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VV production at NNLO
γγ     -  inclusive and fully differential cross section
              [Catani, Cieri, de Florian, Ferrera, Grazzini '12], [Campbell, Ellis, Li, Williams '16] 

ZZ    -  inclusive cross section [Cascioli, Gehrmann, Grazzini, Kallweit, Maierhöfer, 

                  von Manteuffel, Pozzorini, Rathlev, Tancredi, Weihs '14];  see also: [Heinrich et al. ' 17]

         -  fully differential cross section [Grazzini, Kallweit, Rathlev '15];

Zγ     -  inclusive and fully differential cross section
              [Grazzini, Kallweit, Rathlev, Torre '13], [Grazzini, Kallweit, Rathlev '15]; see also: [Campbell et al. '17]

Wγ    -  inclusive and fully differential cross section
              [Grazzini, Kallweit, Rathlev, Torre '13], [Grazzini, Kallweit, Rathlev '15]

WW  -  inclusive cross section
            [Gehrmann, Grazzini, Kallweit, Maierhöfer, von Manteuffel, Pozzorini, Rathlev, Tancredi '14]                     
         -  fully differential cross section [Grazzini, Kallweit, Pozzorini, Rathlev, MW '15]

WZ   -  inclusive cross section [Grazzini, Kallweit, Rathlev, MW '16]

         -  fully differential cross section [Grazzini, Kallweit, Rathlev, MW '17]
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ZZ    -  inclusive cross section [Cascioli, Gehrmann, Grazzini, Kallweit, Maierhöfer, 

                  von Manteuffel, Pozzorini, Rathlev, Tancredi, Weihs '14]

         -  fully differential cross section [Grazzini, Kallweit, Rathlev '15];

Zγ     -  inclusive and fully differential cross section
              [Grazzini, Kallweit, Rathlev, Torre '13], [Grazzini, Kallweit, Rathlev '15]
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WW  -  inclusive cross section
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         -  fully differential cross section [Grazzini, Kallweit, Rathlev, MW '17]

all done with MATRIX or previous version of the code
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We implemented...



The MATRIX framework

MUNICH
MUlti-chaNnel Integrator at Swiss (CH) precision

Amplitudes

OPENLOOPS
(COLLIER, CUTTOols, . . . )

Dedicated 2-loop codes
(VVAMP, GINAC, TDHPL, . . . )

qT subtraction , qT resummation

MATRIX
MUNICH Automates qT Subtraction

and Resummation to Integrate X-sections.

N
N
LO

N
N
LL

The MATRIX framework
[Grazzini,  Kallweit,  MW] 



process status comment
pp→Z/γ*(→ℓℓ/νν) validated analytically + FEWZ
pp→W(→ℓν) validated with FEWZ, NNLOjet
pp→H validated analytically (by SusHi)
pp→γγ validated with 2γNNLO
pp→Zγ→ℓℓγ [Grazzini, Kallweit, Rathlev '15]

pp→Zγ→ννγ [Grazzini, Kallweit, Rathlev '15]

pp→Wγ→ℓνγ [Grazzini, Kallweit, Rathlev '15]

pp→ZZ [Cascioli et al. '14]

pp→ZZ→ℓℓℓℓ [Grazzini, Kallweit, Rathlev '15]

pp→ZZ→ℓℓℓ'ℓ' [Grazzini, Kallweit, Rathlev '15]

pp→ZZ→ℓℓν'ν' NEW
pp→ZZ/WW→ℓℓνν NEW
pp→WW [Gehrmann et al. '14]

pp→WW→ℓν ℓ'ν'
pp→WZ [Grazzini, Kallweit, Rathlev, MW '16]

pp→WZ→ℓνℓℓ [Grazzini, Kallweit, Rathlev, MW '17]

pp→WZ→ℓ'ν'ℓℓ [Grazzini, Kallweit, Rathlev, MW '17]

pp→HH (     ) not in first public release

[Grazzini, Kallweit, Pozzorini, Rathlev, MW '16]
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MATRIX features on one slide
Colourless 2→1 and 2→2 reactions (decays, off-shell effects, spin correlations; previous slide)

physics features:
NNLO accuracy based on qT subtraction

loop-induced gg component part of NNLO cross section (effectively LO accurate)

CKM for W-boson production

essential fiducial cuts, dynamical scales and distributions already pre-defined for each process

final-state particles directly accessible (for distributions, cuts, scales)

scale uncertainty estimated automatically estimated (7- or 9-point) with every run

NEW: automatic extrapolation of qT-subtraction cut-off to zero (with extrapolation uncertainty)

technical features:
Core: C++ code;  steered by Python interface (compilation/running/job submission/result collection)

only requirements: LHAPDF 5 or 6 pre-installed & Python 2.7 with numpy

Otherwise fully automatic! (download/compilation of external packages; inputs via interface etc.)

local and cluster support: LSF (lxplus), HT-Condor (lxplus), condor, SLURM, Torque/PBS, SGE

option to reduce workload (output) on slow file systems

all relevant references in CITATION.bib (provided with every run)

comprehensive manual shipped with the code

→ missing your favourite cluster? Let us know!



After unpacking start MATRIX with:

$$ ./matrix 

Inside the MATRIX compilation shell

|===>> list 

lists all process IDs. Select ID, eg:

|===>> ppeeexex04 

for pp→ZZ→4ℓ.  Confirming with

|===>> y 

the MATRIX usage agreements, the 
code will automatically start to:

dowload/compile of OpenLoops

compile of Cln and Ginac

compile MATRIX

download OpenLoops amplitudes

create MATRIX run folder for the process

enter the MATRIX
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After changing into the run 
directory we start the run script

$ ./bin/run_process 

First, choose a name for the run:

|===>> run_my_first_ZZ 

The MATRIX run shell has many 
options, eg, modify input files typing:

|===>> parameter 

|===>> model 

|===>> distribution 

Now we can start the run, type

|===>> run 

The code goes through all run 
phases and collects the results at the 
very end. Default inputs: LO with 1% 
accuracy

enter the MATRIX
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After changing into the run 
directory we start the run script

$ ./bin/run_process 

First, choose a name for the run:

|===>> run_my_first_ZZ 

The MATRIX run shell has many 
options, eg, modify input files typing:

|===>> parameter 

|===>> model 

|===>> distribution 

Now we can start the run, type

|===>> run 

The code goes through all run 
phases and collects the results at the 
very end. With default inputs it runs 
LO with 1% accuracy.

enter the MATRIX
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subtraction not local

both terms in squared brackets separately divergent

introduce lower cut-off rcut on dimensionless quantity r = pT,WW/mWW

use very small rcut value and integrate both terms separately down to r ≥ rcut

assumption:  for r ≤ rcut terms cancel (true up to power-suppressed terms)

numerics forbids arbitrarily small rcut values:  use fit towards rcut ➝ 0 limit

MATRIX uses extrapolation rcut ➝ 0 to obtain the final prediction

practical implementation:

d�NNLO =
h
d�F+1jet

NLO � ⌃NNLO ⌦ d�LO

i
+HNNLO ⌦ d�LO

pT subtraction master formula:

[Catani, Grazzini '07]
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rcut→0 extrapolation in MATRIX
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Figure 2: Dependence of the NNLO cross sections on the qT -subtraction cut, rcut, for various
processes. The normalization is the result extrapolated to rcut = 0 by taking into account the
rcut dependence above rcut � 0.15 (default value). The blue bands is the combined numerical
and extrapolation uncertainty estimated by Matrix in every run.
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Figure 2: Dependence of the NNLO cross sections on the qT -subtraction cut, rcut, for various
processes. The normalization is the result extrapolated to rcut = 0 by taking into account the
rcut dependence above rcut � 0.15 (default value). The blue bands is the combined numerical
and extrapolation uncertainty estimated by Matrix in every run.
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MATRIX 
reference

predictions
[Grazzini, Kallweit, MW]

PR
EL

IM
IN

ARY

process
�LO �NLO

�loop �r
cut

NNLO �extrapolated
NNLO

KNLO KNNLO
(${process_id}) (�loop/��ext

NNLO)

pp ! H
15.42(0)+22%

�17% pb 30.26(1)+20%
�15% pb — 39.93(3)+11%

�10% pb 39.93(3)+11%
�10% pb +96.2% +32.0%

(pph21)

pp ! Z
43.32(0)+12%

�13% nb 54.20(1)+3.1%
�4.9% nb — 56.01(3)+0.84%

�1.1% nb 55.99(3)+0.84%
�1.1% nb +25.1% +3.31%

(ppz01)

pp ! W�
60.15(0)+13%

�14% nb 75.95(2)+3.3%
�5.3% nb — 78.43(3)+0.97%

�1.3% nb 78.51(11)+0.95%
�1.3% nb +26.3% +3.38%

(ppw01)

pp ! W+

81.28(1)+13%
�14% nb 102.2(0)+3.4%

�5.3% nb — 105.8(1)+0.93%
�1.3% nb 105.8(1)+0.93%

�1.3% nb +25.7% +3.52%
(ppwx01)

pp ! e�e+
592.8(1)+14%

�14% pb 699.7(2)+2.9%
�4.5% pb — 728.4(3)+0.48%

�0.72% pb 732.7(34)+0.43%
�0.79% pb +18.0% +4.72%

(ppeex02)

pp ! ⌫e⌫̄e 2876(0)+12%
�13% pb 3585(1)+3.0%

�4.9% pb — 3705(2)+0.86%
�1.1% pb 3710(2)+0.85%

�1.1% pb +24.6% +3.48%
(ppnenex02)

pp ! e�⌫̄e 2973(0)+14%
�15% pb 3673(1)+3.0%

�5.2% pb — 3773(2)+0.89%
�0.94% pb 3767(8)+0.92%

�0.95% pb +23.6% +2.55%
(ppenex02)

pp ! e+⌫e 3964(0)+14%
�14% pb 4855(1)+3.0%

�5.1% pb — 4986(2)+0.88%
�0.95% pb 4986(3)+0.88%

�0.95% pb +22.5% +2.70%
(ppexne02)

pp ! ��
5592(1)+10%

�11% fb 25.75(1)+8.8%
�7.5% pb

2534(1)+24%
�17% fb

40.86(2)+8.7%
�7.2% pb 40.28(30)+8.7%

�7.0% pb +361% +56.4%
(ppaa02) (17.4%)

pp ! e�e+�
1469(0)+12%

�12% fb 2119(1)+2.9%
�4.6% fb

16.02(1)+24%
�18% fb

2326(1)+1.2%
�1.3% fb 2316(5)+1.1%

�1.2% fb +44.3% +9.29%
(ppeexa03) (8.14%)

pp ! ⌫e⌫̄e� 63.61(1)+2.7%
�3.5% fb 98.75(2)+3.3%

�2.7% fb
2.559(2)+26%

�19% fb
114.7(1)+3.2%

�2.6% fb 113.5(6)+2.9%
�2.4% fb +55.2% +15.0%

(ppnenexa03) (17.3%)

pp ! e�⌫̄e� 726.1(1)+11%
�12% fb 1850(1)+6.6%

�5.3% fb — 2286(1)+4.0%
�3.7% fb 2256(15)+3.7%

�3.5% fb +155% +22.0%
(ppenexa03)

pp ! e+⌫e� 861.7(1)+10%
�11% fb 2187(1)+6.6%

�5.3% fb — 2707(3)+4.1%
�3.8% fb 2671(35)+3.8%

�3.6% fb +154% +22.1%
(ppexnea03)

pp ! ZZ
9845(1)+5.2%

�6.3% fb 14.10(0)+2.9%
�2.4% pb

1361(1)+25%
�19% fb

16.68(1)+3.2%
�2.6% pb 16.67(1)+3.2%

�2.6% pb +43.3% +18.2%
(ppzz02) (52.9%)

pp ! W+W�
66.64(1)+5.7%

�6.7% pb 103.2(0)+3.9%
�3.1% pb

4091(3)+27%
�19% fb

117.1(1)+2.5%
�2.2% pb 117.1(1)+2.5%

�2.2% pb +54.9% +13.4%
(ppwxw02) (29.5%)

pp ! e�µ�e+µ+

11.34(0)+6.3%
�7.3% fb 16.87(0)+3.0%

�2.5% fb
1.971(1)+25%

�18% fb
20.30(1)+3.5%

�2.9% fb 20.30(1)+3.5%
�2.9% fb +48.8% +20.3%

(ppemexmx04) (57.6%)

pp ! e�e�e+e+
5.781(1)+6.3%

�7.4% fb 8.623(3)+3.1%
�2.5% fb

0.9941(4)+25%
�18% fb

10.37(1)+3.5%
�3.0% fb 10.37(1)+3.5%

�3.0% fb +49.2% +20.2%
(ppeeexex04) (56.9%)

pp ! e�e+⌫µ⌫̄µ 22.34(0)+5.3%
�6.4% fb 33.90(1)+3.3%

�2.7% fb
3.212(1)+25%

�19% fb
40.39(2)+3.5%

�2.8% fb 40.38(2)+3.5%
�2.8% fb +51.7% +19.1%

(ppeexnmnmx04) (49.6%)

pp ! e�µ+⌫µ⌫̄e 232.9(0)+6.6%
�7.6% fb 236.1(1)+2.8%

�2.4% fb
26.93(1)+27%

�19% fb
264.7(1)+2.2%

�1.4% fb 264.6(2)+2.2%
�1.4% fb +1.34% +12.1%

(ppemxnmnex04) (94.3%)

pp ! e�e+⌫e⌫̄e 115.0(0)+6.3%
�7.3% fb 203.4(1)+4.7%

�3.8% fb
12.62(1)+26%

�19% fb
240.8(1)+3.4%

�3.0% fb 240.7(1)+3.4%
�3.0% fb +76.9% +18.4%

(ppeexnenex04) (33.8%)

pp ! e�µ�e+⌫̄µ 11.50(0)+5.7%
�6.8% fb 23.55(1)+5.5%

�4.5% fb — 26.15(1)+2.2%
�2.1% fb 26.15(2)+2.3%

�2.1% fb +105% +11.1%
(ppemexnmx04)

pp ! e�e�e+⌫̄e 11.53(0)+5.7%
�6.8% fb 23.63(1)+5.5%

�4.5% fb — 26.26(1)+2.3%
�2.1% fb 26.26(1)+2.3%

�2.1% fb +105% +11.1%
(ppeeexnex04)

pp ! e�e+µ+⌫µ 17.33(0)+5.3%
�6.3% fb 34.13(1)+5.3%

�4.3% fb — 37.75(2)+2.3%
�2.0% fb 37.76(2)+2.2%

�2.0% fb +97.0% +10.6%
(ppeexmxnm04)

pp ! e�e+e+⌫e 17.37(0)+5.3%
�6.3% fb 34.20(1)+5.3%

�4.3% fb — 37.85(2)+2.2%
�2.0% fb 37.86(2)+2.2%

�2.0% fb +96.9% +10.7%
(ppeexexne04)

Table 6: Integrated cross sections for all available processes in Matrix using the default setups.
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process
�LO �NLO

�loop �r
cut

NNLO �extrapolated
NNLO

KNLO KNNLO
(${process_id}) (�loop/��ext

NNLO)

pp ! ��
5.592(1)+10%

�11% pb 25.75(1)+8.8%
�7.5% pb

2534(1)+24%
�17% fb

40.86(2)+8.7%
�7.2% pb 40.28(30)+8.7%

�7.0% pb +361% +56.4%
(ppaa02) (17.4%)

pp ! ��
10.34(0)+15%

�15% pb 54.63(5)+9.9%
�11% pb

6701(17)+24%
�17% fb

88.76(30)+9.1%
�7.4% pb 88.45(51)+9.0%

�7.4% pb +428% +61.9%
(ppaa02) (17.4%)

pp ! ZZ
9.845(1)+5.2%

�6.3% pb 14.10(0)+2.9%
�2.4% pb

1361(1)+25%
�19% fb

16.68(1)+3.2%
�2.6% pb 16.67(1)+3.2%

�2.6% pb +43.3% +18.2%
(ppzz02) (52.9%)

pp ! ZZ
23.59(1)+10%

�11% pb 35.56(2)+3.2%
�4.1% pb

4821(11)+25%
�18% fb

44.36(17)+4.2%
�3.4% pb 44.46(33)+4.3%

�3.5% pb +50.7% +25.0%
(ppzz02) (52.9%)

pp ! W+W�
66.64(1)+5.7%

�6.7% pb 103.2(0)+3.9%
�3.1% pb

4091(3)+27%
�19% fb

117.1(1)+2.5%
�2.2% pb 117.1(1)+2.5%

�2.2% pb +54.9% +13.4%
(ppwxw02) (29.5%)

pp ! W+W�
152.5(0)+10%

�11% pb 254.7(2)+4.4%
�4.6% pb

13.87(3)+27%
�19% pb

300.4(1.1)+3.3%
�3.0% pb 299.8(1.3)+3.3%

�2.9% pb +67.0% +17.7%
(ppwxw02) (29.5%)

pp ! e�µ�e+µ+

11.34(0)+6.3%
�7.3% fb 16.87(0)+3.0%

�2.5% fb
1.971(1)+25%

�18% fb
20.30(1)+3.5%

�2.9% fb 20.30(1)+3.5%
�2.9% fb +48.8% +20.3%

(ppemexmx04) (57.6%)

pp ! e�µ�e+µ+

22.49(1)+11%
�12% fb 35.78(3)+3.4%

�4.5% fb
6.140(20)+25%

�18% fb
45.78(21)+4.6%

�3.8% fb 45.28(83)+4.4%
�3.6% fb +59.1% +26.6%

(ppemexmx04) (57.6%)

pp ! e�µ+⌫µ⌫̄e 232.9(0)+6.6%
�7.6% fb 236.1(1)+2.8%

�2.4% fb
26.93(1)+27%

�19% fb
264.7(1)+2.2%

�1.4% fb 264.6(2)+2.2%
�1.4% fb +1.34% +12.1%

(ppemxnmnex04) (94.3%)

pp ! e�µ+⌫µ⌫̄e 439.0(1)+11%
�12% fb 429.0(4)+3.5%

�3.2% fb
79.19(9)+27%

�19% fb
507.0(1.4)+3.2%

�2.1% fb 507.5(1.9)+3.3%
�2.1% fb �2.27% +18.3%

(ppemxnmnex04) (94.3%)

pp ! e�µ�e+⌫̄µ 11.50(0)+5.7%
�6.8% fb 23.55(1)+5.5%

�4.5% fb — 26.15(1)+2.2%
�2.1% fb 26.15(2)+2.3%

�2.1% fb +105% +11.1%
(ppemexnmx04)

pp ! e�µ�e+⌫̄µ 23.18(4)10.9%11.5% fb 53.21(9)+6.1%
�5.3% fb — 62.18(65)+2.2%

�3.2% fb 62.07(84)+2.3%
�3.1% fb +129.5% +16.6%

(ppemexnmx04)

Table 7: Integrated cross sections for all available processes in Matrix using the default setups.
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27 TeV
13 TeV

27 TeV
13 TeV

27 TeV
13 TeV

27 TeV
13TeV

27 TeV
13 TeV



process
�LO �NLO

�loop �r
cut

NNLO �extrapolated
NNLO

KNLO KNNLO
(${process_id}) (�loop/��ext

NNLO)

pp ! ��
5.592(1)+10%

�11% pb 25.75(1)+8.8%
�7.5% pb

2534(1)+24%
�17% fb

40.86(2)+8.7%
�7.2% pb 40.28(30)+8.7%

�7.0% pb +361% +56.4%
(ppaa02) (17.4%)

pp ! ��
10.34(0)+15%

�15% pb 54.63(5)+9.9%
�11% pb

6701(17)+24%
�17% fb

88.76(30)+9.1%
�7.4% pb 88.45(51)+9.0%

�7.4% pb +428% +61.9%
(ppaa02) (17.4%)

pp ! ZZ
9.845(1)+5.2%

�6.3% pb 14.10(0)+2.9%
�2.4% pb

1361(1)+25%
�19% fb

16.68(1)+3.2%
�2.6% pb 16.67(1)+3.2%

�2.6% pb +43.3% +18.2%
(ppzz02) (52.9%)

pp ! ZZ
23.59(1)+10%

�11% pb 35.56(2)+3.2%
�4.1% pb

4821(11)+25%
�18% fb

44.36(17)+4.2%
�3.4% pb 44.46(33)+4.3%

�3.5% pb +50.7% +25.0%
(ppzz02) (52.9%)

pp ! W+W�
66.64(1)+5.7%

�6.7% pb 103.2(0)+3.9%
�3.1% pb

4091(3)+27%
�19% fb

117.1(1)+2.5%
�2.2% pb 117.1(1)+2.5%

�2.2% pb +54.9% +13.4%
(ppwxw02) (29.5%)

pp ! W+W�
152.5(0)+10%

�11% pb 254.7(2)+4.4%
�4.6% pb

13.87(3)+27%
�19% pb

300.4(1.1)+3.3%
�3.0% pb 299.8(1.3)+3.3%

�2.9% pb +67.0% +17.7%
(ppwxw02) (29.5%)

pp ! e�µ�e+µ+

11.34(0)+6.3%
�7.3% fb 16.87(0)+3.0%

�2.5% fb
1.971(1)+25%

�18% fb
20.30(1)+3.5%

�2.9% fb 20.30(1)+3.5%
�2.9% fb +48.8% +20.3%

(ppemexmx04) (57.6%)

pp ! e�µ�e+µ+

22.49(1)+11%
�12% fb 35.78(3)+3.4%

�4.5% fb
6.140(20)+25%

�18% fb
45.78(21)+4.6%

�3.8% fb 45.28(83)+4.4%
�3.6% fb +59.1% +26.6%

(ppemexmx04) (57.6%)

pp ! e�µ+⌫µ⌫̄e 232.9(0)+6.6%
�7.6% fb 236.1(1)+2.8%

�2.4% fb
26.93(1)+27%

�19% fb
264.7(1)+2.2%

�1.4% fb 264.6(2)+2.2%
�1.4% fb +1.34% +12.1%

(ppemxnmnex04) (94.3%)

pp ! e�µ+⌫µ⌫̄e 439.0(1)+11%
�12% fb 429.0(4)+3.5%

�3.2% fb
79.19(9)+27%

�19% fb
507.0(1.4)+3.2%

�2.1% fb 507.5(1.9)+3.3%
�2.1% fb �2.27% +18.3%

(ppemxnmnex04) (94.3%)

pp ! e�µ�e+⌫̄µ 11.50(0)+5.7%
�6.8% fb 23.55(1)+5.5%

�4.5% fb — 26.15(1)+2.2%
�2.1% fb 26.15(2)+2.3%

�2.1% fb +105% +11.1%
(ppemexnmx04)

pp ! e�µ�e+⌫̄µ 23.18(4)10.9%11.5% fb 53.21(9)+6.1%
�5.3% fb — 62.18(65)+2.2%

�3.2% fb 62.07(84)+2.3%
�3.1% fb +129.5% +16.6%

(ppemexnmx04)

Table 7: Integrated cross sections for all available processes in Matrix using the default setups.
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27 TeV
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27 TeV
13TeV

