u u*u—, andete utu- are
considered separately. The ATLAS analysis employs aniemnvamass cut of 66 Ge¥ my < 116
GeV on the reconstructed Z bosons. The pairing ambiguithénequal-flavor cases is resolved
by choosing the pairing which minimizes the sum of the alisaflifferences between the recon-
structed invariant masses and the physical Z mass. Thenleptis do not discriminate between
electrons and muons and repg > 7 GeV and|n| < 2.7. The lepton isolation requirement is
given byAR(l,1") > 0.2 for any lepton pair in the final state. Note that this cut isessary in the
equal-flavor case to obtain an infrared safe cross sectiomito.

The predicted fiducial cross sections and the measuredszogens from ATLAS are reported
in Tab.[1. Consistently with the size of the higher-orderrections in the case of on-shell ZZ
production [13], the NNLO effects amount to a correction bbat 15% compared to the NLO
cross sections. The gluon-fusion channel opening uﬁ(axé) contributes around 60% of the
NNLO corrections, the rest coming from corrections to ¢jgechannel. The scale uncertainties,
which stay at thet-3% level at NNLO, are also dominated by the gluon-fusion Gbution. We
note that in the meantime, first results for the NLO correito the gluon-fusion channel have
appeared in Ref. [20], indicating sizeable correction$it® ¢channel aﬁ(ag).

Comparing with the experimentally measured cross secfiams ATLAS, we note that the
inclusion of the full NNLO corrections improves the agreenith data slightly in the different-
flavor case, but leads to predicted cross sections thatlgligiershoot the data in the same-flavor
channels. We note, however, that the experimental unoddsiare still relatively large and all
NNLO predictions are consistent with data at tleelével.

Channel (0] le) (fb) ONLO (fb) ONNLO (fb) Oexp (fb)
efeete 4.6+98(stap "5 (syst) 93 (lumi.)
3.547(1)"23% | 5.047(1)28% | 5.79(2)*34% o o =
Pt 5.0708(stah *g5(syst) "5 (lumi.)
cre i | 69500258 | 9864228 | 11312738 | 11133(stah”S3(eyst)”G3(umi)

Table 1: Fiducial cross sections and scale uncertainti@gaV for ATLAS cuts at LO, NLO, and
NNLO in the three considered leptonic decay channels. THeA&Tdata are also shown.

In the meantime, a first analysis of ZZ production at 13 TeVlheen presented by ATLAS in
Ref. [21]. The fiducial cuts are the same as in the 8 TeV arglgsicept for the minimum lepton
transverse momentum, which has been increasqsg to 20 GeV. Tab[|2 shows the theoretical
predictions at 13 TeV, for which now CT10 PDF sets [22] and aadlyical scaleur = ur =
mzz/2 have been used. At the moment, the experimental precsseverely limited by statistics.
However, in general the NNLO predictions are in very goockagrent with data.

We now move on to our second benchmark setup, based on the Gaiia at 8 TeV in
Ref. [23]. The fiducial cuts used by CMS differentiate betweéectrons and muons and read as
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Channel (0] le) (fb) ONLO (fb) ONNLO (fb) Oexp (fb)
efeete 8.4+24(stah "05(syst) "3 (lumi.)
5.007(1)74% | 6.157(1)*2% | 7.14(2)*2% 207702
T T 6.8"18(stap 53 (syst) "o 3(lumi.)
efe utu~ | 9.9061)78 | 121712)*R0 | 1419(2)12% | 147722 (stap "5 (syst) "o a(lumi.)

Table 2: Fiducial cross sections and scale uncertaintié8 deV for ATLAS cuts at LO, NLO,
and NNLO in the three considered leptonic decay channels AThLAS data are also shown.

follows: the muons are required to fulfitk > 5 GeV,|n*| < 2.4, while the electrons are required to
fulfill p§ > 7 GeV,|n® < 2.5. In addition, the leading- and subleading-lepton trarsvenomenta
must satisfyp'T'l > 20 GeV andp'T'2 > 10 GeV, respectively. The pairing ambiguity is resolved by
choosing the same-flavor opposite-sign lepton pair whoseiant mass is closest to the Z mass as
the first, and the remaining pair as the second reconstrdcbegon. The invariant masses of both
reconstructed Z bosons are required to satisfy 60 &el; < 120 GeV. In the case of equal-flavor
leptons in the final state, an additional cut is needed toeetitke fiducial cross section infrared
finite. Instead of th&R(l,l") cut used by ATLAS, CMS employs a lower cut on the invariantsnas
of any lepton pair in the final statey, > 4 GeV.