27 TeV
13 TeV

~2.2 factorγγ



process
�LO �NLO

�loop �r
cut

NNLO �extrapolated
NNLO

KNLO KNNLO
(${process_id}) (�loop/��ext

NNLO)

pp ! ��
5.592(1)+10%

�11% pb 25.75(1)+8.8%
�7.5% pb

2534(1)+24%
�17% fb

40.86(2)+8.7%
�7.2% pb 40.28(30)+8.7%

�7.0% pb +361% +56.4%
(ppaa02) (17.4%)

pp ! ��
10.34(0)+15%

�15% pb 54.63(5)+9.9%
�11% pb

6701(17)+24%
�17% fb

88.76(30)+9.1%
�7.4% pb 88.45(51)+9.0%

�7.4% pb +428% +61.9%
(ppaa02) (17.4%)

pp ! ZZ
9.845(1)+5.2%

�6.3% pb 14.10(0)+2.9%
�2.4% pb

1361(1)+25%
�19% fb

16.68(1)+3.2%
�2.6% pb 16.67(1)+3.2%

�2.6% pb +43.3% +18.2%
(ppzz02) (52.9%)

pp ! ZZ
23.59(1)+10%

�11% pb 35.56(2)+3.2%
�4.1% pb

4821(11)+25%
�18% fb

44.36(17)+4.2%
�3.4% pb 44.46(33)+4.3%

�3.5% pb +50.7% +25.0%
(ppzz02) (52.9%)

pp ! W+W�
66.64(1)+5.7%

�6.7% pb 103.2(0)+3.9%
�3.1% pb

4091(3)+27%
�19% fb

117.1(1)+2.5%
�2.2% pb 117.1(1)+2.5%

�2.2% pb +54.9% +13.4%
(ppwxw02) (29.5%)

pp ! W+W�
152.5(0)+10%

�11% pb 254.7(2)+4.4%
�4.6% pb

13.87(3)+27%
�19% pb

300.4(1.1)+3.3%
�3.0% pb 299.8(1.3)+3.3%

�2.9% pb +67.0% +17.7%
(ppwxw02) (29.5%)

pp ! e�µ�e+µ+

11.34(0)+6.3%
�7.3% fb 16.87(0)+3.0%

�2.5% fb
1.971(1)+25%

�18% fb
20.30(1)+3.5%

�2.9% fb 20.30(1)+3.5%
�2.9% fb +48.8% +20.3%

(ppemexmx04) (57.6%)

pp ! e�µ�e+µ+

22.49(1)+11%
�12% fb 35.78(3)+3.4%

�4.5% fb
6.140(20)+25%

�18% fb
45.78(21)+4.6%

�3.8% fb 45.28(83)+4.4%
�3.6% fb +59.1% +26.6%

(ppemexmx04) (57.6%)

pp ! e�µ+⌫µ⌫̄e 232.9(0)+6.6%
�7.6% fb 236.1(1)+2.8%

�2.4% fb
26.93(1)+27%

�19% fb
264.7(1)+2.2%

�1.4% fb 264.6(2)+2.2%
�1.4% fb +1.34% +12.1%

(ppemxnmnex04) (94.3%)

pp ! e�µ+⌫µ⌫̄e 439.0(1)+11%
�12% fb 429.0(4)+3.5%

�3.2% fb
79.19(9)+27%

�19% fb
507.0(1.4)+3.2%

�2.1% fb 507.5(1.9)+3.3%
�2.1% fb �2.27% +18.3%

(ppemxnmnex04) (94.3%)

pp ! e�µ�e+⌫̄µ 11.50(0)+5.7%
�6.8% fb 23.55(1)+5.5%

�4.5% fb — 26.15(1)+2.2%
�2.1% fb 26.15(2)+2.3%

�2.1% fb +105% +11.1%
(ppemexnmx04)

pp ! e�µ�e+⌫̄µ 23.18(4)10.9%11.5% fb 53.21(9)+6.1%
�5.3% fb — 62.18(65)+2.2%

�3.2% fb 62.07(84)+2.3%
�3.1% fb +129.5% +16.6%

(ppemexnmx04)

Table 7: Integrated cross sections for all available processes in Matrix using the default setups.
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~2.2 factorγγ
~2.7 factorZZ(on shell)



process
�LO �NLO

�loop �r
cut

NNLO �extrapolated
NNLO

KNLO KNNLO
(${process_id}) (�loop/��ext

NNLO)

pp ! ��
5.592(1)+10%

�11% pb 25.75(1)+8.8%
�7.5% pb

2534(1)+24%
�17% fb

40.86(2)+8.7%
�7.2% pb 40.28(30)+8.7%

�7.0% pb +361% +56.4%
(ppaa02) (17.4%)

pp ! ��
10.34(0)+15%

�15% pb 54.63(5)+9.9%
�11% pb

6701(17)+24%
�17% fb

88.76(30)+9.1%
�7.4% pb 88.45(51)+9.0%

�7.4% pb +428% +61.9%
(ppaa02) (17.4%)

pp ! ZZ
9.845(1)+5.2%

�6.3% pb 14.10(0)+2.9%
�2.4% pb

1361(1)+25%
�19% fb

16.68(1)+3.2%
�2.6% pb 16.67(1)+3.2%

�2.6% pb +43.3% +18.2%
(ppzz02) (52.9%)

pp ! ZZ
23.59(1)+10%

�11% pb 35.56(2)+3.2%
�4.1% pb

4821(11)+25%
�18% fb

44.36(17)+4.2%
�3.4% pb 44.46(33)+4.3%

�3.5% pb +50.7% +25.0%
(ppzz02) (52.9%)

pp ! W+W�
66.64(1)+5.7%

�6.7% pb 103.2(0)+3.9%
�3.1% pb

4091(3)+27%
�19% fb

117.1(1)+2.5%
�2.2% pb 117.1(1)+2.5%

�2.2% pb +54.9% +13.4%
(ppwxw02) (29.5%)

pp ! W+W�
152.5(0)+10%

�11% pb 254.7(2)+4.4%
�4.6% pb

13.87(3)+27%
�19% pb

300.4(1.1)+3.3%
�3.0% pb 299.8(1.3)+3.3%

�2.9% pb +67.0% +17.7%
(ppwxw02) (29.5%)

pp ! e�µ�e+µ+

11.34(0)+6.3%
�7.3% fb 16.87(0)+3.0%

�2.5% fb
1.971(1)+25%

�18% fb
20.30(1)+3.5%

�2.9% fb 20.30(1)+3.5%
�2.9% fb +48.8% +20.3%

(ppemexmx04) (57.6%)

pp ! e�µ�e+µ+

22.49(1)+11%
�12% fb 35.78(3)+3.4%

�4.5% fb
6.140(20)+25%

�18% fb
45.78(21)+4.6%

�3.8% fb 45.28(83)+4.4%
�3.6% fb +59.1% +26.6%

(ppemexmx04) (57.6%)

pp ! e�µ+⌫µ⌫̄e 232.9(0)+6.6%
�7.6% fb 236.1(1)+2.8%

�2.4% fb
26.93(1)+27%

�19% fb
264.7(1)+2.2%

�1.4% fb 264.6(2)+2.2%
�1.4% fb +1.34% +12.1%

(ppemxnmnex04) (94.3%)

pp ! e�µ+⌫µ⌫̄e 439.0(1)+11%
�12% fb 429.0(4)+3.5%

�3.2% fb
79.19(9)+27%

�19% fb
507.0(1.4)+3.2%

�2.1% fb 507.5(1.9)+3.3%
�2.1% fb �2.27% +18.3%

(ppemxnmnex04) (94.3%)

pp ! e�µ�e+⌫̄µ 11.50(0)+5.7%
�6.8% fb 23.55(1)+5.5%

�4.5% fb — 26.15(1)+2.2%
�2.1% fb 26.15(2)+2.3%

�2.1% fb +105% +11.1%
(ppemexnmx04)

pp ! e�µ�e+⌫̄µ 23.18(4)10.9%11.5% fb 53.21(9)+6.1%
�5.3% fb — 62.18(65)+2.2%

�3.2% fb 62.07(84)+2.3%
�3.1% fb +129.5% +16.6%

(ppemexnmx04)

Table 7: Integrated cross sections for all available processes in Matrix using the default setups.
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~2.2 factorγγ
~2.7 factorZZ(on shell)

~2.6 factorWW(on shell)



process
�LO �NLO

�loop �r
cut

NNLO �extrapolated
NNLO

KNLO KNNLO
(${process_id}) (�loop/��ext

NNLO)

pp ! ��
5.592(1)+10%

�11% pb 25.75(1)+8.8%
�7.5% pb

2534(1)+24%
�17% fb

40.86(2)+8.7%
�7.2% pb 40.28(30)+8.7%

�7.0% pb +361% +56.4%
(ppaa02) (17.4%)

pp ! ��
10.34(0)+15%

�15% pb 54.63(5)+9.9%
�11% pb

6701(17)+24%
�17% fb

88.76(30)+9.1%
�7.4% pb 88.45(51)+9.0%

�7.4% pb +428% +61.9%
(ppaa02) (17.4%)

pp ! ZZ
9.845(1)+5.2%

�6.3% pb 14.10(0)+2.9%
�2.4% pb

1361(1)+25%
�19% fb

16.68(1)+3.2%
�2.6% pb 16.67(1)+3.2%

�2.6% pb +43.3% +18.2%
(ppzz02) (52.9%)

pp ! ZZ
23.59(1)+10%

�11% pb 35.56(2)+3.2%
�4.1% pb

4821(11)+25%
�18% fb

44.36(17)+4.2%
�3.4% pb 44.46(33)+4.3%

�3.5% pb +50.7% +25.0%
(ppzz02) (52.9%)

pp ! W+W�
66.64(1)+5.7%

�6.7% pb 103.2(0)+3.9%
�3.1% pb

4091(3)+27%
�19% fb

117.1(1)+2.5%
�2.2% pb 117.1(1)+2.5%

�2.2% pb +54.9% +13.4%
(ppwxw02) (29.5%)

pp ! W+W�
152.5(0)+10%

�11% pb 254.7(2)+4.4%
�4.6% pb

13.87(3)+27%
�19% pb

300.4(1.1)+3.3%
�3.0% pb 299.8(1.3)+3.3%

�2.9% pb +67.0% +17.7%
(ppwxw02) (29.5%)

pp ! e�µ�e+µ+

11.34(0)+6.3%
�7.3% fb 16.87(0)+3.0%

�2.5% fb
1.971(1)+25%

�18% fb
20.30(1)+3.5%

�2.9% fb 20.30(1)+3.5%
�2.9% fb +48.8% +20.3%

(ppemexmx04) (57.6%)

pp ! e�µ�e+µ+

22.49(1)+11%
�12% fb 35.78(3)+3.4%

�4.5% fb
6.140(20)+25%

�18% fb
45.78(21)+4.6%

�3.8% fb 45.28(83)+4.4%
�3.6% fb +59.1% +26.6%

(ppemexmx04) (57.6%)

pp ! e�µ+⌫µ⌫̄e 232.9(0)+6.6%
�7.6% fb 236.1(1)+2.8%

�2.4% fb
26.93(1)+27%

�19% fb
264.7(1)+2.2%

�1.4% fb 264.6(2)+2.2%
�1.4% fb +1.34% +12.1%

(ppemxnmnex04) (94.3%)

pp ! e�µ+⌫µ⌫̄e 439.0(1)+11%
�12% fb 429.0(4)+3.5%

�3.2% fb
79.19(9)+27%

�19% fb
507.0(1.4)+3.2%

�2.1% fb 507.5(1.9)+3.3%
�2.1% fb �2.27% +18.3%

(ppemxnmnex04) (94.3%)

pp ! e�µ�e+⌫̄µ 11.50(0)+5.7%
�6.8% fb 23.55(1)+5.5%

�4.5% fb — 26.15(1)+2.2%
�2.1% fb 26.15(2)+2.3%

�2.1% fb +105% +11.1%
(ppemexnmx04)

pp ! e�µ�e+⌫̄µ 23.18(4)10.9%11.5% fb 53.21(9)+6.1%
�5.3% fb — 62.18(65)+2.2%

�3.2% fb 62.07(84)+2.3%
�3.1% fb +129.5% +16.6%

(ppemexnmx04)

Table 7: Integrated cross sections for all available processes in Matrix using the default setups.
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~2.2 factorγγ
~2.7 factorZZ(on shell)

~2.6 factorWW(on shell)

~2.3 factorZZ(off shell)



process
�LO �NLO

�loop �r
cut

NNLO �extrapolated
NNLO

KNLO KNNLO
(${process_id}) (�loop/��ext

NNLO)

pp ! ��
5.592(1)+10%

�11% pb 25.75(1)+8.8%
�7.5% pb

2534(1)+24%
�17% fb

40.86(2)+8.7%
�7.2% pb 40.28(30)+8.7%

�7.0% pb +361% +56.4%
(ppaa02) (17.4%)

pp ! ��
10.34(0)+15%

�15% pb 54.63(5)+9.9%
�11% pb

6701(17)+24%
�17% fb

88.76(30)+9.1%
�7.4% pb 88.45(51)+9.0%

�7.4% pb +428% +61.9%
(ppaa02) (17.4%)

pp ! ZZ
9.845(1)+5.2%

�6.3% pb 14.10(0)+2.9%
�2.4% pb

1361(1)+25%
�19% fb

16.68(1)+3.2%
�2.6% pb 16.67(1)+3.2%

�2.6% pb +43.3% +18.2%
(ppzz02) (52.9%)

pp ! ZZ
23.59(1)+10%

�11% pb 35.56(2)+3.2%
�4.1% pb

4821(11)+25%
�18% fb

44.36(17)+4.2%
�3.4% pb 44.46(33)+4.3%

�3.5% pb +50.7% +25.0%
(ppzz02) (52.9%)

pp ! W+W�
66.64(1)+5.7%

�6.7% pb 103.2(0)+3.9%
�3.1% pb

4091(3)+27%
�19% fb

117.1(1)+2.5%
�2.2% pb 117.1(1)+2.5%

�2.2% pb +54.9% +13.4%
(ppwxw02) (29.5%)

pp ! W+W�
152.5(0)+10%

�11% pb 254.7(2)+4.4%
�4.6% pb

13.87(3)+27%
�19% pb

300.4(1.1)+3.3%
�3.0% pb 299.8(1.3)+3.3%

�2.9% pb +67.0% +17.7%
(ppwxw02) (29.5%)

pp ! e�µ�e+µ+

11.34(0)+6.3%
�7.3% fb 16.87(0)+3.0%

�2.5% fb
1.971(1)+25%

�18% fb
20.30(1)+3.5%

�2.9% fb 20.30(1)+3.5%
�2.9% fb +48.8% +20.3%

(ppemexmx04) (57.6%)

pp ! e�µ�e+µ+

22.49(1)+11%
�12% fb 35.78(3)+3.4%

�4.5% fb
6.140(20)+25%

�18% fb
45.78(21)+4.6%

�3.8% fb 45.28(83)+4.4%
�3.6% fb +59.1% +26.6%

(ppemexmx04) (57.6%)

pp ! e�µ+⌫µ⌫̄e 232.9(0)+6.6%
�7.6% fb 236.1(1)+2.8%

�2.4% fb
26.93(1)+27%

�19% fb
264.7(1)+2.2%

�1.4% fb 264.6(2)+2.2%
�1.4% fb +1.34% +12.1%

(ppemxnmnex04) (94.3%)

pp ! e�µ+⌫µ⌫̄e 439.0(1)+11%
�12% fb 429.0(4)+3.5%

�3.2% fb
79.19(9)+27%

�19% fb
507.0(1.4)+3.2%

�2.1% fb 507.5(1.9)+3.3%
�2.1% fb �2.27% +18.3%

(ppemxnmnex04) (94.3%)

pp ! e�µ�e+⌫̄µ 11.50(0)+5.7%
�6.8% fb 23.55(1)+5.5%

�4.5% fb — 26.15(1)+2.2%
�2.1% fb 26.15(2)+2.3%

�2.1% fb +105% +11.1%
(ppemexnmx04)

pp ! e�µ�e+⌫̄µ 23.18(4)10.9%11.5% fb 53.21(9)+6.1%
�5.3% fb — 62.18(65)+2.2%

�3.2% fb 62.07(84)+2.3%
�3.1% fb +129.5% +16.6%

(ppemexnmx04)

Table 7: Integrated cross sections for all available processes in Matrix using the default setups.
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~2.2 factorγγ
~2.7 factorZZ(on shell)

~2.6 factorWW(on shell)

~2.3 factorZZ(off shell)

~1.9 factorWW(off shell)



process
�LO �NLO

�loop �r
cut

NNLO �extrapolated
NNLO

KNLO KNNLO
(${process_id}) (�loop/��ext

NNLO)

pp ! ��
5.592(1)+10%

�11% pb 25.75(1)+8.8%
�7.5% pb

2534(1)+24%
�17% fb

40.86(2)+8.7%
�7.2% pb 40.28(30)+8.7%

�7.0% pb +361% +56.4%
(ppaa02) (17.4%)

pp ! ��
10.34(0)+15%

�15% pb 54.63(5)+9.9%
�11% pb

6701(17)+24%
�17% fb

88.76(30)+9.1%
�7.4% pb 88.45(51)+9.0%

�7.4% pb +428% +61.9%
(ppaa02) (17.4%)

pp ! ZZ
9.845(1)+5.2%

�6.3% pb 14.10(0)+2.9%
�2.4% pb

1361(1)+25%
�19% fb

16.68(1)+3.2%
�2.6% pb 16.67(1)+3.2%

�2.6% pb +43.3% +18.2%
(ppzz02) (52.9%)

pp ! ZZ
23.59(1)+10%

�11% pb 35.56(2)+3.2%
�4.1% pb

4821(11)+25%
�18% fb

44.36(17)+4.2%
�3.4% pb 44.46(33)+4.3%

�3.5% pb +50.7% +25.0%
(ppzz02) (52.9%)

pp ! W+W�
66.64(1)+5.7%

�6.7% pb 103.2(0)+3.9%
�3.1% pb

4091(3)+27%
�19% fb

117.1(1)+2.5%
�2.2% pb 117.1(1)+2.5%

�2.2% pb +54.9% +13.4%
(ppwxw02) (29.5%)

pp ! W+W�
152.5(0)+10%

�11% pb 254.7(2)+4.4%
�4.6% pb

13.87(3)+27%
�19% pb

300.4(1.1)+3.3%
�3.0% pb 299.8(1.3)+3.3%

�2.9% pb +67.0% +17.7%
(ppwxw02) (29.5%)

pp ! e�µ�e+µ+

11.34(0)+6.3%
�7.3% fb 16.87(0)+3.0%

�2.5% fb
1.971(1)+25%

�18% fb
20.30(1)+3.5%

�2.9% fb 20.30(1)+3.5%
�2.9% fb +48.8% +20.3%

(ppemexmx04) (57.6%)

pp ! e�µ�e+µ+

22.49(1)+11%
�12% fb 35.78(3)+3.4%

�4.5% fb
6.140(20)+25%

�18% fb
45.78(21)+4.6%

�3.8% fb 45.28(83)+4.4%
�3.6% fb +59.1% +26.6%

(ppemexmx04) (57.6%)

pp ! e�µ+⌫µ⌫̄e 232.9(0)+6.6%
�7.6% fb 236.1(1)+2.8%

�2.4% fb
26.93(1)+27%

�19% fb
264.7(1)+2.2%

�1.4% fb 264.6(2)+2.2%
�1.4% fb +1.34% +12.1%

(ppemxnmnex04) (94.3%)

pp ! e�µ+⌫µ⌫̄e 439.0(1)+11%
�12% fb 429.0(4)+3.5%

�3.2% fb
79.19(9)+27%

�19% fb
507.0(1.4)+3.2%

�2.1% fb 507.5(1.9)+3.3%
�2.1% fb �2.27% +18.3%

(ppemxnmnex04) (94.3%)

pp ! e�µ�e+⌫̄µ 11.50(0)+5.7%
�6.8% fb 23.55(1)+5.5%

�4.5% fb — 26.15(1)+2.2%
�2.1% fb 26.15(2)+2.3%

�2.1% fb +105% +11.1%
(ppemexnmx04)

pp ! e�µ�e+⌫̄µ 23.18(4)10.9%11.5% fb 53.21(9)+6.1%
�5.3% fb — 62.18(65)+2.2%

�3.2% fb 62.07(84)+2.3%
�3.1% fb +129.5% +16.6%

(ppemexnmx04)

Table 7: Integrated cross sections for all available processes in Matrix using the default setups.
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Inclusive diboson results: NNLO vs data
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Inclusive diboson results: NNLO vs data
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Figure 4: The WZ total cross section as a function of the proton-proton centre-of-mass energy.
Results from the CMS and ATLAS experiments are compared to the predictions of MCFM and
MATRIX. The data uncertainties are statistical (inner bars) and statistical plus systematic added
in quadrature (outer bars). The band around the theoretical predictions reflects uncertainties
generated by varying the factorization and renormalization scales up and down by a factor
of two and also the (PDF+aS) uncertainty of NNPDF3.0 for NLO predictions. The theoretical
predictions and the CMS 13 TeV cross section are calculated for the Z boson mass window 60–
120 GeV. The CMS 7 and 8 TeV cross sections presented in this paper are calculated for the Z
boson mass window 71–111 GeV (estimated correction factor 2%), while all ATLAS measure-
ments are performed with the Z boson mass window 66–116 GeV (1%).

7.3 Anomalous triple gauge couplings limits

Triple gauge boson couplings are a consequence of the non-Abelian nature of the SM elec-
troweak sector. Several extensions of the SM predict additional processes with multiple bosons
in the final state so any observed deviation of diboson production cross sections from their SM
predictions could be an early sign of new physics. The most general Lorentz invariant effective
Lagrangian that describes WWV couplings, where V = g or Z, has 14 independent parame-
ters [47, 48], seven for V = g and seven for V = Z. Assuming charge conjugation (C) and
parity (P) conservation, only six independent parameters remain. The effective Lagrangian,
normalized by the electroweak coupling, is given by:

LTGC

gWWV
= igV

1 (W
�
µnW+µVn � W�

µ VnW+µn) + ikVW�
µ W+

n Vµn +
ilV

M2
W

W�
dµW+µ

n Vnd, (4)

where W±
µn = ∂µW±

n � ∂nW±
µ , Vµn = ∂µVn � ∂nVµ, and couplings gWWg = �e and gWWZ =

�e cot qW, with qW being the weak mixing angle. Assuming electromagnetic gauge invariance,
i.e. gg

1 = 1, the remaining parameters that describe the WWV coupling are gZ
1 , kZ, kg, lZ and

lg. In the SM lZ = lg = 0 and gZ
1 = kZ = kg = 1. The couplings are further reduced to three

independent parameters if one requires the Lagrangian to be SU (2)L ⇥ U (1)Y invariant (“LEP

[ATLAS '16]

[CMS '16]
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[ATLAS '17]

Recent 13 TeV ATLAS results for ZZ

Channel Measurement [fb] Prediction [fb]

4e 13.7+1.1
�1.0
⇥ ± 0.9 (stat.) ±0.4 (syst.) +0.5

�0.4 (lumi.)
⇤

10.9+0.5
�0.4

2e2µ 20.9+1.4
�1.3
⇥ ± 1.0 (stat.) ±0.6 (syst.) +0.7

�0.6 (lumi.)
⇤

21.2+0.9
�0.8

4µ 11.5+0.9
�0.9
⇥ ± 0.7 (stat.) ±0.4 (syst.) ±0.4 (lumi.)

⇤
10.9+0.5

�0.4

Combined 46.2+2.5
�2.3
⇥ ± 1.5 (stat.) +1.2

�1.1(syst.) +1.6
�1.4 (lumi.)

⇤
42.9+1.9

�1.5

Table 5: Measured and predicted integrated fiducial cross sections. The prediction is based on an NNLO calculation
from Matrix [2] with the gg-initiated contribution multiplied by a global NLO correction factor of 1.67 [3]. A global
NLO EW correction factor of 0.95 [55, 56] is applied, except to the gg-initiated loop-induced contribution, and the
contribution of around 2.5% from EW-ZZ j j generated with Sherpa is added. For the prediction, the QCD scale
uncertainty is shown.
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Figure 5: Comparison of measured integrated fiducial cross sections to a SM prediction based on an NNLO cal-
culation from Matrix with the gg-initiated contribution multiplied by a global NLO correction factor of 1.67. A
global NLO EW correction factor of 0.95 is applied, except to the gg-initiated loop-induced contribution, and the
contribution of around 2.5% from EW-ZZ j j generated with Sherpa is added. For the prediction, the QCD scale
uncertainty is shown as one- and two-standard-deviation bands.

8.1 Extrapolation to total phase space and all Z boson decay modes

Extrapolation of the cross section is performed to a total phase space for Z bosons with masses in the
range from 66 GeV to 116 GeV and any SM decay. The total phase space is the same as the fiducial phase
space (Section 4.1), except that no pT, ⌘, and �R requirements are applied to the leptons. The ratio of the
fiducial to total phase-space cross section is determined using the Matrix setup described in Section 3
and found to be AZZ = 0.58 ± 0.01, where the uncertainty includes the following contributions. A similar
value is found when the calculation is repeated with the nominal Sherpa setup, and the di↵erence between
these (1.0% of the nominal value) is included in the uncertainty of AZZ . Other included uncertainties are
derived from PDF variations (0.4%, calculated with MCFM) and QCD scale variations (0.8%).

17

prediction:  NNLO by MATRIX 
                 with global factor 0.95 for NLO EW [Biedermann et al. '16]

                 and gg-channel times 1.67 [Caola et al. '15]

                 and 2.5% from EW-ZZjj generated with Sherpa

measured and predicted fiducial cross sections
(36.1 fb-1)
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Channel Measurement [fb] Prediction [fb]

4e 13.7+1.1
�1.0
⇥ ± 0.9 (stat.) ±0.4 (syst.) +0.5

�0.4 (lumi.)
⇤

10.9+0.5
�0.4

2e2µ 20.9+1.4
�1.3
⇥ ± 1.0 (stat.) ±0.6 (syst.) +0.7

�0.6 (lumi.)
⇤

21.2+0.9
�0.8

4µ 11.5+0.9
�0.9
⇥ ± 0.7 (stat.) ±0.4 (syst.) ±0.4 (lumi.)

⇤
10.9+0.5

�0.4

Combined 46.2+2.5
�2.3
⇥ ± 1.5 (stat.) +1.2

�1.1(syst.) +1.6
�1.4 (lumi.)

⇤
42.9+1.9

�1.5

Table 5: Measured and predicted integrated fiducial cross sections. The prediction is based on an NNLO calculation
from Matrix [2] with the gg-initiated contribution multiplied by a global NLO correction factor of 1.67 [3]. A global
NLO EW correction factor of 0.95 [55, 56] is applied, except to the gg-initiated loop-induced contribution, and the
contribution of around 2.5% from EW-ZZ j j generated with Sherpa is added. For the prediction, the QCD scale
uncertainty is shown.
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Figure 5: Comparison of measured integrated fiducial cross sections to a SM prediction based on an NNLO cal-
culation from Matrix with the gg-initiated contribution multiplied by a global NLO correction factor of 1.67. A
global NLO EW correction factor of 0.95 is applied, except to the gg-initiated loop-induced contribution, and the
contribution of around 2.5% from EW-ZZ j j generated with Sherpa is added. For the prediction, the QCD scale
uncertainty is shown as one- and two-standard-deviation bands.

8.1 Extrapolation to total phase space and all Z boson decay modes

Extrapolation of the cross section is performed to a total phase space for Z bosons with masses in the
range from 66 GeV to 116 GeV and any SM decay. The total phase space is the same as the fiducial phase
space (Section 4.1), except that no pT, ⌘, and �R requirements are applied to the leptons. The ratio of the
fiducial to total phase-space cross section is determined using the Matrix setup described in Section 3
and found to be AZZ = 0.58 ± 0.01, where the uncertainty includes the following contributions. A similar
value is found when the calculation is repeated with the nominal Sherpa setup, and the di↵erence between
these (1.0% of the nominal value) is included in the uncertainty of AZZ . Other included uncertainties are
derived from PDF variations (0.4%, calculated with MCFM) and QCD scale variations (0.8%).
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prediction:  NNLO by MATRIX 
                 with global factor 0.95 for NLO EW [Biedermann et al. '16]

                 and gg-channel times 1.67 [Caola et al. '15]

                 and 2.5% from EW-ZZjj generated with Sherpa

measured and predicted fiducial cross sections
(36.1 fb-1)

~ 3.25% at 36.1 fb-1

~ 0.35% at 3 ab-1
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[ATLAS '17]

Recent 13 TeV ATLAS results for ZZFigure 12 presents the transverse momenta of the leptons in the final selected quadruplet. From the
highest-pT to the lowest-pT lepton, the distribution becomes less peaked and more symmetric about the
peak, while the position of the peak shifts from ⇠60 GeV to ⇠50 GeV, then ⇠35 GeV, and finally ⇠25 GeV.
All lepton pT distributions agree well with the predictions.
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Figure 12: Measured and predicted di↵erential cross sections with respect to the transverse momenta of the leptons
in the final selected quadruplet, in descending order of transverse momentum. A pure NNLO calculation from
Matrix is shown with no additional corrections applied. The best SM prediction is based on this NNLO calculation,
with the gg-initiated contribution multiplied by a global NLO correction factor of 1.67. An NLO EW correction
factor is applied in each bin. The contribution from EW-ZZ j j generated with Sherpa is added. For the fixed-order
predictions, the QCD scale uncertainty is shown as a shaded band. Parton-showered Sherpa and Powheg + Pythia
predictions are also shown. For better visualization, the last bin is shown using a di↵erent x-axis scale. The scale
change is indicated by the dashed vertical line.
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Recent 13 TeV ATLAS results for ZZFigure 12 presents the transverse momenta of the leptons in the final selected quadruplet. From the
highest-pT to the lowest-pT lepton, the distribution becomes less peaked and more symmetric about the
peak, while the position of the peak shifts from ⇠60 GeV to ⇠50 GeV, then ⇠35 GeV, and finally ⇠25 GeV.
All lepton pT distributions agree well with the predictions.
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Figure 12: Measured and predicted di↵erential cross sections with respect to the transverse momenta of the leptons
in the final selected quadruplet, in descending order of transverse momentum. A pure NNLO calculation from
Matrix is shown with no additional corrections applied. The best SM prediction is based on this NNLO calculation,
with the gg-initiated contribution multiplied by a global NLO correction factor of 1.67. An NLO EW correction
factor is applied in each bin. The contribution from EW-ZZ j j generated with Sherpa is added. For the fixed-order
predictions, the QCD scale uncertainty is shown as a shaded band. Parton-showered Sherpa and Powheg + Pythia
predictions are also shown. For better visualization, the last bin is shown using a di↵erent x-axis scale. The scale
change is indicated by the dashed vertical line.
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~ 5-20% at 36.1 fb-1

~ 0.5-2% at 3 ab-1
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[ATLAS '17]

Recent 13 TeV ATLAS results for ZZFigure 12 presents the transverse momenta of the leptons in the final selected quadruplet. From the
highest-pT to the lowest-pT lepton, the distribution becomes less peaked and more symmetric about the
peak, while the position of the peak shifts from ⇠60 GeV to ⇠50 GeV, then ⇠35 GeV, and finally ⇠25 GeV.
All lepton pT distributions agree well with the predictions.
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Figure 12: Measured and predicted di↵erential cross sections with respect to the transverse momenta of the leptons
in the final selected quadruplet, in descending order of transverse momentum. A pure NNLO calculation from
Matrix is shown with no additional corrections applied. The best SM prediction is based on this NNLO calculation,
with the gg-initiated contribution multiplied by a global NLO correction factor of 1.67. An NLO EW correction
factor is applied in each bin. The contribution from EW-ZZ j j generated with Sherpa is added. For the fixed-order
predictions, the QCD scale uncertainty is shown as a shaded band. Parton-showered Sherpa and Powheg + Pythia
predictions are also shown. For better visualization, the last bin is shown using a di↵erent x-axis scale. The scale
change is indicated by the dashed vertical line.
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Recent 13 TeV ATLAS results for ZZFigure 12 presents the transverse momenta of the leptons in the final selected quadruplet. From the
highest-pT to the lowest-pT lepton, the distribution becomes less peaked and more symmetric about the
peak, while the position of the peak shifts from ⇠60 GeV to ⇠50 GeV, then ⇠35 GeV, and finally ⇠25 GeV.
All lepton pT distributions agree well with the predictions.
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Figure 12: Measured and predicted di↵erential cross sections with respect to the transverse momenta of the leptons
in the final selected quadruplet, in descending order of transverse momentum. A pure NNLO calculation from
Matrix is shown with no additional corrections applied. The best SM prediction is based on this NNLO calculation,
with the gg-initiated contribution multiplied by a global NLO correction factor of 1.67. An NLO EW correction
factor is applied in each bin. The contribution from EW-ZZ j j generated with Sherpa is added. For the fixed-order
predictions, the QCD scale uncertainty is shown as a shaded band. Parton-showered Sherpa and Powheg + Pythia
predictions are also shown. For better visualization, the last bin is shown using a di↵erent x-axis scale. The scale
change is indicated by the dashed vertical line.
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Reach in the tails for ZZ

13 TeV 27 TeV
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Reach in the tails for ZZ

13 TeV, 3 ab-1 27 TeV, 15 ab-1
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Reach in the tails for ZZ
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Reach in the tails for ZZ
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channel �LO [fb] �NLO [fb] �NNLO [fb] �ATLAS [fb]

µ+e+e�
17.33(0)+5.3%

�6.3% 34.12(1)+5.3%
�4.3% 37.75(2)+2.3%

�2.0%

32.2 ± 14.4%(stat)± 5.0%(syst)± 2.4%(lumi)

e+µ+µ� 45.0 ± 12.1%(stat)± 4.6%(syst)± 2.3%(lumi)

e+e+e�
17.37(0)+5.3%

�6.3% 34.21(1)+5.3%
�4.3% 37.84(2)+2.2%

�2.0%

28.0 ± 19.2%(stat)± 11.2%(syst)± 2.4%(lumi)

µ+µ+µ� 36.5 ± 11.6%(stat)± 4.1%(syst)± 2.3%(lumi)

combined 17.35(0)+5.3%
�6.3% 34.16(1)+5.3%

�4.3% 37.80(2)+2.2%
�2.0% 36.7 ± 6.7%(stat)± 3.9%(syst)± 2.3%(lumi)

µ�e+e�
11.50(0)+5.7%

�6.8% 23.57(1)+5.5%
�4.5% 26.18(1)+2.3%

�2.1%

22.9 ± 17.5%(stat)± 5.8%(syst)± 2.4%(lumi)

e�µ+µ� 30.2 ± 15.2%(stat)± 6.9%(syst)± 2.3%(lumi)

e�e+e�
11.53(0)+5.7%

�6.8% 23.63(0)+5.5%
�4.5% 26.25(1)+2.2%

�2.1%

22.5 ± 21.0%(stat)± 10.5%(syst)± 2.4%(lumi)

µ�µ+µ� 27.1 ± 13.7%(stat)± 5.0%(syst)± 2.4%(lumi)

combined 11.51(0)+5.7%
�6.8% 23.60(1)+5.5%

�4.5% 26.22(1)+2.3%
�2.1% 26.1 ± 8.1%(stat)± 4.7%(syst)± 2.4%(lumi)

µ±e+e�
28.83(0)+5.4%

�6.5% 57.69(1)+5.4%
�4.3% 63.93(3)+2.3%

�2.1%

55.1 ± 11.1%(stat)± 5.1%(syst)± 2.4%(lumi)

e±µ+µ� 75.2 ± 9.5%(stat)± 5.3%(syst)± 2.3%(lumi)

e±e+e�
28.90(0)+5.4%

�6.5% 57.84(1)+5.4%
�4.3% 64.09(3)+2.2%

�2.1%

50.5 ± 14.2%(stat)± 10.6%(syst)± 2.4%(lumi)

µ±µ+µ� 63.6 ± 8.9%(stat)± 4.1%(syst)± 2.3%(lumi)

combined 28.86(0)+5.4%
�6.5% 57.76(1)+5.4%

�4.3% 64.01(3)+2.3%
�2.1% 63.2 ± 5.2%(stat)± 4.1%(syst)± 2.4%(lumi)

Table 3: Fiducial cross sections for ATLAS 13 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available ATLAS data from Refs. [3, 5] are also shown. “Combined” refers
to the average of di↵erent lepton channels.

3.1.2 ATLAS 13TeV

ATLAS has reported experimental results of the fiducial W±Z cross section also for an early
13TeV data set [6]. At the level of the inclusive cross section very good agreement with our NNLO
computation of Ref. [18] is quoted. Table 3 confirms that agreement also for the fiducial cross
sections. There is also a marked improvement of the accuracy of the NNLO cross section regarding
its scale uncertainties, which have been reduced to ⇠ 2% from ⇠ 4%� 6% at NLO. Overall, the
findings at 13TeV draw essentially the same picture as those at 8TeV discussed in the previous
section.
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�4.5% 26.22(1)+2.3%
�2.1% 26.1 ± 8.1%(stat)± 4.7%(syst)± 2.4%(lumi)

µ±e+e�
28.83(0)+5.4%

�6.5% 57.69(1)+5.4%
�4.3% 63.93(3)+2.3%

�2.1%

55.1 ± 11.1%(stat)± 5.1%(syst)± 2.4%(lumi)

e±µ+µ� 75.2 ± 9.5%(stat)± 5.3%(syst)± 2.3%(lumi)

e±e+e�
28.90(0)+5.4%

�6.5% 57.84(1)+5.4%
�4.3% 64.09(3)+2.2%

�2.1%

50.5 ± 14.2%(stat)± 10.6%(syst)± 2.4%(lumi)

µ±µ+µ� 63.6 ± 8.9%(stat)± 4.1%(syst)± 2.3%(lumi)

combined 28.86(0)+5.4%
�6.5% 57.76(1)+5.4%

�4.3% 64.01(3)+2.3%
�2.1% 63.2 ± 5.2%(stat)± 4.1%(syst)± 2.4%(lumi)

Table 3: Fiducial cross sections for ATLAS 13 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available ATLAS data from Refs. [3, 5] are also shown. “Combined” refers
to the average of di↵erent lepton channels.

3.1.2 ATLAS 13TeV

ATLAS has reported experimental results of the fiducial W±Z cross section also for an early
13TeV data set [6]. At the level of the inclusive cross section very good agreement with our NNLO
computation of Ref. [18] is quoted. Table 3 confirms that agreement also for the fiducial cross
sections. There is also a marked improvement of the accuracy of the NNLO cross section regarding
its scale uncertainties, which have been reduced to ⇠ 2% from ⇠ 4%� 6% at NLO. Overall, the
findings at 13TeV draw essentially the same picture as those at 8TeV discussed in the previous
section.
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channel �LO [fb] �NLO [fb] �NNLO [fb] �ATLAS [fb]

µ+e+e�
11.59(0)+2.2%

�3.0% 20.42(0)+5.3%
�4.0% 22.11(1)+1.8%

�1.9%

23.9 ± 6.5%(stat)± 2.5%(syst)± 2.2%(lumi)

e+µ+µ� 19.9 ± 7.2%(stat)± 3.5%(syst)± 2.2%(lumi)

e+e+e�
11.62(0)+2.2%

�3.0% 20.48(0)+5.3%
�4.0% 22.17(1)+1.8%

�1.9%

22.6 ± 8.0%(stat)± 4.4%(syst)± 2.2%(lumi)

µ+µ+µ� 19.8 ± 6.0%(stat)± 2.5%(syst)± 2.2%(lumi)

combined 11.60(0)+2.2%
�3.0% 20.45(0)+5.3%

�4.0% 22.14(1)+1.8%
�1.9% 21.2 ± 3.4%(stat)± 2.3%(syst)± 2.2%(lumi)

µ�e+e�
6.732(1)+2.4%

�3.4% 12.35(0)+5.7%
�4.3% 13.42(1)+1.9%

�1.9%

12.4 ± 9.5%(stat)± 3.1%(syst)± 2.3%(lumi)

e�µ+µ� 15.7 ± 7.5%(stat)± 2.8%(syst)± 2.3%(lumi)

e�e+e�
6.750(1)+2.4%

�3.4% 12.38(0)+5.7%
�4.3% 13.47(1)+1.9%

�2.0%

15.4 ± 9.8%(stat)± 5.0%(syst)± 2.3%(lumi)

µ�µ+µ� 13.4 ± 7.5%(stat)± 2.8%(syst)± 2.3%(lumi)

combined 6.741(1)+2.4%
�3.4% 12.36(0)+5.7%

�4.3% 13.45(1)+1.9%
�2.0% 14.0 ± 4.3%(stat)± 2.8%(syst)± 2.3%(lumi)

µ±e+e�
18.32(0)+2.3%

�3.2% 32.76(1)+5.4%
�4.1% 35.53(2)+1.8%

�1.9%

36.3 ± 5.4%(stat)± 2.6%(syst)± 2.2%(lumi)

e±µ+µ� 35.7 ± 5.3%(stat)± 3.7%(syst)± 2.2%(lumi)

e±e+e�
18.37(0)+2.3%
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�4.1% 35.64(2)+1.8%

�1.9%

38.1 ± 6.2%(stat)± 4.5%(syst)± 2.2%(lumi)

µ±µ+µ� 33.3 ± 4.7%(stat)± 2.5%(syst)± 2.2%(lumi)

combined 18.35(0)+2.3%
�3.2% 32.81(1)+5.4%

�4.1% 35.59(2)+1.8%
�1.9% 35.1 ± 2.7%(stat)± 2.4%(syst)± 2.2%(lumi)

Table 2: Fiducial cross sections for ATLAS 8 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available ATLAS data from Refs. [3, 5] are also shown. “Combined” refers
to the average of di↵erent lepton channels.

These observations are irrespective of whether W+Z, W�Z or their combination are considered,
and very similar to what has been found for the total inclusive cross sections in Ref. [18]. As pointed
out there, the origin of the large radiative corrections is an approximate radiation zero [43]: The
LO cross section in the leading helicity amplitude vanishes at a specific scattering angle of the W
boson in the centre-of-mass frame. {SK: 1/3 holds only for W�. } This phase-space region is filled
only upon inclusion of higher-order contributions, thereby e↵ectively decreasing the perturbative
accuracy in that region by one order. Therefore, the perturbative uncertainties at LO and NLO,
estimated from scale variations, fail to cover the actual size of missing higher-order corrections.
Nonetheless, the convergence of the perturbative series is noticeably improved beyond LO, and
we expect NNLO scale uncertainties to provide the correct size of yet uncalculated perturbative
contributions.
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�4.1% 35.59(2)+1.8%
�1.9% 35.1 ± 2.7%(stat)± 2.4%(syst)± 2.2%(lumi)

Table 2: Fiducial cross sections for ATLAS 8 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available ATLAS data from Refs. [3, 5] are also shown. “Combined” refers
to the average of di↵erent lepton channels.

These observations are irrespective of whether W+Z, W�Z or their combination are considered,
and very similar to what has been found for the total inclusive cross sections in Ref. [18]. As pointed
out there, the origin of the large radiative corrections is an approximate radiation zero [43]: The
LO cross section in the leading helicity amplitude vanishes at a specific scattering angle of the W
boson in the centre-of-mass frame. {SK: 1/3 holds only for W�. } This phase-space region is filled
only upon inclusion of higher-order contributions, thereby e↵ectively decreasing the perturbative
accuracy in that region by one order. Therefore, the perturbative uncertainties at LO and NLO,
estimated from scale variations, fail to cover the actual size of missing higher-order corrections.
Nonetheless, the convergence of the perturbative series is noticeably improved beyond LO, and
we expect NNLO scale uncertainties to provide the correct size of yet uncalculated perturbative
contributions.
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WZ fully differential at NNLO

ATLAS (13 TeV):

channel �LO [fb] �NLO [fb] �NNLO [fb] �CMS [fb]

combined 148.4(0)+5.4%
�6.4% 301.4(1)+5.5%

�4.5% 334.3(2)+2.3%
�2.1% 258 ± 8.1%(stat)+7.4%

�7.7%(syst)± 3.1(lumi)

Table 4: Fiducial cross sections for CMS 13 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available CMS data from Refs. [7] are also shown. “Combined” refers to the
sum of all separate contributions. The results for all individual channels for CMS at 8 TeV and 13
TeV can be found in Appendix A.

3.1.3 CMS 13TeV

CMS provides a cross-section measurement in the fiducial phase space for W±Z production only
for their 13TeV analysis, and summed over all individual lepton channels [7].⇤⇤ Table 4 contains
our theoretical predictions at LO, NLO and NNLO for the combination of all leptonic channels.
The cuts are looser as compared to the ones applied by ATLAS, but the relative size of radiative
corrections is rather similar. The comparison to the fiducial cross section measured by CMS
shows quite a large discrepancy: The theoretical prediction is roughly 2.2� above the experimental
result. We point out that CMS uses fiducial cuts that are quite di↵erent from those used in their
event-selection. This comes at the price that the extrapolation from the CMS selection cuts to the
fiducial phase space is a↵ected by an uncertainty from the employed Monte Carlo generator. The
observed discrepancy, however, might well be due to a statistical fluctuation of the limited dataset
used in this early CMS measurement. Further data collection at 13TeV will hopefully clarify this
issue.

3.2 Distributions in the fiducial phase space

We now turn to the discussion of di↵erential observables in the fiducial phase space. In Figures 3–6
we consider predictions up to NNLO accuracy for various distributions that have been measured
by ATLAS at 8TeV [5]. The fiducial phase-space definition is discussed in Section 3.1, see also
Table 1. All figures have the identical layout: The main frame shows the predictions at LO (black
dotted histogram), NLO (red dashed histogram) and NNLO (blue solid histogram) with their
absolute normalization as cross section per bin (i.e. the sum of the bins is equal to the fiducial
cross section), compared to the cross sections measured by ATLAS (green data points with error
bars). The lower panel displays the respective bin-by-bin ratios normalized to the NLO prediction
(LO is not shown here). The shaded uncertainty bands of the theoretical predictions correspond to
scale variations as discussed above, and the error bars are the combined experimental uncertainties
quoted by ATLAS. Unless stated otherwise, all distributions include the combination of all relevant
leptonic channels (SF/DF channels and W+Z/W�Z production). Note that ATLAS combines, for

⇤⇤The 8TeV W±Z measurement by CMS [4] does not provide fiducial cross sections, and the di↵erential results
are extrapolated to the full phase space. Since such cross sections strongly depend to the underlying Monte Carlo
used for the extrapolation, we refrain from including them in our comparison. The full set of predictions for all
individual channels for CMS at 8 TeV and 13 TeV are reported in Appendix A.
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CMS (13 TeV):

ATLAS (8 TeV):

SM measurements
[Grazzini, Kallweit, Rathlev, MW '17]



channel �LO [fb] �NLO [fb] �NNLO [fb] �ATLAS [fb]

µ+e+e�
17.33(0)+5.3%

�6.3% 34.12(1)+5.3%
�4.3% 37.75(2)+2.3%

�2.0%

32.2 ± 14.4%(stat)± 5.0%(syst)± 2.4%(lumi)

e+µ+µ� 45.0 ± 12.1%(stat)± 4.6%(syst)± 2.3%(lumi)

e+e+e�
17.37(0)+5.3%

�6.3% 34.21(1)+5.3%
�4.3% 37.84(2)+2.2%

�2.0%

28.0 ± 19.2%(stat)± 11.2%(syst)± 2.4%(lumi)

µ+µ+µ� 36.5 ± 11.6%(stat)± 4.1%(syst)± 2.3%(lumi)

combined 17.35(0)+5.3%
�6.3% 34.16(1)+5.3%

�4.3% 37.80(2)+2.2%
�2.0% 36.7 ± 6.7%(stat)± 3.9%(syst)± 2.3%(lumi)

µ�e+e�
11.50(0)+5.7%

�6.8% 23.57(1)+5.5%
�4.5% 26.18(1)+2.3%

�2.1%

22.9 ± 17.5%(stat)± 5.8%(syst)± 2.4%(lumi)

e�µ+µ� 30.2 ± 15.2%(stat)± 6.9%(syst)± 2.3%(lumi)

e�e+e�
11.53(0)+5.7%

�6.8% 23.63(0)+5.5%
�4.5% 26.25(1)+2.2%

�2.1%

22.5 ± 21.0%(stat)± 10.5%(syst)± 2.4%(lumi)

µ�µ+µ� 27.1 ± 13.7%(stat)± 5.0%(syst)± 2.4%(lumi)

combined 11.51(0)+5.7%
�6.8% 23.60(1)+5.5%

�4.5% 26.22(1)+2.3%
�2.1% 26.1 ± 8.1%(stat)± 4.7%(syst)± 2.4%(lumi)

µ±e+e�
28.83(0)+5.4%

�6.5% 57.69(1)+5.4%
�4.3% 63.93(3)+2.3%

�2.1%

55.1 ± 11.1%(stat)± 5.1%(syst)± 2.4%(lumi)

e±µ+µ� 75.2 ± 9.5%(stat)± 5.3%(syst)± 2.3%(lumi)

e±e+e�
28.90(0)+5.4%

�6.5% 57.84(1)+5.4%
�4.3% 64.09(3)+2.2%

�2.1%

50.5 ± 14.2%(stat)± 10.6%(syst)± 2.4%(lumi)

µ±µ+µ� 63.6 ± 8.9%(stat)± 4.1%(syst)± 2.3%(lumi)

combined 28.86(0)+5.4%
�6.5% 57.76(1)+5.4%

�4.3% 64.01(3)+2.3%
�2.1% 63.2 ± 5.2%(stat)± 4.1%(syst)± 2.4%(lumi)

Table 3: Fiducial cross sections for ATLAS 13 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available ATLAS data from Refs. [3, 5] are also shown. “Combined” refers
to the average of di↵erent lepton channels.