We compute the theoretical uncertainties as above. Thecpeddiducial cross sections are
reported in Tab[]3. We note that the relative impact of the Ntorrections is very similar to

the one found with ATLAS cuts. Also the scale uncertainties\aery similar to those reported in
Tab.[].

Channel oro (fb) onLo (fb) onnLo (fb)

efeete | 3.1491)73%% | 4.4931)+28% | 5.16(1) 3%

prp e | 29731)131% | 4.2551)128% | 4.90(1) 38

efeptuT | 6.1791) 35y | 8.8221) 1350 | 101521330

Table 3: Fiducial cross sections and scale uncertainti8stal for CMS cuts at LO, NLO, and
NNLO in the three considered leptonic decay channels.

While the CMS analysis does not report the measured fidumakcsections, it does provide a
number of normalized distributions, with which we can conepaur theoretical predictions. Fig. 2
shows the invariant-mass distribution of the four-leptgstsm. While the agreement between data
and theory is generally good, the experimental uncertsrdre still relatively large. In addition,
normalizing the distribution by the fiducial cross sectiameels out a significant part of the NNLO
corrections, in particular in the peak region, where thesgrgection is measured most precisely.
The lower panel in Fig]2 shows the ratio of the NNLO and the Nir€diction and indicates that
the NNLO corrections have the effect of making the invariaass distribution slightly softer. This
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can be traced back to the gluon-fusion contribution, whiapd off more quickly at high invariant
masses, where larger values of Bjorkeare probed.
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Figure 2: The four-lepton invariant-mass distribution atQNand NNLO compared to the CMS
data. In the lower panels the ratio of our theoretical resolter the data, and the NNLO result
normalized to the central NLO prediction are presented. Bdrels correspond to scale variations

as described in the text.

Fig.[3 shows the analogous results for the leading-lepto(ieft) and the azimuthal separation
A® between the two reconstructed Z bosons (right). Similah&ithvariant-mass spectrum, the
agreement between data and theory is good in the case ofptiom e, but the impact of NNLO
effects is largely cancelled out by the normalization. THéLID corrections are enhanced in the
low-pr range, which is again due to the gluon-fusion contributiotegng ato' (a2).

The A® distribution shows much larger NNLO effects, even when radized to the fiducial
cross section. This can largely be understood by the oltsamthat at LO the Z bosons are always
back-to-back and thus® = 1. For theA® distribution the NLO is thus the first non-trivial order
and the NNLO corrections are de-facto of NLO importance. \dte rhowever, that the full NNLO
cross section enters in the normalization, and thus thétrgsown in Fig[B is a genuine NNLO
prediction.

4. Summary and discussion

We reported on the first fully differential computation of N®& QCD corrections to the pro-
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Figure 3: The leading-leptopr (left) and theAg (right) distributions at NLO and NNLO compared
to the CMS data. In the lower panels the ratio of our thecaktiesults over the data, and the
NNLO result normalized to the central NLO prediction areserted. The bands correspond to

scale variations as described in the text.

duction of 4 leptons at the LHC. While the relative size of M€¢LO effects is similar to the one
found in the on-shell computation, taking off-shell efieend the decay into account allowed for
the first time to apply realistic selection cuts and to penfar direct comparison with measured
fiducial cross sections and distributions.

The present study represents one of the first applicatiotiseafiumerical program Mrrix,
which is able to compute NNLO QCD corrections and to perforamgverse-momentum resum-
mation up to next-to-next-to-leading logarithmic accyréar a wide class of processes relevant at
the LHC.
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