3.1.2 ATLAS 13TeV

ATLAS has reported experimental results of the fiducial W±Z cross section also for an early
13TeV data set [6]. At the level of the inclusive cross section very good agreement with our NNLO
computation of Ref. [18] is quoted. Table 3 confirms that agreement also for the fiducial cross
sections. There is also a marked improvement of the accuracy of the NNLO cross section regarding
its scale uncertainties, which have been reduced to ⇠ 2% from ⇠ 4%� 6% at NLO. Overall, the
findings at 13TeV draw essentially the same picture as those at 8TeV discussed in the previous
section.
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Table 3: Fiducial cross sections for ATLAS 13 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available ATLAS data from Refs. [3, 5] are also shown. “Combined” refers
to the average of di↵erent lepton channels.

3.1.2 ATLAS 13TeV

ATLAS has reported experimental results of the fiducial W±Z cross section also for an early
13TeV data set [6]. At the level of the inclusive cross section very good agreement with our NNLO
computation of Ref. [18] is quoted. Table 3 confirms that agreement also for the fiducial cross
sections. There is also a marked improvement of the accuracy of the NNLO cross section regarding
its scale uncertainties, which have been reduced to ⇠ 2% from ⇠ 4%� 6% at NLO. Overall, the
findings at 13TeV draw essentially the same picture as those at 8TeV discussed in the previous
section.
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Table 2: Fiducial cross sections for ATLAS 8 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available ATLAS data from Refs. [3, 5] are also shown. “Combined” refers
to the average of di↵erent lepton channels.

These observations are irrespective of whether W+Z, W�Z or their combination are considered,
and very similar to what has been found for the total inclusive cross sections in Ref. [18]. As pointed
out there, the origin of the large radiative corrections is an approximate radiation zero [43]: The
LO cross section in the leading helicity amplitude vanishes at a specific scattering angle of the W
boson in the centre-of-mass frame. {SK: 1/3 holds only for W�. } This phase-space region is filled
only upon inclusion of higher-order contributions, thereby e↵ectively decreasing the perturbative
accuracy in that region by one order. Therefore, the perturbative uncertainties at LO and NLO,
estimated from scale variations, fail to cover the actual size of missing higher-order corrections.
Nonetheless, the convergence of the perturbative series is noticeably improved beyond LO, and
we expect NNLO scale uncertainties to provide the correct size of yet uncalculated perturbative
contributions.
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µ+e+e�
11.59(0)+2.2%

�3.0% 20.42(0)+5.3%
�4.0% 22.11(1)+1.8%

�1.9%

23.9 ± 6.5%(stat)± 2.5%(syst)± 2.2%(lumi)

e+µ+µ� 19.9 ± 7.2%(stat)± 3.5%(syst)± 2.2%(lumi)

e+e+e�
11.62(0)+2.2%

�3.0% 20.48(0)+5.3%
�4.0% 22.17(1)+1.8%

�1.9%

22.6 ± 8.0%(stat)± 4.4%(syst)± 2.2%(lumi)

µ+µ+µ� 19.8 ± 6.0%(stat)± 2.5%(syst)± 2.2%(lumi)

combined 11.60(0)+2.2%
�3.0% 20.45(0)+5.3%

�4.0% 22.14(1)+1.8%
�1.9% 21.2 ± 3.4%(stat)± 2.3%(syst)± 2.2%(lumi)

µ�e+e�
6.732(1)+2.4%

�3.4% 12.35(0)+5.7%
�4.3% 13.42(1)+1.9%

�1.9%

12.4 ± 9.5%(stat)± 3.1%(syst)± 2.3%(lumi)

e�µ+µ� 15.7 ± 7.5%(stat)± 2.8%(syst)± 2.3%(lumi)

e�e+e�
6.750(1)+2.4%

�3.4% 12.38(0)+5.7%
�4.3% 13.47(1)+1.9%

�2.0%

15.4 ± 9.8%(stat)± 5.0%(syst)± 2.3%(lumi)

µ�µ+µ� 13.4 ± 7.5%(stat)± 2.8%(syst)± 2.3%(lumi)

combined 6.741(1)+2.4%
�3.4% 12.36(0)+5.7%

�4.3% 13.45(1)+1.9%
�2.0% 14.0 ± 4.3%(stat)± 2.8%(syst)± 2.3%(lumi)

µ±e+e�
18.32(0)+2.3%

�3.2% 32.76(1)+5.4%
�4.1% 35.53(2)+1.8%

�1.9%

36.3 ± 5.4%(stat)± 2.6%(syst)± 2.2%(lumi)

e±µ+µ� 35.7 ± 5.3%(stat)± 3.7%(syst)± 2.2%(lumi)

e±e+e�
18.37(0)+2.3%

�3.2% 32.85(1)+5.4%
�4.1% 35.64(2)+1.8%

�1.9%

38.1 ± 6.2%(stat)± 4.5%(syst)± 2.2%(lumi)

µ±µ+µ� 33.3 ± 4.7%(stat)± 2.5%(syst)± 2.2%(lumi)

combined 18.35(0)+2.3%
�3.2% 32.81(1)+5.4%

�4.1% 35.59(2)+1.8%
�1.9% 35.1 ± 2.7%(stat)± 2.4%(syst)± 2.2%(lumi)

Table 2: Fiducial cross sections for ATLAS 8 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available ATLAS data from Refs. [3, 5] are also shown. “Combined” refers
to the average of di↵erent lepton channels.

These observations are irrespective of whether W+Z, W�Z or their combination are considered,
and very similar to what has been found for the total inclusive cross sections in Ref. [18]. As pointed
out there, the origin of the large radiative corrections is an approximate radiation zero [43]: The
LO cross section in the leading helicity amplitude vanishes at a specific scattering angle of the W
boson in the centre-of-mass frame. {SK: 1/3 holds only for W�. } This phase-space region is filled
only upon inclusion of higher-order contributions, thereby e↵ectively decreasing the perturbative
accuracy in that region by one order. Therefore, the perturbative uncertainties at LO and NLO,
estimated from scale variations, fail to cover the actual size of missing higher-order corrections.
Nonetheless, the convergence of the perturbative series is noticeably improved beyond LO, and
we expect NNLO scale uncertainties to provide the correct size of yet uncalculated perturbative
contributions.
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WZ fully differential at NNLO

ATLAS (13 TeV):

channel �LO [fb] �NLO [fb] �NNLO [fb] �CMS [fb]

combined 148.4(0)+5.4%
�6.4% 301.4(1)+5.5%

�4.5% 334.3(2)+2.3%
�2.1% 258 ± 8.1%(stat)+7.4%

�7.7%(syst)± 3.1(lumi)

Table 4: Fiducial cross sections for CMS 13 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available CMS data from Refs. [7] are also shown. “Combined” refers to the
sum of all separate contributions. The results for all individual channels for CMS at 8 TeV and 13
TeV can be found in Appendix A.

3.1.3 CMS 13TeV

CMS provides a cross-section measurement in the fiducial phase space for W±Z production only
for their 13TeV analysis, and summed over all individual lepton channels [7].⇤⇤ Table 4 contains
our theoretical predictions at LO, NLO and NNLO for the combination of all leptonic channels.
The cuts are looser as compared to the ones applied by ATLAS, but the relative size of radiative
corrections is rather similar. The comparison to the fiducial cross section measured by CMS
shows quite a large discrepancy: The theoretical prediction is roughly 2.2� above the experimental
result. We point out that CMS uses fiducial cuts that are quite di↵erent from those used in their
event-selection. This comes at the price that the extrapolation from the CMS selection cuts to the
fiducial phase space is a↵ected by an uncertainty from the employed Monte Carlo generator. The
observed discrepancy, however, might well be due to a statistical fluctuation of the limited dataset
used in this early CMS measurement. Further data collection at 13TeV will hopefully clarify this
issue.

3.2 Distributions in the fiducial phase space

We now turn to the discussion of di↵erential observables in the fiducial phase space. In Figures 3–6
we consider predictions up to NNLO accuracy for various distributions that have been measured
by ATLAS at 8TeV [5]. The fiducial phase-space definition is discussed in Section 3.1, see also
Table 1. All figures have the identical layout: The main frame shows the predictions at LO (black
dotted histogram), NLO (red dashed histogram) and NNLO (blue solid histogram) with their
absolute normalization as cross section per bin (i.e. the sum of the bins is equal to the fiducial
cross section), compared to the cross sections measured by ATLAS (green data points with error
bars). The lower panel displays the respective bin-by-bin ratios normalized to the NLO prediction
(LO is not shown here). The shaded uncertainty bands of the theoretical predictions correspond to
scale variations as discussed above, and the error bars are the combined experimental uncertainties
quoted by ATLAS. Unless stated otherwise, all distributions include the combination of all relevant
leptonic channels (SF/DF channels and W+Z/W�Z production). Note that ATLAS combines, for

⇤⇤The 8TeV W±Z measurement by CMS [4] does not provide fiducial cross sections, and the di↵erential results
are extrapolated to the full phase space. Since such cross sections strongly depend to the underlying Monte Carlo
used for the extrapolation, we refrain from including them in our comparison. The full set of predictions for all
individual channels for CMS at 8 TeV and 13 TeV are reported in Appendix A.
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CMS (13 TeV):

ATLAS (8 TeV):

SM measurements
[Grazzini, Kallweit, Rathlev, MW '17]

perfect agreement at NNLO



channel �LO [fb] �NLO [fb] �NNLO [fb] �ATLAS [fb]

µ+e+e�
17.33(0)+5.3%

�6.3% 34.12(1)+5.3%
�4.3% 37.75(2)+2.3%

�2.0%

32.2 ± 14.4%(stat)± 5.0%(syst)± 2.4%(lumi)

e+µ+µ� 45.0 ± 12.1%(stat)± 4.6%(syst)± 2.3%(lumi)

e+e+e�
17.37(0)+5.3%

�6.3% 34.21(1)+5.3%
�4.3% 37.84(2)+2.2%

�2.0%

28.0 ± 19.2%(stat)± 11.2%(syst)± 2.4%(lumi)

µ+µ+µ� 36.5 ± 11.6%(stat)± 4.1%(syst)± 2.3%(lumi)

combined 17.35(0)+5.3%
�6.3% 34.16(1)+5.3%

�4.3% 37.80(2)+2.2%
�2.0% 36.7 ± 6.7%(stat)± 3.9%(syst)± 2.3%(lumi)

µ�e+e�
11.50(0)+5.7%

�6.8% 23.57(1)+5.5%
�4.5% 26.18(1)+2.3%

�2.1%

22.9 ± 17.5%(stat)± 5.8%(syst)± 2.4%(lumi)

e�µ+µ� 30.2 ± 15.2%(stat)± 6.9%(syst)± 2.3%(lumi)

e�e+e�
11.53(0)+5.7%

�6.8% 23.63(0)+5.5%
�4.5% 26.25(1)+2.2%

�2.1%

22.5 ± 21.0%(stat)± 10.5%(syst)± 2.4%(lumi)

µ�µ+µ� 27.1 ± 13.7%(stat)± 5.0%(syst)± 2.4%(lumi)

combined 11.51(0)+5.7%
�6.8% 23.60(1)+5.5%

�4.5% 26.22(1)+2.3%
�2.1% 26.1 ± 8.1%(stat)± 4.7%(syst)± 2.4%(lumi)

µ±e+e�
28.83(0)+5.4%

�6.5% 57.69(1)+5.4%
�4.3% 63.93(3)+2.3%

�2.1%

55.1 ± 11.1%(stat)± 5.1%(syst)± 2.4%(lumi)

e±µ+µ� 75.2 ± 9.5%(stat)± 5.3%(syst)± 2.3%(lumi)

e±e+e�
28.90(0)+5.4%

�6.5% 57.84(1)+5.4%
�4.3% 64.09(3)+2.2%

�2.1%

50.5 ± 14.2%(stat)± 10.6%(syst)± 2.4%(lumi)

µ±µ+µ� 63.6 ± 8.9%(stat)± 4.1%(syst)± 2.3%(lumi)

combined 28.86(0)+5.4%
�6.5% 57.76(1)+5.4%

�4.3% 64.01(3)+2.3%
�2.1% 63.2 ± 5.2%(stat)± 4.1%(syst)± 2.4%(lumi)

Table 3: Fiducial cross sections for ATLAS 13 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available ATLAS data from Refs. [3, 5] are also shown. “Combined” refers
to the average of di↵erent lepton channels.

3.1.2 ATLAS 13TeV

ATLAS has reported experimental results of the fiducial W±Z cross section also for an early
13TeV data set [6]. At the level of the inclusive cross section very good agreement with our NNLO
computation of Ref. [18] is quoted. Table 3 confirms that agreement also for the fiducial cross
sections. There is also a marked improvement of the accuracy of the NNLO cross section regarding
its scale uncertainties, which have been reduced to ⇠ 2% from ⇠ 4%� 6% at NLO. Overall, the
findings at 13TeV draw essentially the same picture as those at 8TeV discussed in the previous
section.
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channel �LO [fb] �NLO [fb] �NNLO [fb] �ATLAS [fb]

µ+e+e�
17.33(0)+5.3%

�6.3% 34.12(1)+5.3%
�4.3% 37.75(2)+2.3%

�2.0%

32.2 ± 14.4%(stat)± 5.0%(syst)± 2.4%(lumi)

e+µ+µ� 45.0 ± 12.1%(stat)± 4.6%(syst)± 2.3%(lumi)

e+e+e�
17.37(0)+5.3%

�6.3% 34.21(1)+5.3%
�4.3% 37.84(2)+2.2%

�2.0%

28.0 ± 19.2%(stat)± 11.2%(syst)± 2.4%(lumi)

µ+µ+µ� 36.5 ± 11.6%(stat)± 4.1%(syst)± 2.3%(lumi)

combined 17.35(0)+5.3%
�6.3% 34.16(1)+5.3%

�4.3% 37.80(2)+2.2%
�2.0% 36.7 ± 6.7%(stat)± 3.9%(syst)± 2.3%(lumi)

µ�e+e�
11.50(0)+5.7%

�6.8% 23.57(1)+5.5%
�4.5% 26.18(1)+2.3%

�2.1%

22.9 ± 17.5%(stat)± 5.8%(syst)± 2.4%(lumi)

e�µ+µ� 30.2 ± 15.2%(stat)± 6.9%(syst)± 2.3%(lumi)

e�e+e�
11.53(0)+5.7%

�6.8% 23.63(0)+5.5%
�4.5% 26.25(1)+2.2%

�2.1%

22.5 ± 21.0%(stat)± 10.5%(syst)± 2.4%(lumi)

µ�µ+µ� 27.1 ± 13.7%(stat)± 5.0%(syst)± 2.4%(lumi)

combined 11.51(0)+5.7%
�6.8% 23.60(1)+5.5%

�4.5% 26.22(1)+2.3%
�2.1% 26.1 ± 8.1%(stat)± 4.7%(syst)± 2.4%(lumi)

µ±e+e�
28.83(0)+5.4%

�6.5% 57.69(1)+5.4%
�4.3% 63.93(3)+2.3%

�2.1%

55.1 ± 11.1%(stat)± 5.1%(syst)± 2.4%(lumi)

e±µ+µ� 75.2 ± 9.5%(stat)± 5.3%(syst)± 2.3%(lumi)

e±e+e�
28.90(0)+5.4%

�6.5% 57.84(1)+5.4%
�4.3% 64.09(3)+2.2%

�2.1%

50.5 ± 14.2%(stat)± 10.6%(syst)± 2.4%(lumi)

µ±µ+µ� 63.6 ± 8.9%(stat)± 4.1%(syst)± 2.3%(lumi)

combined 28.86(0)+5.4%
�6.5% 57.76(1)+5.4%

�4.3% 64.01(3)+2.3%
�2.1% 63.2 ± 5.2%(stat)± 4.1%(syst)± 2.4%(lumi)

Table 3: Fiducial cross sections for ATLAS 13 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available ATLAS data from Refs. [3, 5] are also shown. “Combined” refers
to the average of di↵erent lepton channels.

3.1.2 ATLAS 13TeV

ATLAS has reported experimental results of the fiducial W±Z cross section also for an early
13TeV data set [6]. At the level of the inclusive cross section very good agreement with our NNLO
computation of Ref. [18] is quoted. Table 3 confirms that agreement also for the fiducial cross
sections. There is also a marked improvement of the accuracy of the NNLO cross section regarding
its scale uncertainties, which have been reduced to ⇠ 2% from ⇠ 4%� 6% at NLO. Overall, the
findings at 13TeV draw essentially the same picture as those at 8TeV discussed in the previous
section.
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channel �LO [fb] �NLO [fb] �NNLO [fb] �ATLAS [fb]

µ+e+e�
11.59(0)+2.2%

�3.0% 20.42(0)+5.3%
�4.0% 22.11(1)+1.8%

�1.9%

23.9 ± 6.5%(stat)± 2.5%(syst)± 2.2%(lumi)

e+µ+µ� 19.9 ± 7.2%(stat)± 3.5%(syst)± 2.2%(lumi)

e+e+e�
11.62(0)+2.2%

�3.0% 20.48(0)+5.3%
�4.0% 22.17(1)+1.8%

�1.9%

22.6 ± 8.0%(stat)± 4.4%(syst)± 2.2%(lumi)

µ+µ+µ� 19.8 ± 6.0%(stat)± 2.5%(syst)± 2.2%(lumi)

combined 11.60(0)+2.2%
�3.0% 20.45(0)+5.3%

�4.0% 22.14(1)+1.8%
�1.9% 21.2 ± 3.4%(stat)± 2.3%(syst)± 2.2%(lumi)

µ�e+e�
6.732(1)+2.4%

�3.4% 12.35(0)+5.7%
�4.3% 13.42(1)+1.9%

�1.9%

12.4 ± 9.5%(stat)± 3.1%(syst)± 2.3%(lumi)

e�µ+µ� 15.7 ± 7.5%(stat)± 2.8%(syst)± 2.3%(lumi)

e�e+e�
6.750(1)+2.4%

�3.4% 12.38(0)+5.7%
�4.3% 13.47(1)+1.9%

�2.0%

15.4 ± 9.8%(stat)± 5.0%(syst)± 2.3%(lumi)

µ�µ+µ� 13.4 ± 7.5%(stat)± 2.8%(syst)± 2.3%(lumi)

combined 6.741(1)+2.4%
�3.4% 12.36(0)+5.7%

�4.3% 13.45(1)+1.9%
�2.0% 14.0 ± 4.3%(stat)± 2.8%(syst)± 2.3%(lumi)

µ±e+e�
18.32(0)+2.3%

�3.2% 32.76(1)+5.4%
�4.1% 35.53(2)+1.8%

�1.9%

36.3 ± 5.4%(stat)± 2.6%(syst)± 2.2%(lumi)

e±µ+µ� 35.7 ± 5.3%(stat)± 3.7%(syst)± 2.2%(lumi)

e±e+e�
18.37(0)+2.3%

�3.2% 32.85(1)+5.4%
�4.1% 35.64(2)+1.8%

�1.9%

38.1 ± 6.2%(stat)± 4.5%(syst)± 2.2%(lumi)

µ±µ+µ� 33.3 ± 4.7%(stat)± 2.5%(syst)± 2.2%(lumi)

combined 18.35(0)+2.3%
�3.2% 32.81(1)+5.4%

�4.1% 35.59(2)+1.8%
�1.9% 35.1 ± 2.7%(stat)± 2.4%(syst)± 2.2%(lumi)

Table 2: Fiducial cross sections for ATLAS 8 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available ATLAS data from Refs. [3, 5] are also shown. “Combined” refers
to the average of di↵erent lepton channels.

These observations are irrespective of whether W+Z, W�Z or their combination are considered,
and very similar to what has been found for the total inclusive cross sections in Ref. [18]. As pointed
out there, the origin of the large radiative corrections is an approximate radiation zero [43]: The
LO cross section in the leading helicity amplitude vanishes at a specific scattering angle of the W
boson in the centre-of-mass frame. {SK: 1/3 holds only for W�. } This phase-space region is filled
only upon inclusion of higher-order contributions, thereby e↵ectively decreasing the perturbative
accuracy in that region by one order. Therefore, the perturbative uncertainties at LO and NLO,
estimated from scale variations, fail to cover the actual size of missing higher-order corrections.
Nonetheless, the convergence of the perturbative series is noticeably improved beyond LO, and
we expect NNLO scale uncertainties to provide the correct size of yet uncalculated perturbative
contributions.
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channel �LO [fb] �NLO [fb] �NNLO [fb] �ATLAS [fb]

µ+e+e�
11.59(0)+2.2%

�3.0% 20.42(0)+5.3%
�4.0% 22.11(1)+1.8%

�1.9%

23.9 ± 6.5%(stat)± 2.5%(syst)± 2.2%(lumi)

e+µ+µ� 19.9 ± 7.2%(stat)± 3.5%(syst)± 2.2%(lumi)

e+e+e�
11.62(0)+2.2%

�3.0% 20.48(0)+5.3%
�4.0% 22.17(1)+1.8%

�1.9%

22.6 ± 8.0%(stat)± 4.4%(syst)± 2.2%(lumi)

µ+µ+µ� 19.8 ± 6.0%(stat)± 2.5%(syst)± 2.2%(lumi)

combined 11.60(0)+2.2%
�3.0% 20.45(0)+5.3%

�4.0% 22.14(1)+1.8%
�1.9% 21.2 ± 3.4%(stat)± 2.3%(syst)± 2.2%(lumi)

µ�e+e�
6.732(1)+2.4%

�3.4% 12.35(0)+5.7%
�4.3% 13.42(1)+1.9%

�1.9%

12.4 ± 9.5%(stat)± 3.1%(syst)± 2.3%(lumi)

e�µ+µ� 15.7 ± 7.5%(stat)± 2.8%(syst)± 2.3%(lumi)

e�e+e�
6.750(1)+2.4%

�3.4% 12.38(0)+5.7%
�4.3% 13.47(1)+1.9%

�2.0%

15.4 ± 9.8%(stat)± 5.0%(syst)± 2.3%(lumi)

µ�µ+µ� 13.4 ± 7.5%(stat)± 2.8%(syst)± 2.3%(lumi)

combined 6.741(1)+2.4%
�3.4% 12.36(0)+5.7%

�4.3% 13.45(1)+1.9%
�2.0% 14.0 ± 4.3%(stat)± 2.8%(syst)± 2.3%(lumi)

µ±e+e�
18.32(0)+2.3%

�3.2% 32.76(1)+5.4%
�4.1% 35.53(2)+1.8%

�1.9%

36.3 ± 5.4%(stat)± 2.6%(syst)± 2.2%(lumi)

e±µ+µ� 35.7 ± 5.3%(stat)± 3.7%(syst)± 2.2%(lumi)

e±e+e�
18.37(0)+2.3%

�3.2% 32.85(1)+5.4%
�4.1% 35.64(2)+1.8%

�1.9%

38.1 ± 6.2%(stat)± 4.5%(syst)± 2.2%(lumi)

µ±µ+µ� 33.3 ± 4.7%(stat)± 2.5%(syst)± 2.2%(lumi)

combined 18.35(0)+2.3%
�3.2% 32.81(1)+5.4%

�4.1% 35.59(2)+1.8%
�1.9% 35.1 ± 2.7%(stat)± 2.4%(syst)± 2.2%(lumi)

Table 2: Fiducial cross sections for ATLAS 8 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available ATLAS data from Refs. [3, 5] are also shown. “Combined” refers
to the average of di↵erent lepton channels.

These observations are irrespective of whether W+Z, W�Z or their combination are considered,
and very similar to what has been found for the total inclusive cross sections in Ref. [18]. As pointed
out there, the origin of the large radiative corrections is an approximate radiation zero [43]: The
LO cross section in the leading helicity amplitude vanishes at a specific scattering angle of the W
boson in the centre-of-mass frame. {SK: 1/3 holds only for W�. } This phase-space region is filled
only upon inclusion of higher-order contributions, thereby e↵ectively decreasing the perturbative
accuracy in that region by one order. Therefore, the perturbative uncertainties at LO and NLO,
estimated from scale variations, fail to cover the actual size of missing higher-order corrections.
Nonetheless, the convergence of the perturbative series is noticeably improved beyond LO, and
we expect NNLO scale uncertainties to provide the correct size of yet uncalculated perturbative
contributions.
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WZ fully differential at NNLO

ATLAS (13 TeV):

channel �LO [fb] �NLO [fb] �NNLO [fb] �CMS [fb]

combined 148.4(0)+5.4%
�6.4% 301.4(1)+5.5%

�4.5% 334.3(2)+2.3%
�2.1% 258 ± 8.1%(stat)+7.4%

�7.7%(syst)± 3.1(lumi)

Table 4: Fiducial cross sections for CMS 13 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available CMS data from Refs. [7] are also shown. “Combined” refers to the
sum of all separate contributions. The results for all individual channels for CMS at 8 TeV and 13
TeV can be found in Appendix A.

3.1.3 CMS 13TeV

CMS provides a cross-section measurement in the fiducial phase space for W±Z production only
for their 13TeV analysis, and summed over all individual lepton channels [7].⇤⇤ Table 4 contains
our theoretical predictions at LO, NLO and NNLO for the combination of all leptonic channels.
The cuts are looser as compared to the ones applied by ATLAS, but the relative size of radiative
corrections is rather similar. The comparison to the fiducial cross section measured by CMS
shows quite a large discrepancy: The theoretical prediction is roughly 2.2� above the experimental
result. We point out that CMS uses fiducial cuts that are quite di↵erent from those used in their
event-selection. This comes at the price that the extrapolation from the CMS selection cuts to the
fiducial phase space is a↵ected by an uncertainty from the employed Monte Carlo generator. The
observed discrepancy, however, might well be due to a statistical fluctuation of the limited dataset
used in this early CMS measurement. Further data collection at 13TeV will hopefully clarify this
issue.

3.2 Distributions in the fiducial phase space

We now turn to the discussion of di↵erential observables in the fiducial phase space. In Figures 3–6
we consider predictions up to NNLO accuracy for various distributions that have been measured
by ATLAS at 8TeV [5]. The fiducial phase-space definition is discussed in Section 3.1, see also
Table 1. All figures have the identical layout: The main frame shows the predictions at LO (black
dotted histogram), NLO (red dashed histogram) and NNLO (blue solid histogram) with their
absolute normalization as cross section per bin (i.e. the sum of the bins is equal to the fiducial
cross section), compared to the cross sections measured by ATLAS (green data points with error
bars). The lower panel displays the respective bin-by-bin ratios normalized to the NLO prediction
(LO is not shown here). The shaded uncertainty bands of the theoretical predictions correspond to
scale variations as discussed above, and the error bars are the combined experimental uncertainties
quoted by ATLAS. Unless stated otherwise, all distributions include the combination of all relevant
leptonic channels (SF/DF channels and W+Z/W�Z production). Note that ATLAS combines, for

⇤⇤The 8TeV W±Z measurement by CMS [4] does not provide fiducial cross sections, and the di↵erential results
are extrapolated to the full phase space. Since such cross sections strongly depend to the underlying Monte Carlo
used for the extrapolation, we refrain from including them in our comparison. The full set of predictions for all
individual channels for CMS at 8 TeV and 13 TeV are reported in Appendix A.
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CMS (13 TeV):

ATLAS (8 TeV):

SM measurements
[Grazzini, Kallweit, Rathlev, MW '17]

perfect agreement at NNLO

perfect agreement at NNLO



channel �LO [fb] �NLO [fb] �NNLO [fb] �ATLAS [fb]

µ+e+e�
17.33(0)+5.3%

�6.3% 34.12(1)+5.3%
�4.3% 37.75(2)+2.3%

�2.0%

32.2 ± 14.4%(stat)± 5.0%(syst)± 2.4%(lumi)

e+µ+µ� 45.0 ± 12.1%(stat)± 4.6%(syst)± 2.3%(lumi)

e+e+e�
17.37(0)+5.3%

�6.3% 34.21(1)+5.3%
�4.3% 37.84(2)+2.2%

�2.0%

28.0 ± 19.2%(stat)± 11.2%(syst)± 2.4%(lumi)

µ+µ+µ� 36.5 ± 11.6%(stat)± 4.1%(syst)± 2.3%(lumi)

combined 17.35(0)+5.3%
�6.3% 34.16(1)+5.3%

�4.3% 37.80(2)+2.2%
�2.0% 36.7 ± 6.7%(stat)± 3.9%(syst)± 2.3%(lumi)

µ�e+e�
11.50(0)+5.7%

�6.8% 23.57(1)+5.5%
�4.5% 26.18(1)+2.3%

�2.1%

22.9 ± 17.5%(stat)± 5.8%(syst)± 2.4%(lumi)

e�µ+µ� 30.2 ± 15.2%(stat)± 6.9%(syst)± 2.3%(lumi)

e�e+e�
11.53(0)+5.7%

�6.8% 23.63(0)+5.5%
�4.5% 26.25(1)+2.2%

�2.1%

22.5 ± 21.0%(stat)± 10.5%(syst)± 2.4%(lumi)

µ�µ+µ� 27.1 ± 13.7%(stat)± 5.0%(syst)± 2.4%(lumi)

combined 11.51(0)+5.7%
�6.8% 23.60(1)+5.5%

�4.5% 26.22(1)+2.3%
�2.1% 26.1 ± 8.1%(stat)± 4.7%(syst)± 2.4%(lumi)

µ±e+e�
28.83(0)+5.4%

�6.5% 57.69(1)+5.4%
�4.3% 63.93(3)+2.3%

�2.1%

55.1 ± 11.1%(stat)± 5.1%(syst)± 2.4%(lumi)

e±µ+µ� 75.2 ± 9.5%(stat)± 5.3%(syst)± 2.3%(lumi)

e±e+e�
28.90(0)+5.4%

�6.5% 57.84(1)+5.4%
�4.3% 64.09(3)+2.2%

�2.1%

50.5 ± 14.2%(stat)± 10.6%(syst)± 2.4%(lumi)

µ±µ+µ� 63.6 ± 8.9%(stat)± 4.1%(syst)± 2.3%(lumi)

combined 28.86(0)+5.4%
�6.5% 57.76(1)+5.4%

�4.3% 64.01(3)+2.3%
�2.1% 63.2 ± 5.2%(stat)± 4.1%(syst)± 2.4%(lumi)

Table 3: Fiducial cross sections for ATLAS 13 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available ATLAS data from Refs. [3, 5] are also shown. “Combined” refers
to the average of di↵erent lepton channels.

3.1.2 ATLAS 13TeV

ATLAS has reported experimental results of the fiducial W±Z cross section also for an early
13TeV data set [6]. At the level of the inclusive cross section very good agreement with our NNLO
computation of Ref. [18] is quoted. Table 3 confirms that agreement also for the fiducial cross
sections. There is also a marked improvement of the accuracy of the NNLO cross section regarding
its scale uncertainties, which have been reduced to ⇠ 2% from ⇠ 4%� 6% at NLO. Overall, the
findings at 13TeV draw essentially the same picture as those at 8TeV discussed in the previous
section.
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channel �LO [fb] �NLO [fb] �NNLO [fb] �ATLAS [fb]

µ+e+e�
17.33(0)+5.3%

�6.3% 34.12(1)+5.3%
�4.3% 37.75(2)+2.3%

�2.0%

32.2 ± 14.4%(stat)± 5.0%(syst)± 2.4%(lumi)

e+µ+µ� 45.0 ± 12.1%(stat)± 4.6%(syst)± 2.3%(lumi)

e+e+e�
17.37(0)+5.3%

�6.3% 34.21(1)+5.3%
�4.3% 37.84(2)+2.2%

�2.0%

28.0 ± 19.2%(stat)± 11.2%(syst)± 2.4%(lumi)

µ+µ+µ� 36.5 ± 11.6%(stat)± 4.1%(syst)± 2.3%(lumi)

combined 17.35(0)+5.3%
�6.3% 34.16(1)+5.3%

�4.3% 37.80(2)+2.2%
�2.0% 36.7 ± 6.7%(stat)± 3.9%(syst)± 2.3%(lumi)

µ�e+e�
11.50(0)+5.7%

�6.8% 23.57(1)+5.5%
�4.5% 26.18(1)+2.3%

�2.1%

22.9 ± 17.5%(stat)± 5.8%(syst)± 2.4%(lumi)

e�µ+µ� 30.2 ± 15.2%(stat)± 6.9%(syst)± 2.3%(lumi)

e�e+e�
11.53(0)+5.7%

�6.8% 23.63(0)+5.5%
�4.5% 26.25(1)+2.2%

�2.1%

22.5 ± 21.0%(stat)± 10.5%(syst)± 2.4%(lumi)

µ�µ+µ� 27.1 ± 13.7%(stat)± 5.0%(syst)± 2.4%(lumi)

combined 11.51(0)+5.7%
�6.8% 23.60(1)+5.5%

�4.5% 26.22(1)+2.3%
�2.1% 26.1 ± 8.1%(stat)± 4.7%(syst)± 2.4%(lumi)

µ±e+e�
28.83(0)+5.4%

�6.5% 57.69(1)+5.4%
�4.3% 63.93(3)+2.3%

�2.1%

55.1 ± 11.1%(stat)± 5.1%(syst)± 2.4%(lumi)

e±µ+µ� 75.2 ± 9.5%(stat)± 5.3%(syst)± 2.3%(lumi)

e±e+e�
28.90(0)+5.4%

�6.5% 57.84(1)+5.4%
�4.3% 64.09(3)+2.2%

�2.1%

50.5 ± 14.2%(stat)± 10.6%(syst)± 2.4%(lumi)

µ±µ+µ� 63.6 ± 8.9%(stat)± 4.1%(syst)± 2.3%(lumi)

combined 28.86(0)+5.4%
�6.5% 57.76(1)+5.4%

�4.3% 64.01(3)+2.3%
�2.1% 63.2 ± 5.2%(stat)± 4.1%(syst)± 2.4%(lumi)

Table 3: Fiducial cross sections for ATLAS 13 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available ATLAS data from Refs. [3, 5] are also shown. “Combined” refers
to the average of di↵erent lepton channels.

3.1.2 ATLAS 13TeV

ATLAS has reported experimental results of the fiducial W±Z cross section also for an early
13TeV data set [6]. At the level of the inclusive cross section very good agreement with our NNLO
computation of Ref. [18] is quoted. Table 3 confirms that agreement also for the fiducial cross
sections. There is also a marked improvement of the accuracy of the NNLO cross section regarding
its scale uncertainties, which have been reduced to ⇠ 2% from ⇠ 4%� 6% at NLO. Overall, the
findings at 13TeV draw essentially the same picture as those at 8TeV discussed in the previous
section.
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channel �LO [fb] �NLO [fb] �NNLO [fb] �ATLAS [fb]

µ+e+e�
11.59(0)+2.2%

�3.0% 20.42(0)+5.3%
�4.0% 22.11(1)+1.8%

�1.9%

23.9 ± 6.5%(stat)± 2.5%(syst)± 2.2%(lumi)

e+µ+µ� 19.9 ± 7.2%(stat)± 3.5%(syst)± 2.2%(lumi)

e+e+e�
11.62(0)+2.2%

�3.0% 20.48(0)+5.3%
�4.0% 22.17(1)+1.8%

�1.9%

22.6 ± 8.0%(stat)± 4.4%(syst)± 2.2%(lumi)

µ+µ+µ� 19.8 ± 6.0%(stat)± 2.5%(syst)± 2.2%(lumi)

combined 11.60(0)+2.2%
�3.0% 20.45(0)+5.3%

�4.0% 22.14(1)+1.8%
�1.9% 21.2 ± 3.4%(stat)± 2.3%(syst)± 2.2%(lumi)

µ�e+e�
6.732(1)+2.4%

�3.4% 12.35(0)+5.7%
�4.3% 13.42(1)+1.9%

�1.9%

12.4 ± 9.5%(stat)± 3.1%(syst)± 2.3%(lumi)

e�µ+µ� 15.7 ± 7.5%(stat)± 2.8%(syst)± 2.3%(lumi)

e�e+e�
6.750(1)+2.4%

�3.4% 12.38(0)+5.7%
�4.3% 13.47(1)+1.9%

�2.0%

15.4 ± 9.8%(stat)± 5.0%(syst)± 2.3%(lumi)

µ�µ+µ� 13.4 ± 7.5%(stat)± 2.8%(syst)± 2.3%(lumi)

combined 6.741(1)+2.4%
�3.4% 12.36(0)+5.7%

�4.3% 13.45(1)+1.9%
�2.0% 14.0 ± 4.3%(stat)± 2.8%(syst)± 2.3%(lumi)

µ±e+e�
18.32(0)+2.3%

�3.2% 32.76(1)+5.4%
�4.1% 35.53(2)+1.8%

�1.9%

36.3 ± 5.4%(stat)± 2.6%(syst)± 2.2%(lumi)

e±µ+µ� 35.7 ± 5.3%(stat)± 3.7%(syst)± 2.2%(lumi)

e±e+e�
18.37(0)+2.3%

�3.2% 32.85(1)+5.4%
�4.1% 35.64(2)+1.8%

�1.9%

38.1 ± 6.2%(stat)± 4.5%(syst)± 2.2%(lumi)

µ±µ+µ� 33.3 ± 4.7%(stat)± 2.5%(syst)± 2.2%(lumi)

combined 18.35(0)+2.3%
�3.2% 32.81(1)+5.4%

�4.1% 35.59(2)+1.8%
�1.9% 35.1 ± 2.7%(stat)± 2.4%(syst)± 2.2%(lumi)

Table 2: Fiducial cross sections for ATLAS 8 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available ATLAS data from Refs. [3, 5] are also shown. “Combined” refers
to the average of di↵erent lepton channels.

These observations are irrespective of whether W+Z, W�Z or their combination are considered,
and very similar to what has been found for the total inclusive cross sections in Ref. [18]. As pointed
out there, the origin of the large radiative corrections is an approximate radiation zero [43]: The
LO cross section in the leading helicity amplitude vanishes at a specific scattering angle of the W
boson in the centre-of-mass frame. {SK: 1/3 holds only for W�. } This phase-space region is filled
only upon inclusion of higher-order contributions, thereby e↵ectively decreasing the perturbative
accuracy in that region by one order. Therefore, the perturbative uncertainties at LO and NLO,
estimated from scale variations, fail to cover the actual size of missing higher-order corrections.
Nonetheless, the convergence of the perturbative series is noticeably improved beyond LO, and
we expect NNLO scale uncertainties to provide the correct size of yet uncalculated perturbative
contributions.
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channel �LO [fb] �NLO [fb] �NNLO [fb] �ATLAS [fb]

µ+e+e�
11.59(0)+2.2%

�3.0% 20.42(0)+5.3%
�4.0% 22.11(1)+1.8%

�1.9%

23.9 ± 6.5%(stat)± 2.5%(syst)± 2.2%(lumi)

e+µ+µ� 19.9 ± 7.2%(stat)± 3.5%(syst)± 2.2%(lumi)

e+e+e�
11.62(0)+2.2%

�3.0% 20.48(0)+5.3%
�4.0% 22.17(1)+1.8%

�1.9%

22.6 ± 8.0%(stat)± 4.4%(syst)± 2.2%(lumi)

µ+µ+µ� 19.8 ± 6.0%(stat)± 2.5%(syst)± 2.2%(lumi)

combined 11.60(0)+2.2%
�3.0% 20.45(0)+5.3%

�4.0% 22.14(1)+1.8%
�1.9% 21.2 ± 3.4%(stat)± 2.3%(syst)± 2.2%(lumi)

µ�e+e�
6.732(1)+2.4%

�3.4% 12.35(0)+5.7%
�4.3% 13.42(1)+1.9%

�1.9%

12.4 ± 9.5%(stat)± 3.1%(syst)± 2.3%(lumi)

e�µ+µ� 15.7 ± 7.5%(stat)± 2.8%(syst)± 2.3%(lumi)

e�e+e�
6.750(1)+2.4%

�3.4% 12.38(0)+5.7%
�4.3% 13.47(1)+1.9%

�2.0%

15.4 ± 9.8%(stat)± 5.0%(syst)± 2.3%(lumi)

µ�µ+µ� 13.4 ± 7.5%(stat)± 2.8%(syst)± 2.3%(lumi)

combined 6.741(1)+2.4%
�3.4% 12.36(0)+5.7%

�4.3% 13.45(1)+1.9%
�2.0% 14.0 ± 4.3%(stat)± 2.8%(syst)± 2.3%(lumi)

µ±e+e�
18.32(0)+2.3%

�3.2% 32.76(1)+5.4%
�4.1% 35.53(2)+1.8%

�1.9%

36.3 ± 5.4%(stat)± 2.6%(syst)± 2.2%(lumi)

e±µ+µ� 35.7 ± 5.3%(stat)± 3.7%(syst)± 2.2%(lumi)

e±e+e�
18.37(0)+2.3%

�3.2% 32.85(1)+5.4%
�4.1% 35.64(2)+1.8%

�1.9%

38.1 ± 6.2%(stat)± 4.5%(syst)± 2.2%(lumi)

µ±µ+µ� 33.3 ± 4.7%(stat)± 2.5%(syst)± 2.2%(lumi)

combined 18.35(0)+2.3%
�3.2% 32.81(1)+5.4%

�4.1% 35.59(2)+1.8%
�1.9% 35.1 ± 2.7%(stat)± 2.4%(syst)± 2.2%(lumi)

Table 2: Fiducial cross sections for ATLAS 8 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available ATLAS data from Refs. [3, 5] are also shown. “Combined” refers
to the average of di↵erent lepton channels.

These observations are irrespective of whether W+Z, W�Z or their combination are considered,
and very similar to what has been found for the total inclusive cross sections in Ref. [18]. As pointed
out there, the origin of the large radiative corrections is an approximate radiation zero [43]: The
LO cross section in the leading helicity amplitude vanishes at a specific scattering angle of the W
boson in the centre-of-mass frame. {SK: 1/3 holds only for W�. } This phase-space region is filled
only upon inclusion of higher-order contributions, thereby e↵ectively decreasing the perturbative
accuracy in that region by one order. Therefore, the perturbative uncertainties at LO and NLO,
estimated from scale variations, fail to cover the actual size of missing higher-order corrections.
Nonetheless, the convergence of the perturbative series is noticeably improved beyond LO, and
we expect NNLO scale uncertainties to provide the correct size of yet uncalculated perturbative
contributions.
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WZ fully differential at NNLO

ATLAS (13 TeV):

channel �LO [fb] �NLO [fb] �NNLO [fb] �CMS [fb]

combined 148.4(0)+5.4%
�6.4% 301.4(1)+5.5%

�4.5% 334.3(2)+2.3%
�2.1% 258 ± 8.1%(stat)+7.4%

�7.7%(syst)± 3.1(lumi)

Table 4: Fiducial cross sections for CMS 13 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available CMS data from Refs. [7] are also shown. “Combined” refers to the
sum of all separate contributions. The results for all individual channels for CMS at 8 TeV and 13
TeV can be found in Appendix A.

3.1.3 CMS 13TeV

CMS provides a cross-section measurement in the fiducial phase space for W±Z production only
for their 13TeV analysis, and summed over all individual lepton channels [7].⇤⇤ Table 4 contains
our theoretical predictions at LO, NLO and NNLO for the combination of all leptonic channels.
The cuts are looser as compared to the ones applied by ATLAS, but the relative size of radiative
corrections is rather similar. The comparison to the fiducial cross section measured by CMS
shows quite a large discrepancy: The theoretical prediction is roughly 2.2� above the experimental
result. We point out that CMS uses fiducial cuts that are quite di↵erent from those used in their
event-selection. This comes at the price that the extrapolation from the CMS selection cuts to the
fiducial phase space is a↵ected by an uncertainty from the employed Monte Carlo generator. The
observed discrepancy, however, might well be due to a statistical fluctuation of the limited dataset
used in this early CMS measurement. Further data collection at 13TeV will hopefully clarify this
issue.

3.2 Distributions in the fiducial phase space

We now turn to the discussion of di↵erential observables in the fiducial phase space. In Figures 3–6
we consider predictions up to NNLO accuracy for various distributions that have been measured
by ATLAS at 8TeV [5]. The fiducial phase-space definition is discussed in Section 3.1, see also
Table 1. All figures have the identical layout: The main frame shows the predictions at LO (black
dotted histogram), NLO (red dashed histogram) and NNLO (blue solid histogram) with their
absolute normalization as cross section per bin (i.e. the sum of the bins is equal to the fiducial
cross section), compared to the cross sections measured by ATLAS (green data points with error
bars). The lower panel displays the respective bin-by-bin ratios normalized to the NLO prediction
(LO is not shown here). The shaded uncertainty bands of the theoretical predictions correspond to
scale variations as discussed above, and the error bars are the combined experimental uncertainties
quoted by ATLAS. Unless stated otherwise, all distributions include the combination of all relevant
leptonic channels (SF/DF channels and W+Z/W�Z production). Note that ATLAS combines, for

⇤⇤The 8TeV W±Z measurement by CMS [4] does not provide fiducial cross sections, and the di↵erential results
are extrapolated to the full phase space. Since such cross sections strongly depend to the underlying Monte Carlo
used for the extrapolation, we refrain from including them in our comparison. The full set of predictions for all
individual channels for CMS at 8 TeV and 13 TeV are reported in Appendix A.
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CMS (13 TeV):

ATLAS (8 TeV):

SM measurements
[Grazzini, Kallweit, Rathlev, MW '17]

perfect agreement at NNLO

perfect agreement at NNLO

2.6σ, BUT low statistics



channel �LO [fb] �NLO [fb] �NNLO [fb] �ATLAS [fb]

µ+e+e�
17.33(0)+5.3%

�6.3% 34.12(1)+5.3%
�4.3% 37.75(2)+2.3%

�2.0%

32.2 ± 14.4%(stat)± 5.0%(syst)± 2.4%(lumi)

e+µ+µ� 45.0 ± 12.1%(stat)± 4.6%(syst)± 2.3%(lumi)

e+e+e�
17.37(0)+5.3%

�6.3% 34.21(1)+5.3%
�4.3% 37.84(2)+2.2%

�2.0%

28.0 ± 19.2%(stat)± 11.2%(syst)± 2.4%(lumi)

µ+µ+µ� 36.5 ± 11.6%(stat)± 4.1%(syst)± 2.3%(lumi)

combined 17.35(0)+5.3%
�6.3% 34.16(1)+5.3%

�4.3% 37.80(2)+2.2%
�2.0% 36.7 ± 6.7%(stat)± 3.9%(syst)± 2.3%(lumi)

µ�e+e�
11.50(0)+5.7%

�6.8% 23.57(1)+5.5%
�4.5% 26.18(1)+2.3%

�2.1%

22.9 ± 17.5%(stat)± 5.8%(syst)± 2.4%(lumi)

e�µ+µ� 30.2 ± 15.2%(stat)± 6.9%(syst)± 2.3%(lumi)

e�e+e�
11.53(0)+5.7%

�6.8% 23.63(0)+5.5%
�4.5% 26.25(1)+2.2%

�2.1%

22.5 ± 21.0%(stat)± 10.5%(syst)± 2.4%(lumi)

µ�µ+µ� 27.1 ± 13.7%(stat)± 5.0%(syst)± 2.4%(lumi)

combined 11.51(0)+5.7%
�6.8% 23.60(1)+5.5%

�4.5% 26.22(1)+2.3%
�2.1% 26.1 ± 8.1%(stat)± 4.7%(syst)± 2.4%(lumi)

µ±e+e�
28.83(0)+5.4%

�6.5% 57.69(1)+5.4%
�4.3% 63.93(3)+2.3%

�2.1%

55.1 ± 11.1%(stat)± 5.1%(syst)± 2.4%(lumi)

e±µ+µ� 75.2 ± 9.5%(stat)± 5.3%(syst)± 2.3%(lumi)

e±e+e�
28.90(0)+5.4%

�6.5% 57.84(1)+5.4%
�4.3% 64.09(3)+2.2%

�2.1%

50.5 ± 14.2%(stat)± 10.6%(syst)± 2.4%(lumi)

µ±µ+µ� 63.6 ± 8.9%(stat)± 4.1%(syst)± 2.3%(lumi)

combined 28.86(0)+5.4%
�6.5% 57.76(1)+5.4%

�4.3% 64.01(3)+2.3%
�2.1% 63.2 ± 5.2%(stat)± 4.1%(syst)± 2.4%(lumi)

Table 3: Fiducial cross sections for ATLAS 13 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available ATLAS data from Refs. [3, 5] are also shown. “Combined” refers
to the average of di↵erent lepton channels.

3.1.2 ATLAS 13TeV

ATLAS has reported experimental results of the fiducial W±Z cross section also for an early
13TeV data set [6]. At the level of the inclusive cross section very good agreement with our NNLO
computation of Ref. [18] is quoted. Table 3 confirms that agreement also for the fiducial cross
sections. There is also a marked improvement of the accuracy of the NNLO cross section regarding
its scale uncertainties, which have been reduced to ⇠ 2% from ⇠ 4%� 6% at NLO. Overall, the
findings at 13TeV draw essentially the same picture as those at 8TeV discussed in the previous
section.
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32.2 ± 14.4%(stat)± 5.0%(syst)± 2.4%(lumi)

e+µ+µ� 45.0 ± 12.1%(stat)± 4.6%(syst)± 2.3%(lumi)
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17.37(0)+5.3%

�6.3% 34.21(1)+5.3%
�4.3% 37.84(2)+2.2%

�2.0%

28.0 ± 19.2%(stat)± 11.2%(syst)± 2.4%(lumi)

µ+µ+µ� 36.5 ± 11.6%(stat)± 4.1%(syst)± 2.3%(lumi)

combined 17.35(0)+5.3%
�6.3% 34.16(1)+5.3%

�4.3% 37.80(2)+2.2%
�2.0% 36.7 ± 6.7%(stat)± 3.9%(syst)± 2.3%(lumi)
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11.50(0)+5.7%

�6.8% 23.57(1)+5.5%
�4.5% 26.18(1)+2.3%

�2.1%

22.9 ± 17.5%(stat)± 5.8%(syst)± 2.4%(lumi)

e�µ+µ� 30.2 ± 15.2%(stat)± 6.9%(syst)± 2.3%(lumi)

e�e+e�
11.53(0)+5.7%

�6.8% 23.63(0)+5.5%
�4.5% 26.25(1)+2.2%

�2.1%

22.5 ± 21.0%(stat)± 10.5%(syst)± 2.4%(lumi)

µ�µ+µ� 27.1 ± 13.7%(stat)± 5.0%(syst)± 2.4%(lumi)

combined 11.51(0)+5.7%
�6.8% 23.60(1)+5.5%

�4.5% 26.22(1)+2.3%
�2.1% 26.1 ± 8.1%(stat)± 4.7%(syst)± 2.4%(lumi)

µ±e+e�
28.83(0)+5.4%

�6.5% 57.69(1)+5.4%
�4.3% 63.93(3)+2.3%

�2.1%

55.1 ± 11.1%(stat)± 5.1%(syst)± 2.4%(lumi)

e±µ+µ� 75.2 ± 9.5%(stat)± 5.3%(syst)± 2.3%(lumi)

e±e+e�
28.90(0)+5.4%

�6.5% 57.84(1)+5.4%
�4.3% 64.09(3)+2.2%

�2.1%

50.5 ± 14.2%(stat)± 10.6%(syst)± 2.4%(lumi)

µ±µ+µ� 63.6 ± 8.9%(stat)± 4.1%(syst)± 2.3%(lumi)

combined 28.86(0)+5.4%
�6.5% 57.76(1)+5.4%

�4.3% 64.01(3)+2.3%
�2.1% 63.2 ± 5.2%(stat)± 4.1%(syst)± 2.4%(lumi)

Table 3: Fiducial cross sections for ATLAS 13 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available ATLAS data from Refs. [3, 5] are also shown. “Combined” refers
to the average of di↵erent lepton channels.

3.1.2 ATLAS 13TeV

ATLAS has reported experimental results of the fiducial W±Z cross section also for an early
13TeV data set [6]. At the level of the inclusive cross section very good agreement with our NNLO
computation of Ref. [18] is quoted. Table 3 confirms that agreement also for the fiducial cross
sections. There is also a marked improvement of the accuracy of the NNLO cross section regarding
its scale uncertainties, which have been reduced to ⇠ 2% from ⇠ 4%� 6% at NLO. Overall, the
findings at 13TeV draw essentially the same picture as those at 8TeV discussed in the previous
section.
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channel �LO [fb] �NLO [fb] �NNLO [fb] �ATLAS [fb]

µ+e+e�
11.59(0)+2.2%

�3.0% 20.42(0)+5.3%
�4.0% 22.11(1)+1.8%

�1.9%

23.9 ± 6.5%(stat)± 2.5%(syst)± 2.2%(lumi)

e+µ+µ� 19.9 ± 7.2%(stat)± 3.5%(syst)± 2.2%(lumi)

e+e+e�
11.62(0)+2.2%

�3.0% 20.48(0)+5.3%
�4.0% 22.17(1)+1.8%

�1.9%

22.6 ± 8.0%(stat)± 4.4%(syst)± 2.2%(lumi)

µ+µ+µ� 19.8 ± 6.0%(stat)± 2.5%(syst)± 2.2%(lumi)

combined 11.60(0)+2.2%
�3.0% 20.45(0)+5.3%

�4.0% 22.14(1)+1.8%
�1.9% 21.2 ± 3.4%(stat)± 2.3%(syst)± 2.2%(lumi)

µ�e+e�
6.732(1)+2.4%

�3.4% 12.35(0)+5.7%
�4.3% 13.42(1)+1.9%

�1.9%

12.4 ± 9.5%(stat)± 3.1%(syst)± 2.3%(lumi)

e�µ+µ� 15.7 ± 7.5%(stat)± 2.8%(syst)± 2.3%(lumi)

e�e+e�
6.750(1)+2.4%

�3.4% 12.38(0)+5.7%
�4.3% 13.47(1)+1.9%

�2.0%

15.4 ± 9.8%(stat)± 5.0%(syst)± 2.3%(lumi)

µ�µ+µ� 13.4 ± 7.5%(stat)± 2.8%(syst)± 2.3%(lumi)

combined 6.741(1)+2.4%
�3.4% 12.36(0)+5.7%

�4.3% 13.45(1)+1.9%
�2.0% 14.0 ± 4.3%(stat)± 2.8%(syst)± 2.3%(lumi)

µ±e+e�
18.32(0)+2.3%

�3.2% 32.76(1)+5.4%
�4.1% 35.53(2)+1.8%

�1.9%

36.3 ± 5.4%(stat)± 2.6%(syst)± 2.2%(lumi)

e±µ+µ� 35.7 ± 5.3%(stat)± 3.7%(syst)± 2.2%(lumi)

e±e+e�
18.37(0)+2.3%

�3.2% 32.85(1)+5.4%
�4.1% 35.64(2)+1.8%

�1.9%

38.1 ± 6.2%(stat)± 4.5%(syst)± 2.2%(lumi)

µ±µ+µ� 33.3 ± 4.7%(stat)± 2.5%(syst)± 2.2%(lumi)

combined 18.35(0)+2.3%
�3.2% 32.81(1)+5.4%

�4.1% 35.59(2)+1.8%
�1.9% 35.1 ± 2.7%(stat)± 2.4%(syst)± 2.2%(lumi)

Table 2: Fiducial cross sections for ATLAS 8 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available ATLAS data from Refs. [3, 5] are also shown. “Combined” refers
to the average of di↵erent lepton channels.

These observations are irrespective of whether W+Z, W�Z or their combination are considered,
and very similar to what has been found for the total inclusive cross sections in Ref. [18]. As pointed
out there, the origin of the large radiative corrections is an approximate radiation zero [43]: The
LO cross section in the leading helicity amplitude vanishes at a specific scattering angle of the W
boson in the centre-of-mass frame. {SK: 1/3 holds only for W�. } This phase-space region is filled
only upon inclusion of higher-order contributions, thereby e↵ectively decreasing the perturbative
accuracy in that region by one order. Therefore, the perturbative uncertainties at LO and NLO,
estimated from scale variations, fail to cover the actual size of missing higher-order corrections.
Nonetheless, the convergence of the perturbative series is noticeably improved beyond LO, and
we expect NNLO scale uncertainties to provide the correct size of yet uncalculated perturbative
contributions.
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�4.1% 35.59(2)+1.8%
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Table 2: Fiducial cross sections for ATLAS 8 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available ATLAS data from Refs. [3, 5] are also shown. “Combined” refers
to the average of di↵erent lepton channels.

These observations are irrespective of whether W+Z, W�Z or their combination are considered,
and very similar to what has been found for the total inclusive cross sections in Ref. [18]. As pointed
out there, the origin of the large radiative corrections is an approximate radiation zero [43]: The
LO cross section in the leading helicity amplitude vanishes at a specific scattering angle of the W
boson in the centre-of-mass frame. {SK: 1/3 holds only for W�. } This phase-space region is filled
only upon inclusion of higher-order contributions, thereby e↵ectively decreasing the perturbative
accuracy in that region by one order. Therefore, the perturbative uncertainties at LO and NLO,
estimated from scale variations, fail to cover the actual size of missing higher-order corrections.
Nonetheless, the convergence of the perturbative series is noticeably improved beyond LO, and
we expect NNLO scale uncertainties to provide the correct size of yet uncalculated perturbative
contributions.
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WZ fully differential at NNLO

ATLAS (13 TeV):

channel �LO [fb] �NLO [fb] �NNLO [fb] �CMS [fb]

combined 148.4(0)+5.4%
�6.4% 301.4(1)+5.5%

�4.5% 334.3(2)+2.3%
�2.1% 258 ± 8.1%(stat)+7.4%

�7.7%(syst)± 3.1(lumi)

Table 4: Fiducial cross sections for CMS 13 TeV. Note that due to the flavour-unspecific lepton
cuts the theoretical predictions are flavour-blind, which is why the results are symmetric under
e $ µ exchange. The available CMS data from Refs. [7] are also shown. “Combined” refers to the
sum of all separate contributions. The results for all individual channels for CMS at 8 TeV and 13
TeV can be found in Appendix A.

3.1.3 CMS 13TeV

CMS provides a cross-section measurement in the fiducial phase space for W±Z production only
for their 13TeV analysis, and summed over all individual lepton channels [7].⇤⇤ Table 4 contains
our theoretical predictions at LO, NLO and NNLO for the combination of all leptonic channels.
The cuts are looser as compared to the ones applied by ATLAS, but the relative size of radiative
corrections is rather similar. The comparison to the fiducial cross section measured by CMS
shows quite a large discrepancy: The theoretical prediction is roughly 2.2� above the experimental
result. We point out that CMS uses fiducial cuts that are quite di↵erent from those used in their
event-selection. This comes at the price that the extrapolation from the CMS selection cuts to the
fiducial phase space is a↵ected by an uncertainty from the employed Monte Carlo generator. The
observed discrepancy, however, might well be due to a statistical fluctuation of the limited dataset
used in this early CMS measurement. Further data collection at 13TeV will hopefully clarify this
issue.

3.2 Distributions in the fiducial phase space

We now turn to the discussion of di↵erential observables in the fiducial phase space. In Figures 3–6
we consider predictions up to NNLO accuracy for various distributions that have been measured
by ATLAS at 8TeV [5]. The fiducial phase-space definition is discussed in Section 3.1, see also
Table 1. All figures have the identical layout: The main frame shows the predictions at LO (black
dotted histogram), NLO (red dashed histogram) and NNLO (blue solid histogram) with their
absolute normalization as cross section per bin (i.e. the sum of the bins is equal to the fiducial
cross section), compared to the cross sections measured by ATLAS (green data points with error
bars). The lower panel displays the respective bin-by-bin ratios normalized to the NLO prediction
(LO is not shown here). The shaded uncertainty bands of the theoretical predictions correspond to
scale variations as discussed above, and the error bars are the combined experimental uncertainties
quoted by ATLAS. Unless stated otherwise, all distributions include the combination of all relevant
leptonic channels (SF/DF channels and W+Z/W�Z production). Note that ATLAS combines, for

⇤⇤The 8TeV W±Z measurement by CMS [4] does not provide fiducial cross sections, and the di↵erential results
are extrapolated to the full phase space. Since such cross sections strongly depend to the underlying Monte Carlo
used for the extrapolation, we refrain from including them in our comparison. The full set of predictions for all
individual channels for CMS at 8 TeV and 13 TeV are reported in Appendix A.
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CMS (13 TeV):

ATLAS (8 TeV):

SM measurements
[Grazzini, Kallweit, Rathlev, MW '17]

perfect agreement at NNLO

perfect agreement at NNLO

2.6σ, BUT low statistics

~ 5.2% at 3.2 fb-1

~ 0.2% at 3 ab-1
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Figure 3: Distribution in the transverse momentum of the reconstructed (a) Z and (b) W bosons
at LO (black, dotted), NLO (red, dashed) and NNLO (blue, solid) compared to the corresponding
ATLAS data at 8TeV (green points with error bars). The lower panel shows the ratio over the
NLO prediction.

both the fiducial cross sections and the distributions, di↵erent lepton channels by averaging them,
while summing the cross sections for W+Z and W�Z production.

Some general statements regarding the scale uncertainties which are common to all subsequent
plots are in order: NNLO corrections further reduce the scale dependence of the NLO cross sections
in all distributions. In absolute terms, the NLO uncertainties generally vary within 5%�10%,
and reach up to 20% only in the tails of some transverse-momentum distributions. The NNLO
uncertainties, on the other hand, hardly ever exceed 5% in all di↵erential observables.

Figure 3 shows the transverse-momentum spectra of the reconstructed Z and W bosons, which
both peak around pT,V

⇠ 30GeV. As can be seen from the ratio plots, the inclusion of NNLO
corrections a↵ects the shapes of both distributions at the 10% level, the e↵ect being largest in the
region pT,V ⇠< 150GeV. The comparison with the data is good already at NLO, but it is further
improved, in particular in terms of shape, at NNLO. All data points agree within roughly 1� with
the NNLO predictions.

In Figure 4 (a), we consider the distribution in the transverse mass of the WZ system, defined
by

m
T,WZ

=
�
E

T,`w + E
T,⌫`w

+ E
T,`

+
z
+ E

T,`

�
z

�2 � p2
T,(`w⌫`w`

+
z `

�
z )=WZ

with E2
T,x

= m2
x

+ p2
T,x

. (5)

With shape e↵ects of about 15%, the NNLO corrections significantly soften the spectrum. Already
the NLO prediction is in good agreement with data, and the NNLO corrections tend to slightly

12

SM measurements (ATLAS 8 TeV, 20.3 fb-1)
[Grazzini, Kallweit, Rathlev, MW '17]
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Figure 6: Same as Figure 3, but for (a) the absolute rapidity separation between the reconstructed
Z boson and the lepton from the W -boson decay, and (b) the number of jets.

improve that agreement mainly due to the shape correction, so that the measured results are well
described by the theoretical predictions within roughly 1� of the experimental errors.

The ATLAS result of the missing transverse energy in Figure 4 (b) shows some discrepancy in
shape compared to the NLO prediction. The NNLO corrections are essentially flat, so they cannot
account for that di↵erence. Overall, the uncertainties of the measured results are still rather large,
such that the deviation of the predicted cross section in each bin stays within 1� � 2�. Looking at
Figure 5 where we plot the missing transverse energy separately for W�Z and W+Z production,
we see that the observed discrepancy between theory and data appears only for W�Z production,
where it extends up to roughly 2� � 3� for the lowest and highest pmiss

T

bins. To clarify the origin
of this discrepancy more precise data are needed, given that only four separate bins are measured
at the moment.

Next, we discuss the absolute rapidity di↵erence between the reconstructed Z boson and the
lepton associated with the W -boson decay, shown in Figure 6 (a). This |dy

Z,`W | distribution has a
distinctive shape, with a dip at vanishing rapidity di↵erence and a maximum around |dy

Z,`W | = 0.8,
and it is sensitive to the approximate radiation zero [43] mentioned before. As expected, the
LO prediction does not describe the data in any sensible way. The NLO prediction already
captures the dominant shape e↵ects. The NNLO corrections are rather flat and are consistent
within uncertainties with (and in most cases right on top of) the data, thanks to the improved
normalization.

Finally, Figure 6 (b) shows the distribution in the jet multiplicity. Jets are defined with the
anti-k

T

algorithm [61] with radius parameter R = 0.4. A jet must have a minimum transverse
momentum of 25GeV and a maximal pseudo-rapidity of 4.5. We already know that the measured
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(a) (b)

Figure 4: Same as Figure 3, but for (a) the transverse mass of the WZ system as defined in Eq. (5)
and (b) the missing transverse energy.

dσ/bin [fb] W-Z@LHC 8 TeV (ATLAS data)

LO
NLO
NNLO
data

100

101

p
r
o
d
u
c
e
d
 
w
i
t
h
 
M
A
T
R
I
X

pT
miss 

dσ/dσNLO

 0.4

 0.8

 1.2

 1.6

0 20 40 60 80 100 ∞

dσ/bin [fb] W+Z@LHC 8 TeV (ATLAS data)
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Figure 5: Same as Figure 4 (a), but separated by (a) W�Z and (b) W+Z production.
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W+Z W-Z

[Grazzini, Kallweit, Rathlev, MW '17]
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SM measurements (ATLAS 8 TeV, 20.3 fb-1)
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New-physics searches
(a) (b)

Figure 12: Same as Figure 11, but for the lepton associated with the W decay separately for (a)
W+Z and (b) W�Z production.

definition of the selection cuts for pp ! `±w⌫`w`
+
z `

�

z , `, `z, `w 2 {e, µ}

CMS 13 TeV p
T,`1 > 25(20)GeV if `1 = e(µ), p

T,`1 > 25GeV if `1 = µ and `
�2 6= µ

(cf. Ref. [63]) p
T,`�2

> 15(10)GeV if `
�2 = e(µ), ⌘

e

< 2.5, ⌘
µ

< 2.4,

|m3` �m
Z

| > 15GeV, m
`

+
`

� > 12GeV

Table 5: Selection cuts used in our new-physics analysis. Notation as in Table 1.

absolute distributions for W+Z and W�Z production.

3.3 New-physics searches

In Section 3.1 and Section 3.2 we have presented cross sections and distributions in the fiducial
region defined by ATLAS and CMS to isolate the W±Z signature. The comparison between
theoretical predictions and experimental data in this region is certainly important to test the SM.
The W±Z signature, however, and, more precisely, the production of three leptons + missing
energy, is important in many BSM searches, for which the SM prediction provides an irreducible
background. One important example in this respect are searches for heavy supersymmetric (SUSY)
particles: The extraction of limits on SUSY masses relies on a precise prediction of the SM
background. In the following, we present an illustrative study where we focus on a definite scenario
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for SUSY seaches and we study the impact of higher-order QCD corrections on both cross sections
and distributions.

Typical experimental new-physics searches that consider three leptons plus missing energy
apply basic cuts which are rather similar to those considered in SM measurements. Here we follow
as close as possible the selection cuts used in the CMS analysis of Ref. [63] at 13 TeV. The selection
cuts are summarized in Table 5; they di↵er in various respects from those considered in Section 3.1:
First of all, lepton cuts are chosen di↵erently for electrons and muons. More precisely, all leptons
are first ordered in p

T

, and then the p
T

threshold for each lepton is set according to its flavour and
to whether it is the leading or a subleading lepton. Also the pseudo-rapidity cuts are di↵erent for
electrons and muons. These cuts imply that the theoretical prediction of the cross section in this
case is not symmetric under e $ µ exchange any more, and the full set of eight channels must be
computed separately for the ```⌫ final state. Furthermore, the invariant mass of the three leptons
is required o di↵er by at least 15GeV from the Z-boson mass, and the invariant mass of every
OSSF lepton pair is bounded from below to ensure IR safety.

Our goal is to study QCD e↵ects on distributions which are known to provide a high experimental
sensitivity to isolate a SUSY signal over the SM background. The essential observables, ordered by
their relevance, are:‡‡

• the missing transverse energy pmiss
T

, which (in particular in its tail) is highly sensitive if
unobserved SUSY particles, usually the lightest supersymmetric particle (LSP), are produced
via chargino-neutralino pair production;

• the transverse mass of the W boson m
T,W

, more precisely of the system of missing energy and
the lepton not associated with the Z-boson decay, which is to some extent complementary to
pmiss
T

;

• the invariant mass of the lepton pair associated with the Z-boson decay m
``

, which allows
a discrimination between searches in the SUSY parameter space with a small (m

``

⌧ m
Z

),
intermediate (m

``

⇠ m
Z

) and large (m
``

� m
Z

) mass di↵erence of neutralino and LSP.

Based on these considerations, we choose four di↵erent categories, which are inspired by the
categories considered in Ref. [63]:

Category I: no additional cut

Category II: pmiss
T

> 200GeV

Category III: m
T,W

> 120GeV

Category IV: m
`z`z > 105GeV

Table 6 summarizes the integrated cross sections in the chosen categories. Four separate results
are given in that table by dividing into W+Z and W�Z production as well as SF and DF channels:

‡‡We note that, contrary to the SM studies of Section 3.1 and Section 3.2, the cuts we consider here do not
require to identify the lepton pair coming from a Z boson. A Z-boson identification is needed only for specific
observables, namely mT,W and m``. The identification is the same as used by the CMS SM analysis at 13TeV,
outlined in Section 3.1. The OSSF lepton pair with the invariant mass closest to mZ is associated with the Z boson.
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inspired by [CMS-PAS-SUS-16-024]

[Grazzini, Kallweit, Rathlev, MW '17]
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``

, which allows
a discrimination between searches in the SUSY parameter space with a small (m

``

⌧ m
Z

),
intermediate (m

``

⇠ m
Z

) and large (m
``

� m
Z

) mass di↵erence of neutralino and LSP.

Based on these considerations, we choose four di↵erent categories, which are inspired by the
categories considered in Ref. [63]:

Category I: no additional cut

Category II: pmiss
T

> 200GeV

Category III: m
T,W

> 120GeV

Category IV: m
`z`z > 105GeV

Table 6 summarizes the integrated cross sections in the chosen categories. Four separate results
are given in that table by dividing into W+Z and W�Z production as well as SF and DF channels:

‡‡We note that, contrary to the SM studies of Section 3.1 and Section 3.2, the cuts we consider here do not
require to identify the lepton pair coming from a Z boson. A Z-boson identification is needed only for specific
observables, namely mT,W and m``. The identification is the same as used by the CMS SM analysis at 13TeV,
outlined in Section 3.1. The OSSF lepton pair with the invariant mass closest to mZ is associated with the Z boson.
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New-physics searches channel �LO [fb] �NLO [fb] �NNLO [fb] �NLO/�LO �NNLO/�NLO [fb]

Category I

`
0+`+`� 49.45(0)+4.9%

�5.8% 94.12(2)+4.8%
�3.9% 105.9(1)+2.3%

�2.2% 90.3% 12.6%

`+`+`� 48.97(0)+4.8%
�5.8% 93.13(2)+4.8%

�3.9% 104.7(1)+2.2%
�2.1% 90.2% 12.4%

`
0
�`+`� 32.04(0)+5.3%

�6.3% 63.68(3)+5.0%
�4.1% 71.89(4)+2.3%

�2.2% 98.7% 12.9%

`�`+`� 31.74(0)+5.3%
�6.3% 63.00(2)+5.0%

�4.1% 71.13(4)+2.2%
�2.2% 98.5% 12.9%

combined 162.2(0)+5.0%
�6.0% 313.9(1)+4.9%

�4.0% 353.7(3)+2.2%
�2.2% 93.5% 12.7%

Category II

`
0+`+`� 0.3482(0)+2.8%

�2.8% 1.456(0)+13%
�11% 1.799(1)+5.2%

�5.4% 318% 23.6%

`+`+`� 0.3486(0)+2.8%
�2.8% 1.452(0)+13%

�11% 1.789(1)+5.1%
�5.4% 316% 23.2%

`
0
�`+`� 0.1644(0)+2.6%

�2.7% 0.5546(1)+12%
�9.9% 0.6631(4)+4.3%

�4.8% 237% 19.6%

`�`+`� 0.1645(0)+2.6%
�2.7% 0.5535(1)+12%

�9.9% 0.6600(3)+4.2%
�4.7% 237% 19.2%

combined 1.026(0)+2.7%
�2.8% 4.015(1)+13%

�10% 4.911(3)+4.9%
�5.2% 292% 22.3%

Category III

`
0+`+`� 0.3642(0)+1.5%

�2.2% 0.5909(1)+4.3%
�3.3% 0.6373(16)+1.6%

�1.6% 62.3% 7.86%

`+`+`� 1.090(0)+1.7%
�2.4% 1.904(0)+4.8%

�3.8% 2.071(2)+1.9%
�1.9% 74.7% 8.79%

`
0
�`+`� 0.2055(0)+2.0%

�2.8% 0.3447(1)+4.5%
�3.4% 0.3731(9)+1.6%

�1.7% 67.8% 8.22%

`�`+`� 0.6463(1)+2.1%
�2.9% 1.136(0)+4.8%

�3.7% 1.232(1)+1.7%
�1.7% 75.8% 8.42%

combined 2.306(0)+1.8%
�2.5% 3.976(1)+4.7%

�3.7% 4.313(6)+1.8%
�1.8% 72.4% 8.50%

Category IV

`
0+`+`� 2.500(0)+3.1%

�3.9% 4.299(1)+4.1%
�3.4% 4.682(2)+1.7%

�1.6% 72.0% 8.92%

`+`+`� 2.063(0)+3.4%
�4.2% 3.740(1)+4.5%

�3.6% 4.160(2)+2.2%
�2.0% 81.3% 11.2%

`
0
�`+`� 1.603(0)+3.4%

�4.4% 2.805(1)+4.2%
�3.5% 3.058(1)+1.7%

�1.6% 75.0% 9.01%

`�`+`� 1.373(0)+3.8%
�4.7% 2.591(1)+4.7%

�3.9% 2.904(1)+2.2%
�2.1% 88.7% 12.1%

combined 7.540(1)+3.4%
�4.2% 13.44(0)+4.4%

�3.6% 14.80(1)+1.9%
�1.8% 78.2% 10.2%

Table 6: Fiducial cross sections at LO, NLO and NNLO for all three categories split by SF (```)
and DF (`

0
``) as well as W+Z and W�Z production. The last two columns contain the relative

NLO and NNLO corrections. “Combined” refers to the sum sum of all separate contributions.
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for SUSY seaches and we study the impact of higher-order QCD corrections on both cross sections
and distributions.

Typical experimental new-physics searches that consider three leptons plus missing energy
apply basic cuts which are rather similar to those considered in SM measurements. Here we follow
as close as possible the selection cuts used in the CMS analysis of Ref. [63] at 13 TeV. The selection
cuts are summarized in Table 5; they di↵er in various respects from those considered in Section 3.1:
First of all, lepton cuts are chosen di↵erently for electrons and muons. More precisely, all leptons
are first ordered in p

T

, and then the p
T

threshold for each lepton is set according to its flavour and
to whether it is the leading or a subleading lepton. Also the pseudo-rapidity cuts are di↵erent for
electrons and muons. These cuts imply that the theoretical prediction of the cross section in this
case is not symmetric under e $ µ exchange any more, and the full set of eight channels must be
computed separately for the ```⌫ final state. Furthermore, the invariant mass of the three leptons
is required o di↵er by at least 15GeV from the Z-boson mass, and the invariant mass of every
OSSF lepton pair is bounded from below to ensure IR safety.

Our goal is to study QCD e↵ects on distributions which are known to provide a high experimental
sensitivity to isolate a SUSY signal over the SM background. The essential observables, ordered by
their relevance, are:‡‡

• the missing transverse energy pmiss
T

, which (in particular in its tail) is highly sensitive if
unobserved SUSY particles, usually the lightest supersymmetric particle (LSP), are produced
via chargino-neutralino pair production;

• the transverse mass of the W boson m
T,W

, more precisely of the system of missing energy and
the lepton not associated with the Z-boson decay, which is to some extent complementary to
pmiss
T

;

• the invariant mass of the lepton pair associated with the Z-boson decay m
``

, which allows
a discrimination between searches in the SUSY parameter space with a small (m

``

⌧ m
Z

),
intermediate (m

``

⇠ m
Z

) and large (m
``

� m
Z

) mass di↵erence of neutralino and LSP.

Based on these considerations, we choose four di↵erent categories, which are inspired by the
categories considered in Ref. [63]:

Category I: no additional cut

Category II: pmiss
T

> 200GeV

Category III: m
T,W

> 120GeV

Category IV: m
`z`z > 105GeV

Table 6 summarizes the integrated cross sections in the chosen categories. Four separate results
are given in that table by dividing into W+Z and W�Z production as well as SF and DF channels:

‡‡We note that, contrary to the SM studies of Section 3.1 and Section 3.2, the cuts we consider here do not
require to identify the lepton pair coming from a Z boson. A Z-boson identification is needed only for specific
observables, namely mT,W and m``. The identification is the same as used by the CMS SM analysis at 13TeV,
outlined in Section 3.1. The OSSF lepton pair with the invariant mass closest to mZ is associated with the Z boson.

20

QCD corrections VERY 
different for various 
Categories (cuts)

New-physics searches channel �LO [fb] �NLO [fb] �NNLO [fb] �NLO/�LO �NNLO/�NLO [fb]

Category I

`
0+`+`� 49.45(0)+4.9%

�5.8% 94.12(2)+4.8%
�3.9% 105.9(1)+2.3%

�2.2% 90.3% 12.6%

`+`+`� 48.97(0)+4.8%
�5.8% 93.13(2)+4.8%

�3.9% 104.7(1)+2.2%
�2.1% 90.2% 12.4%

`
0
�`+`� 32.04(0)+5.3%

�6.3% 63.68(3)+5.0%
�4.1% 71.89(4)+2.3%

�2.2% 98.7% 12.9%

`�`+`� 31.74(0)+5.3%
�6.3% 63.00(2)+5.0%

�4.1% 71.13(4)+2.2%
�2.2% 98.5% 12.9%

combined 162.2(0)+5.0%
�6.0% 313.9(1)+4.9%

�4.0% 353.7(3)+2.2%
�2.2% 93.5% 12.7%

Category II

`
0+`+`� 0.3482(0)+2.8%

�2.8% 1.456(0)+13%
�11% 1.799(1)+5.2%

�5.4% 318% 23.6%

`+`+`� 0.3486(0)+2.8%
�2.8% 1.452(0)+13%

�11% 1.789(1)+5.1%
�5.4% 316% 23.2%

`
0
�`+`� 0.1644(0)+2.6%

�2.7% 0.5546(1)+12%
�9.9% 0.6631(4)+4.3%

�4.8% 237% 19.6%

`�`+`� 0.1645(0)+2.6%
�2.7% 0.5535(1)+12%

�9.9% 0.6600(3)+4.2%
�4.7% 237% 19.2%

combined 1.026(0)+2.7%
�2.8% 4.015(1)+13%

�10% 4.911(3)+4.9%
�5.2% 292% 22.3%

Category III

`
0+`+`� 0.3642(0)+1.5%

�2.2% 0.5909(1)+4.3%
�3.3% 0.6373(16)+1.6%

�1.6% 62.3% 7.86%

`+`+`� 1.090(0)+1.7%
�2.4% 1.904(0)+4.8%

�3.8% 2.071(2)+1.9%
�1.9% 74.7% 8.79%

`
0
�`+`� 0.2055(0)+2.0%

�2.8% 0.3447(1)+4.5%
�3.4% 0.3731(9)+1.6%

�1.7% 67.8% 8.22%

`�`+`� 0.6463(1)+2.1%
�2.9% 1.136(0)+4.8%

�3.7% 1.232(1)+1.7%
�1.7% 75.8% 8.42%

combined 2.306(0)+1.8%
�2.5% 3.976(1)+4.7%

�3.7% 4.313(6)+1.8%
�1.8% 72.4% 8.50%

Category IV

`
0+`+`� 2.500(0)+3.1%

�3.9% 4.299(1)+4.1%
�3.4% 4.682(2)+1.7%

�1.6% 72.0% 8.92%

`+`+`� 2.063(0)+3.4%
�4.2% 3.740(1)+4.5%

�3.6% 4.160(2)+2.2%
�2.0% 81.3% 11.2%

`
0
�`+`� 1.603(0)+3.4%

�4.4% 2.805(1)+4.2%
�3.5% 3.058(1)+1.7%

�1.6% 75.0% 9.01%

`�`+`� 1.373(0)+3.8%
�4.7% 2.591(1)+4.7%

�3.9% 2.904(1)+2.2%
�2.1% 88.7% 12.1%

combined 7.540(1)+3.4%
�4.2% 13.44(0)+4.4%

�3.6% 14.80(1)+1.9%
�1.8% 78.2% 10.2%

Table 6: Fiducial cross sections at LO, NLO and NNLO for all three categories split by SF (```)
and DF (`

0
``) as well as W+Z and W�Z production. The last two columns contain the relative

NLO and NNLO corrections. “Combined” refers to the sum sum of all separate contributions.
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for SUSY seaches and we study the impact of higher-order QCD corrections on both cross sections
and distributions.

Typical experimental new-physics searches that consider three leptons plus missing energy
apply basic cuts which are rather similar to those considered in SM measurements. Here we follow
as close as possible the selection cuts used in the CMS analysis of Ref. [63] at 13 TeV. The selection
cuts are summarized in Table 5; they di↵er in various respects from those considered in Section 3.1:
First of all, lepton cuts are chosen di↵erently for electrons and muons. More precisely, all leptons
are first ordered in p

T

, and then the p
T

threshold for each lepton is set according to its flavour and
to whether it is the leading or a subleading lepton. Also the pseudo-rapidity cuts are di↵erent for
electrons and muons. These cuts imply that the theoretical prediction of the cross section in this
case is not symmetric under e $ µ exchange any more, and the full set of eight channels must be
computed separately for the ```⌫ final state. Furthermore, the invariant mass of the three leptons
is required o di↵er by at least 15GeV from the Z-boson mass, and the invariant mass of every
OSSF lepton pair is bounded from below to ensure IR safety.

Our goal is to study QCD e↵ects on distributions which are known to provide a high experimental
sensitivity to isolate a SUSY signal over the SM background. The essential observables, ordered by
their relevance, are:‡‡

• the missing transverse energy pmiss
T

, which (in particular in its tail) is highly sensitive if
unobserved SUSY particles, usually the lightest supersymmetric particle (LSP), are produced
via chargino-neutralino pair production;

• the transverse mass of the W boson m
T,W

, more precisely of the system of missing energy and
the lepton not associated with the Z-boson decay, which is to some extent complementary to
pmiss
T

;

• the invariant mass of the lepton pair associated with the Z-boson decay m
``

, which allows
a discrimination between searches in the SUSY parameter space with a small (m

``

⌧ m
Z

),
intermediate (m

``

⇠ m
Z

) and large (m
``

� m
Z

) mass di↵erence of neutralino and LSP.

Based on these considerations, we choose four di↵erent categories, which are inspired by the
categories considered in Ref. [63]:

Category I: no additional cut

Category II: pmiss
T

> 200GeV

Category III: m
T,W

> 120GeV

Category IV: m
`z`z > 105GeV

Table 6 summarizes the integrated cross sections in the chosen categories. Four separate results
are given in that table by dividing into W+Z and W�Z production as well as SF and DF channels:

‡‡We note that, contrary to the SM studies of Section 3.1 and Section 3.2, the cuts we consider here do not
require to identify the lepton pair coming from a Z boson. A Z-boson identification is needed only for specific
observables, namely mT,W and m``. The identification is the same as used by the CMS SM analysis at 13TeV,
outlined in Section 3.1. The OSSF lepton pair with the invariant mass closest to mZ is associated with the Z boson.
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QCD corrections VERY 
different for various 
Categories (cuts)

New-physics searches channel �LO [fb] �NLO [fb] �NNLO [fb] �NLO/�LO �NNLO/�NLO [fb]

Category I

`
0+`+`� 49.45(0)+4.9%

�5.8% 94.12(2)+4.8%
�3.9% 105.9(1)+2.3%

�2.2% 90.3% 12.6%

`+`+`� 48.97(0)+4.8%
�5.8% 93.13(2)+4.8%

�3.9% 104.7(1)+2.2%
�2.1% 90.2% 12.4%

`
0
�`+`� 32.04(0)+5.3%

�6.3% 63.68(3)+5.0%
�4.1% 71.89(4)+2.3%

�2.2% 98.7% 12.9%

`�`+`� 31.74(0)+5.3%
�6.3% 63.00(2)+5.0%

�4.1% 71.13(4)+2.2%
�2.2% 98.5% 12.9%

combined 162.2(0)+5.0%
�6.0% 313.9(1)+4.9%

�4.0% 353.7(3)+2.2%
�2.2% 93.5% 12.7%

Category II

`
0+`+`� 0.3482(0)+2.8%

�2.8% 1.456(0)+13%
�11% 1.799(1)+5.2%

�5.4% 318% 23.6%

`+`+`� 0.3486(0)+2.8%
�2.8% 1.452(0)+13%

�11% 1.789(1)+5.1%
�5.4% 316% 23.2%

`
0
�`+`� 0.1644(0)+2.6%

�2.7% 0.5546(1)+12%
�9.9% 0.6631(4)+4.3%

�4.8% 237% 19.6%

`�`+`� 0.1645(0)+2.6%
�2.7% 0.5535(1)+12%

�9.9% 0.6600(3)+4.2%
�4.7% 237% 19.2%

combined 1.026(0)+2.7%
�2.8% 4.015(1)+13%

�10% 4.911(3)+4.9%
�5.2% 292% 22.3%

Category III

`
0+`+`� 0.3642(0)+1.5%

�2.2% 0.5909(1)+4.3%
�3.3% 0.6373(16)+1.6%

�1.6% 62.3% 7.86%

`+`+`� 1.090(0)+1.7%
�2.4% 1.904(0)+4.8%

�3.8% 2.071(2)+1.9%
�1.9% 74.7% 8.79%

`
0
�`+`� 0.2055(0)+2.0%

�2.8% 0.3447(1)+4.5%
�3.4% 0.3731(9)+1.6%

�1.7% 67.8% 8.22%

`�`+`� 0.6463(1)+2.1%
�2.9% 1.136(0)+4.8%

�3.7% 1.232(1)+1.7%
�1.7% 75.8% 8.42%

combined 2.306(0)+1.8%
�2.5% 3.976(1)+4.7%

�3.7% 4.313(6)+1.8%
�1.8% 72.4% 8.50%

Category IV

`
0+`+`� 2.500(0)+3.1%

�3.9% 4.299(1)+4.1%
�3.4% 4.682(2)+1.7%

�1.6% 72.0% 8.92%

`+`+`� 2.063(0)+3.4%
�4.2% 3.740(1)+4.5%

�3.6% 4.160(2)+2.2%
�2.0% 81.3% 11.2%

`
0
�`+`� 1.603(0)+3.4%

�4.4% 2.805(1)+4.2%
�3.5% 3.058(1)+1.7%

�1.6% 75.0% 9.01%

`�`+`� 1.373(0)+3.8%
�4.7% 2.591(1)+4.7%

�3.9% 2.904(1)+2.2%
�2.1% 88.7% 12.1%

combined 7.540(1)+3.4%
�4.2% 13.44(0)+4.4%

�3.6% 14.80(1)+1.9%
�1.8% 78.2% 10.2%

Table 6: Fiducial cross sections at LO, NLO and NNLO for all three categories split by SF (```)
and DF (`

0
``) as well as W+Z and W�Z production. The last two columns contain the relative

NLO and NNLO corrections. “Combined” refers to the sum sum of all separate contributions.
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Figure 14: Distributions with respect to pmiss
T

(left), m
T,W

(centre) and m
``

(right) in the fiducial
phase space without additional cuts (Category I).

W ) identification we are using, which is entirely based on the invariant masses of the two possible
combinations of OSSF pairs, by associating the Z boson with the one closer to the Z mass. We
have repeated the computation of the m

T,W

distribution by replacing the CMS identification with
the ATLAS resonant-shape identification (see Section 3.1 and in particular Eq. (3)). The ensuing
distribution is shown in the right plot of Figure 13. Indeed, by eye, no di↵erence between right
(SF channel with ATLAS identification) and centre (DF channel) plot is visible. We stress that
in the DF channel the Z and W bosons are unambiguously identified by the lepton flavours in
the final state. The resonant-shape identification takes into account information on both the W -
and the Z-boson propagators in the dominant double-resonant topologies, which leads to a more
accurate modeling of the W -boson peak in the m

T,W

distribution. This identification procedure
distributes less events into the tail (similar to the DF channel) than the CMS identification. The
resonant-shape identification is therefore much more e↵ective in removing events from the peak
region when cutting on m

T,W

> 120GeV. This is also reflected by the ensuing total cross sections
in Category III: At NNLO, for example, the SF cross section with the resonant-shape identification
(0.9265(7)+1.5%

�1.5% fb) is of similar size as the one in the DF channel (1.010(2)+1.6%
�1.6% fb) as compared to

3.303(4)+1.9%
�1.8% fb in the SF channel when using the CMS identification. Thus, in more than two out

of three events, in Category III the identification of the Z and the W boson is swapped in the
case of CMS with respect to using the resonant-shape identification. Besides the potential risks
that such di↵erent identification might have on shapes of certain distributions⇤, a more e↵ective
identification would allow to suppress the SM background to new-physics searches in this category
by more than a factor of three. Let us finally remark that also Category IV would benefit from a
more e↵ective identification, although the e↵ects are much smaller and negative in that case.

In terms of di↵erential distributions, as previously pointed out, the most relevant observables
for SUSY searches are pmiss

T

, m
T,W

and m
``

. These distributions are shown in Figure 14 for the first

⇤We have checked explicitly several distributions in Category III and found quite substantial di↵erences between
SF with CMS identification and DF channels for, e.g., ��``, m``, m```, mWZ , pT,`2 , pT,`w . These di↵erences are
alleviated when using the resonant-shape identification, although some minor di↵erences remain also in that case.
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Category I:  no additional cuts

[Grazzini, Kallweit, Rathlev, MW '17]

Figure 14: Distributions with respect to pmiss
T

(left), m
T,W

(centre) and m
``

(right) in the fiducial
phase space without additional cuts (Category I).
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Figure 15: Distributions with respect to pmiss
T

(left), m
T,W

(centre) and m
``

(right) in the fiducial
phase space without additional cuts (Category I).
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New-physics searches
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Figure 15: Distributions with respect to (a) m
T,W

and (b) m
``

in the fiducial phase space with an
additional pmiss

T

> 200GeV cut (Category II).

category, i.e. without any additional restrictions on top of the default selection cuts of Table 5.
The distribution in the missing transverse energy in the left panel of Figure 14 features large
radiative corrections, ranging up to 30% for the central curve, which, however, primarily a↵ect the
normalization. Nevertheless, the shape of the distribution is a↵ected by NNLO corrections at the
10%-20% level in the range up to pmiss

T

= 1TeV. We point out that the rather flat corrections at
NNLO can only be achieved by using a dynamic scale (see Eq. (6)) that takes into account the
e↵ects of hard-parton emissions to properly model the tails of the distributions. We have explicitly
checked that the NLO pmiss

T

distribution computed with a fixed scale is significantly harder in
the tail with relatively large scale uncertainties, while the NNLO cross section—as expected—is
quite stable with respect to the scale choice. As a consequence, a fixed scale choice would lead to
much larger, but negative NNLO corrections at high transverse momenta. Despite the considerable
improvement in the perturbative stability achieved with the use of a dynamic scale, a precise
prediction of the fiducial cross section in Categories based on pmiss

T

still requires the inclusion of ↵2
S

terms, since depending on the pmiss
T

cut the NNLO e↵ects may still change by up to 20%.

Similarly, also the m
T,W

and m
``

distributions, in the centre and right plots of Figure 14, are
subject to sizeable corrections due to the inclusion of ↵2

S terms. While in the tails of the spectra
(for m

T,W

& 300GeV and m
``

& 200GeV) the NLO and NNLO predictions roughly agree within
their respective uncertainties, at smaller m

T,W

and m
``

values the shapes of the distributions
are considerably modified, leading to NNLO corrections that are not covered by the lower-order
uncertainty bands. These di↵erences are alleviated to some extent by the fact that the low-m

T,W

and -m
``

regions are usually less important to new-physics searches (with usual cuts on the phase
space below m

T,W

⇠ 120GeV and m
``

⇠ 100GeV), but some region of phase space remains where
NNLO corrections ought to be taken into account.
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New-physics searches
Category II:  pTmiss>200 GeV

[Grazzini, Kallweit, Rathlev, MW '17]
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Figure 17: Distributions with respect to (a) m
T,W

and (b) m
``

in the fiducial phase space with an
additional pmiss

T

> 200GeV cut (Category II).

distribution in Figure 15. Indeed, looking at Figure 16 both the distribution in m
T,W

and m
``

feature NNLO and NLO cross sections without overlapping uncertainty bands in each peak region,
with NNLO corrections of the order of 20%. For small m

``

values NNLO e↵ects increase up to
more than 40%. This region, however, is less relevant to new-physics searches. We note that,
when going from NLO to NNLO scale uncertainties are reduced from about 15% to at most 10%.
Overall, the results of the two distributions are very similar to the corresponding ones in Figure 15
for Category I. Although the NLO and NNLO scale uncertainties are generally larger, the ensuing
bands do not overlap around the peak of the distributions.

Figure 17 shows the pmiss
T

and m
``

spectra while including a cut on m
T,W

> 120GeV in addition
to the standard selection cuts (Category III). Also in this case the general behaviour of these
distributions is quite similar to those in Category I, however, the absolute size of the corrections at
NNLO is reduced. Thanks to the dynamic scale choice, the dependence of the NNLO correction on
the value of pmiss

T

is quite flat. With a fixed scale we find a similarly strong pmiss
T

dependence in the
tail of the distribution as pointed out for Category I. NLO and NNLO uncertainty bands feature a
satisfactory overlap starting from pmiss

T

& 200GeV. The m
``

distribution shows consistent NLO and
NNLO predictions in the tail of the distribution. The NNLO corrections become larger (⇠ 10%)
only at m

``

. 150GeV, where W±Z production becomes less important as a SM background
to new-physics searches. We point out that, as shown in Figure 18, the increase of the NNLO
corrections at m

``

. 150GeV is only present in the SF channel, while the DF channel features a
steep increase at m

``

. 50GeV. It is clear from the main frame of that figure that the distributions
in the two channels are modelled very di↵erently, which can again be traced back to the used
identification procedure.
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New-physics searches
Category III:  mT,W>120 GeV

[Grazzini, Kallweit, Rathlev, MW '17]
(a) (b)

Figure 18: Distributions with respect to (a) pmiss
T

and (b) m
``

in the fiducial phase space with an
additional m

T,W

> 120GeV cut (Category III).
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Figure 19: Distributions with respect to (a) pmiss
T

and (b) m
``

in the fiducial phase space with an
additional m

T,W

> 120GeV cut (Category III).
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New-physics searches
Category IV:  mll>105 GeV

[Grazzini, Kallweit, Rathlev, MW '17]

Events/40 GeV WZ@13 TeV, 3 ab-1 (Category IV)
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Events/40 GeV WZ@13 TeV, 3 ab-1 (Category IV)
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Figure 22: Distributions with respect to (a) pmiss
T

and (b) m
T,W

in the fiducial phase space with an
additional m

``

> 105GeV cut (Category IV).

In Figure 19 the pmiss
T

and m
T,W

distributions in Category IV are shown. We see that the
m

``

> 105GeV cut has almost no impact on the shapes of the pmiss
T

and m
T,W

spectra, apart from
the general reduction of the absolute size of the NNLO corrections compared to Category I. Also
in this category NNLO corrections are quantitatively relevant, and their impact on the tails of the
distributions is reduced with the use of a dynamic scale.

In conclusion, for the three observables relevant to new-physics searches that have been
considered in this section, the sizeable (10%-30%) NNLO corrections depend on the specific cut
values. This demands NNLO accurate predictions for the W±Z background when categories based
on these observables are defined. Furthermore, a dynamic scale choice is crucial to properly model
the various distributions, in particular the tail of the pmiss

T

spectrum. Moreover, NNLO corrections
considerably reduce the perturbative uncertainties in all three distributions we investigated,
regardless of the category under consideration.

4 Summary

In this paper, we have presented the first computation of fully di↵erential cross sections for the
production of a W±Z pair at NNLO in QCD perturbation theory. Our computation consistently
includes the leptonic decays of the weak bosons accounting for o↵-shell e↵ects, spin correlations and
interference contributions in all double-, single- and non-resonant configurations in the complex-
mass scheme, i.e. we have performed a complete calculation for the process pp ! `0±⌫

`

0`�`+ +X
with `, `0 2 {e, µ}, both in the SF and in the DF channel. Our results are obtained with the

30

13 TeV, 
3 ab-1

13 TeV, 
3 ab-1

pT
miss mT,W



Summary
MATRIX:   (public release in preparation!)

tool for fully-differential NNLO(+NNLL) computations -- flexible, powerful and simple!

large list of 2→1, 2→2 Higgs and vector-boson processes

includes: full leptonic (2→4) processes, with: all topologies, off-shell effects, spin correlations

             realistic computation of cross section in the fiducial phase space

Physics applications:
All diboson processes available now at NNLO (both: inclusive & differentially; WZ was the last)

Very good agreement of theory and data for VV processes (shown for ZZ and WZ)

evident: importance of NNLO for precision and accuracy (to describe data)

Prospects at the HL/HE LHC:
Statistical error subleading for integrated (inclusive & fiducial) rates  (reduce systematics?)

Far reach in tails of kinematical distributions for VV processes:

             up to 𝒪(1 TeV) for pT and invariant-mass distributions at 13 TeV, 3 ab-1

             well beyond 𝒪(1 TeV) for pT and invariant-mass distributions at 27 TeV, 15 ab-1

Outlook ZZ with neutrino decay at NNLO; mixed ZZ/WW→ℓνℓν channel

beyond MATRIX release: pT resummation, NLO gg, NLO EW, ...





Thank You !
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Vector-boson pair production: Data vs. Theory

– ZZ∗→4ℓ

– ZZ→ℓℓνν

– ZZ→4ℓ

ZZ

– WZ→ℓνℓℓ

WZ

– WW→eµ, [njet = 1]
– WW→eµ, [njet ≥ 0]

– WW→eµ, [njet = 0]

WW

– WV→ℓνJ

WV→ℓνjj

– Zγ→ννγ

– [njet = 0]

Zγ→ℓℓγ

– [njet = 0]
Wγ→ℓνγ

γγ

ratio to best theory
0.6 0.8 1.0 1.2 1.4 1.6

NNLO QCD

NLO QCD

LHC pp
√
s = 7 TeV

Data
stat
stat ⊕ syst

LHC pp
√
s = 8 TeV

Data
stat
stat ⊕ syst

LHC pp
√
s = 13 TeV

Data
stat
stat ⊕ syst

Diboson Cross Section Measurements Status: July 2017

ATLAS Preliminary

Run 1,2
√
s = 7, 8, 13 TeV

theoσ / expσProduction Cross Section Ratio:   
0.5 1 1.5 2

CMS PreliminarySeptember 2017

All results at:
http://cern.ch/go/pNj7

γγ  0.12± 0.01 ±1.06 -15.0 fb
(NLO th.), γW  0.13± 0.03 ±1.16 -15.0 fb

(NLO th.), γZ  0.05± 0.01 ±0.98 -15.0 fb
(NLO th.), γZ  0.05± 0.01 ±0.98 -119.5 fb

WW+WZ  0.14± 0.13 ±1.01 -14.9 fb
WW  0.09± 0.04 ±1.07 -14.9 fb
WW  0.08± 0.02 ±1.00 -119.4 fb
WW  0.08± 0.05 ±0.96 -12.3 fb
WZ  0.06± 0.07 ±1.05 -14.9 fb
WZ  0.07± 0.04 ±1.02 -119.6 fb
WZ  0.07± 0.06 ±0.80 -12.3 fb
ZZ  0.07± 0.13 ±0.97 -14.9 fb
ZZ  0.08± 0.06 ±0.97 -119.6 fb
ZZ  0.05± 0.04 ±1.14 -135.9 fb

7 TeV CMS measurement (stat,stat+sys) 
8 TeV CMS measurement (stat,stat+sys) 
13 TeV CMS measurement (stat,stat+sys) 

CMS measurements
 theory(NLO)vs. NNLO 
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d�NNLO =
h
d�F+1jet

NLO � ⌃NNLO ⌦ d�LO

i
+HNNLO ⌦ d�LO

pT subtraction master formula:

[Catani, Grazzini '07]
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d�NNLO =
h
d�F+1jet

NLO � ⌃NNLO ⌦ d�LO

i
+HNNLO ⌦ d�LO

subtraction terms known from resummation:

pT subtraction master formula:

d�F+1jet pT⌧Q����!
h
d�(res)

i

f.o.
⌘ ⌃(pT /Q)⌦ d�LO

[Catani, Grazzini '07]

M. Wiesemann (University of Zürich) pT resummation through NNLO+NNLL June 15, 2015 5 / 32

Hc

fi

Cic

P

i

c

fj

P

j

c̄

Cjc̄
Sc

d‡(res)

dp2
T dy dM d⌦ ≥

⁄
db b

2 J0(b pT ) S(b, A, B)HN1,N2 fN1 fN2

S(b, A, B) = exp
I

≠
⁄ m2

H

b2
0/b2

dq2

q2

C

A ln
A

m2
H

q2

B

+ B
DJ

I double Mellin moments: HN1,N2 = H CN1 CN2

I coe�cients A, B, C , H perturbative
I born initial state gg or qq̄
I A, B, C process independent
I H hard coe�cient: - process dependent

- LO kinematics (M, ⌦)

[Collins, Soper, Sterman '85], [Bozzi, Catani, de Florian, Grazzini '06]

Resummation formula:
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d�NNLO =
h
d�F+1jet

NLO � ⌃NNLO ⌦ d�LO

i
+HNNLO ⌦ d�LO

subtraction terms known from resummation:

pT subtraction master formula:

d�F+1jet pT⌧Q����!
h
d�(res)

i

f.o.
⌘ ⌃(pT /Q)⌦ d�LO

NNLO accuracy consequence of unitarity:
�
ln(Q2b2/b20) ! ln(Q2b2/b20 + 1)

�Z
dp2T

d�(res)

dp2T dy dM d⌦
= H⌦ d�LO

[Catani, Grazzini '07]
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dp2
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⁄
db b
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S(b, A, B) = exp
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≠
⁄ m2
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b2
0/b2

dq2

q2
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A ln
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H

q2
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I double Mellin moments: HN1,N2 = H CN1 CN2

I coe�cients A, B, C , H perturbative
I born initial state gg or qq̄
I A, B, C process independent
I H hard coe�cient: - process dependent

- LO kinematics (M, ⌦)

[Collins, Soper, Sterman '85], [Bozzi, Catani, de Florian, Grazzini '06]

Resummation formula:
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rcut→0 extrapolation in MATRIX
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Figure 2: Dependence of the NNLO cross sections on the qT -subtraction cut, rcut, for various
processes. The normalization is the result extrapolated to rcut = 0 by taking into account the
rcut dependence above rcut � 0.15 (default value). The blue bands is the combined numerical
and extrapolation uncertainty estimated by Matrix in every run.
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Status of pT resummation
pT = transverse momentum of Born-level system, eg: pT,4ℓ in pp→ZZ→4ℓ

Why resummation? Observable divergent for pT→0 at fixed order!

pT subtraction ⟷ pT resummation:  all NNLO directly also at NNLL

d�NNLO =
h
d�F+1jet

NLO � ⌃NNLO ⌦ d�LO

i
+HNNLO ⌦ d�LO
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Status of pT resummation
pT = transverse momentum of Born-level system, eg: pT,4ℓ in pp→ZZ→4ℓ

Why resummation? Observable divergent for pT→0 at fixed order!

pT subtraction ⟷ pT resummation:  all NNLO directly also at NNLL

d�NNLO =
h
d�F+1jet

NLO � ⌃NNLO ⌦ d�LO

i
+HNNLO ⌦ d�LO

M. Wiesemann (University of Zürich) pT resummation through NNLO+NNLL June 15, 2015 5 / 32
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Status of pT resummation
pT = transverse momentum of Born-level system, eg: pT,4ℓ in pp→ZZ→4ℓ

Why resummation? Observable divergent for pT→0 at fixed order!

pT subtraction ⟷ pT resummation:  all NNLO directly also at NNLL

currently restricted to a charge-neutral 

   final-state system (ie, no W and WZ)

will not be included in first public 

   version (due to lack of testing time)

first application to on-shell WW/ZZ

NNLO+NNLL resummation	
for ZZ and WW [Grazzini, Kallweit, Rathlev, MW '15]

pT spectrum of ZZ pair: comparison to data

Results
Comparison with data:
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[CMS ’15] [Grazzini, Kallweit, Rathlev, MW ’15]

16M. Wiesemann 	   (University of Zürich) MATRIX: a fully-differential NNLO process library September 9, 2016

[Grazzini, Kallweit, Rathlev, MW '15]
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[ATLAS '17]

Recent 13 TeV ATLAS results for ZZ

Figure 11 shows the transverse momentum of the leading-pT and subleading-pT Z boson candidates,
exhibiting a wide peak around 50 GeV and 30 GeV, respectively. Anomalous triple gauge couplings (as
discussed in Section 10) would manifest as an excess in the cross section at large values of the transverse
momentum of the Z bosons, which is not observed in these di↵erential cross-section distributions (the last
bin in each distribution is consistent with the SM predictions). The discrepancies at pT of about 50 GeV,
90 GeV in the leading Z boson candidate are related to the excesses seen in Figure 4(c). The local
significance of these excesses with respect to the Sherpa prediction is estimated to be 2.3 and 2.0 standard
deviations respectively. This estimate is based on the corresponding bins in the measured distribution
before unfolding, as the statistical treatment is simpler due to the statistical uncertainties being Poissonian.
In the estimation, both the predicted and observed yields are taken to be Poissonian and the systematic
uncertainties of the prediction are taken into account.
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Figure 11: Measured and predicted di↵erential cross sections for the transverse momentum of (a) the leading-pT
and (b) the subleading-pT Z boson candidates. The statistical uncertainty of the measurement is shown as error
bars, and shaded bands indicate the systematic uncertainty and the total uncertainty obtained by summing the
statistical and systematic components in quadrature. The ratio plots only show the total uncertainty. A pure NNLO
calculation from Matrix is shown with no additional corrections applied. The best SM prediction is based on this
NNLO calculation, with the gg-initiated contribution multiplied by a global NLO correction factor of 1.67. An
NLO EW correction factor is applied in each bin. The contribution from EW-ZZ j j generated with Sherpa is added.
For the fixed-order predictions, the QCD scale uncertainty is shown as a shaded band. Parton-showered Sherpa and
Powheg + Pythia predictions are also shown. For better visualization, the last bin is shown using a di↵erent x-axis
scale. The scale change is indicated by the dashed vertical line.
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Figure 9(a) shows the transverse momentum of the four-lepton system, pT, 4`. The cross section has a peak
around 10 GeV and drops rapidly towards both lower and higher values. At low pT, 4`, the resummation
of low-pT parton emissions is important and fixed-order descriptions are inadequate. For this reason, the
fixed-order predictions are not shown in the first two bins, 0–5 GeV and 5–15 GeV. The region below
pT, 4` = 60 GeV is modeled slightly better by predictions that include a parton shower, again suggesting
the importance of resummation. Above 60 GeV, the fixed-order NNLO predictions describe the data
slightly better. Figure 9(b) shows the absolute rapidity of the four-lepton system, which drops gradually
towards high values. This distribution is potentially sensitive to a di↵erent choice of PDF, describing the
momentum distribution of the incoming partons. Fixed-order calculations and predictions including a
parton shower model this observable reasonably well, within the statistical and systematic uncertainties.
The predictions tend to slightly underestimate the cross sections for small values of |y4`|.
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Figure 9: Measured and predicted di↵erential cross sections for (a) the transverse momentum and (b) the absolute
rapidity of the four-lepton system. The statistical uncertainty of the measurement is shown as error bars, and
shaded bands indicate the systematic uncertainty and the total uncertainty obtained by summing the statistical and
systematic components in quadrature. The ratio plots only show the total uncertainty. A pure NNLO calculation
from Matrix is shown with no additional corrections applied. The best SM prediction is based on this NNLO
calculation, with the gg-initiated contribution multiplied by a global NLO correction factor of 1.67. For the pT, 4`
distribution in (a), the NLO EW correction is applied as a global factor of 0.95 as a di↵erential calculation is not
available. For the |y4` | distribution in (b), an NLO EW correction factor is applied in each bin. The contribution from
EW-ZZ j j generated with Sherpa is added. For the fixed-order predictions, the QCD scale uncertainty is shown as
a shaded band. Parton-showered Sherpa and Powheg + Pythia predictions are also shown. For better visualization,
the last bin is shown using a di↵erent x-axis scale where indicated by the dashed vertical line.
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Reach in the tails for ZZ
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Reach in the tails for ZZ

13 TeV 27 TeV
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Reach in the tails for ZZ

13 TeV, 3 ab-1 27 TeV, 15 ab-1
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Reach in the tails for ZZ
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Reach in the tails for ZZ

13 TeV, 3 ab-1 27 TeV, 15 ab-1

pT,4l pT,4l

Events/20 GeV ZZ(→2e2µ)@LHC 13 TeV, 3 ab-1

LO
NLO
NNLO

101

102

103

104

105

106

p
r
o
d
u
c
e
d
 
w
i
t
h
 
M
A
T
R
I
X

pT,4l [GeV]

dσ/dσNLO

 0.8

 1

 1.2

 1.4

 1.6

 0  100  200  300  400  500

Events/40 GeV ZZ(→2e2µ)@LHC 27 TeV, 15 ab-1

LO
NLO
NNLO

101

102

103

104

105

106

107

p
r
o
d
u
c
e
d
 
w
i
t
h
 
M
A
T
R
I
X

pT,4l [GeV]

dσ/dσNLO

 0.9

 1.2

 1.5

 1.8

 0  200  400  600  800  1000



Marius Wiesemann    (CERN) October 31, 2017VV production 58

no loop-induced gg component at NNLO

Large QCD corrections due to radiation zero [Baur, Han, Ohnemus '94]

Diboson processes at NNLO completed!

WZ fully differential at NNLO

u
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫
`

0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫
`

0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫

`

0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫
`

0Z(⇤)/�⇤ ! `0±⌫
`

0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2
S):

• tree amplitudes for qq̄0 ! `0±⌫
`

0`�`+ gg, qq̄0 ! `0±⌫
`

0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫
`

0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫
`

0`�`+.

3

[Grazzini, Kallweit, Rathlev, MW '17]

definition of the fiducial volume for pp ! `±w⌫`w`
+
z `

�

z , `, `w, `z 2 {e, µ}

ATLAS 8/13 TeV p
T,`z > 15GeV, p

T,`w > 20GeV, ⌘
`

< 2.5,

(cf. Ref. [5, 6]) |m
`z`z �m

Z

| < 10GeV, m
T,W

> 30GeV, �R
`z`z > 0.2, �R

`z`w > 0.3

CMS 13 TeV p
T,`z,1 > 20GeV, p

T,`z,2 > 10GeV, p
T,`w > 20GeV, ⌘

`

< 2.5,

(cf. Ref. [7]) 60GeV< m
`z`z < 120GeV, m

`

+
`

� > 4GeV

Table 1: Definition of the fiducial volume of the W±Z measurements by ATLAS and CMS. While
` refers to all charged leptons, `z and `w address only those leptons assigned to Z and W decay,
respectively. Numbers in indices refer to p

T

-ordered particles of the respective group.

boson masses to define the EW mixing angle as cos ✓2
W

= (m2
W

� i�
W

m
W

)/(m2
Z

� i�
Z

m
Z

). We
use the PDG [59] values G

F

= 1.16639 ⇥ 10�5GeV�2, m
W

= 80.385GeV, �
W

= 2.0854GeV,
m

Z

= 91.1876GeV, �
Z

= 2.4952GeV, and m
t

= 173.2GeV. The CKM matrix is set to unity.k We
use N

f

= 5 massless quark flavours and the corresponding NNPDF3.0 [60] sets with ↵S(mZ

) = 0.118,
where NnLO (n = 0, 1, 2) predictions are obtained by using PDFs at the respective perturbative
order and the evolution of ↵S at (n+ 1)-loop order, as provided by the PDF set. Our scale choice
is µ

R

= µ
F

= µ0 ⌘ 1
2
(m

Z

+m
W

) = 85.7863GeV with the customary 7-point variation to estimate
the uncertainties of missing higher orders in the perturbative series, i.e. we vary independently
0.5µ0  µ

R

, µ
F

 2µ0, while constraining 0.5  µ
R

/µ
F

 2.

3.1 Fiducial cross sections

We first present cross-section predictions in the respective fiducial phase spaces used by the LHC
experiments, and compare them with the available measured results by ATLAS at 8 [5] and
13TeV [6], and by CMS at 13TeV [7]. The relevant cuts to define the fiducial volume specific to
each experiment are summarized in Table 1.

The fiducial cuts used by ATLAS are identical at both collider energies, and they are close to
the applied event-selection cuts [5, 6], which warrants a simple (and thus reliable) extrapolation
from the detector to the fiducial level. The cuts require an identification of the leptons stemming
from the Z and W bosons. This is trivial in the DF channel, where they are unambiguously
assigned to the parent boson. In the SF channel, there are, in a theoretical computation of ```⌫
production, two possible combinations of opposite-sign leptons that can be matched to the Z
boson. ATLAS applies the so-called resonant-shape procedure [5], where the pair with the highest
estimator

P =

�����
1

m2
``

�m2
Z

+ i�
Z

m
Z

�����

2

·
�����

1

m2
`

0
⌫`0

�m2
W

+ i�
W

m
W

�����

2

(3)

kThe numerical e↵ect of the CKM matrix up to NLO is to reduce the cross section by less than 1%. K-factors
are generally a↵ected below the numerical uncertainties.

7

W, Z identification
different
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WZ fully differential at NNLO
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New-physics searches
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Figure 16: Distributions with respect to (a) pmiss
T

and (b) m
``

in the fiducial phase space with an
additional m

T,W

> 120GeV cut (Category III).

In Figure 15 we consider the m
T,W

and m
``

spectra in Category II. Thus, these distributions
include an additional cut of pmiss

T

> 200GeV as compared to those in Figure 14. As pointed out
before, such cut on pmiss

T

requires NNLO accuracy on its own to ensure a proper modeling of
the SM background. The specific value of 200GeV, in fact, is incidentally in a region where the
NNLO corrections start to become particularly large (> 20%), as can be inferred from the pmiss

T

distribution in Figure 14. Indeed, looking at Figure 15 both the distribution in m
T,W

and m
``

feature NNLO and NLO cross sections without overlapping uncertainty bands in each peak region,
with NNLO corrections of the order of 20%. For small m

``

values NNLO e↵ects increase up to
more than 40%. This region, however, is less relevant to new-physics searches. We note that,
when going from NLO to NNLO scale uncertainties are reduced from about 15% to at most 10%.
Overall, the results of the two distributions are very similar to the corresponding ones in Figure 14
for Category I. Although we find generally larger relative uncertainty bands in the present case,
they hardly warrant the consistency between NLO and NNLO predictions in the range of the
distributions relevant to new-physics searches.

Figure 16 shows the pmiss
T

and m
``

spectra while including a cut on m
T,W

> 120GeV in addition
to the standard selection cuts (Category III). Also in this case the general behaviour of these
distributions is quite similar to those in Category I, however, the absolute size of the corrections at
NNLO is reduced. Thanks to the dynamic scale choice, the dependence of the NNLO correction on
the value of pmiss

T

is quite flat. With a fixed scale we find a similarly strong pmiss
T

dependence in the
tail of the distribution as pointed out for Category I. NLO and NNLO uncertainty bands feature a
satisfactory overlap starting from pmiss

T

& 200GeV. The m
``

distribution shows consistent NLO and
NNLO predictions in the tail of the distribution. The NNLO corrections become larger (⇠ 10%)
only at m

``

. 150GeV, where W±Z production becomes less important as a SM background

26

Category III:  mT,W>120 GeV

[Grazzini, Kallweit, Rathlev, MW '17]
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WZ fully differential at NNLO

60

New-physics searches
Category IV:  mll>105 GeV

dσ/bin [fb] WZ@LHC 13 TeV (Category IV)
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dσ/bin [fb] WZ@LHC 13 TeV (Category IV)

LO
NLO
NNLO

10-4

10-3

10-2

10-1

100

101

p
r
o
d
u
c
e
d
 
w
i
t
h
 
M
A
T
R
I
X

mT,W 

dσ/dσNLO

 0.9

 1

 1.1

 1.2

 0  200  400  600  800  1000

(a) (b)

Figure 18: Distributions with respect to (a) pmiss
T

and (b) m
T,W

in the fiducial phase space with an
additional m

``

> 105GeV cut (Category IV).

4 Summary

In this paper, we have presented the first computation of fully di↵erential cross sections for the
production of a W±Z pair at NNLO in QCD perturbation theory. Our computation consistently
includes the leptonic decays of the weak bosons accounting for o↵-shell e↵ects, spin correlations and
interference contributions in all double-, single- and non-resonant configurations in the complex-
mass scheme, i.e. we have performed a complete calculation for the process pp ! `0±⌫

`

0`�`+ +X
with `, `0 2 {e, µ}, both in the SF and in the DF channel. Our results are obtained with the
numerical program MATRIX, which employs the q

T

-subtraction method to evaluate NNLO QCD
corrections to a wide class of processes. We have shown that the ensuing fiducial cross sections
and distributions depend very mildly on the technical cut-o↵ parameter rcut, thereby allowing us
to numerically control the predicted NNLO cross section at the one-permille level or better.

We have presented a comprehensive comparison of our numerical predictions with the available
data from ATLAS and CMS at

p
s = 8 and 13TeV for both the fiducial cross sections and

di↵erential distributions in W±Z production. As in the case of the inclusive cross section [18]
QCD radiative corrections are essential to properly model the W±Z cross section. They amount
to up to 85% at NLO, and NNLO corrections further increase the NLO result by about 10%.
The inclusion of NNLO corrections significantly improves the agreement with the measured cross
sections by ATLAS at both 8 and 13TeV centre-of-mass energies. The 13TeV CMS result is
somewhat (⇠ 2.6�) lower than the theoretical prediction, which is about the same discrepancy
that has been observed in the result extrapolated to the total inclusive cross section [18]. The
full data set collected by the end of 2016 (⇠ 40 fb�1) will show whether this di↵erence is a plain
statistical e↵ect of the small data set (⇠ 2.3 fb�1) used for that measurement.
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WW fully differential at NNLO

inclusive: distributions (8 TeV)
dσ/dpT,WW [fb/GeV] µ+e-νµν‾ e(inclusive)@LHC 8 TeV
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WW fully differential at NNLO

WW signal cuts: distributions (8 TeV)
dσ/dΔϕll,νν [fb] µ+e-νµν‾ e(WW-cuts)@LHC 8 TeV
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WZ fully differential at NNLO

New-physics searches

dσ/bin [fb] WZ(DF)@LHC 13 TeV (Category III)
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Figure 17: Distributions with respect to m
``

in the fiducial phase space with an additional
m

T,W

> 120GeV cut (Category III), for (a) the SF and (b) the DF channel.

to new-physics searches. We point out that, as shown in Figure 17, the increase of the NNLO
corrections at m

``

. 150GeV is only present in the SF channel, while the DF channel features a
steep increase at m

``

. 50GeV. It is clear from the main frame of that figure that the distributions
in the two channels are modeled very di↵erently, which can again be traced back to the used
identification procedure.

In Figure 18 the pmiss
T

and m
T,W

distributions in Category IV are shown. We see that the
m

``

> 105GeV cut has almost no impact on the shapes of the pmiss
T

and m
T,W

spectra, apart from
the general reduction of the absolute size of the NNLO corrections compared to Category I. Also
in this category NNLO corrections are quantitatively relevant, and their impact on the tails of the
distributions is reduced with the use of a dynamic scale.

In conclusion, for the three observables relevant to new-physics searches that have been
considered in this section, the sizeable (10%-30%) NNLO corrections depend on the specific cut
values. This demands NNLO accurate predictions for the W±Z background when categories based
on these observables are defined. Furthermore, a dynamic scale choice is crucial to properly model
the various distributions, in particular the tail of the pmiss

T

spectrum. Moreover, NNLO corrections
considerably reduce the perturbative uncertainties in all three distributions we investigated,
regardless of the category under consideration.
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WZ fully differential at NNLO

various channels:

different-flavour (DF) channels

   pp → μ+
 νμ e+e- ,   pp → e+

 νe μ+μ-     (identical for massless fermions)

      pp → μ-
 νμ e+e- ,    pp → e-

 νe μ+μ-      (identical for massless fermions)

same-flavour (SF) channels
    pp → e+

 νe e+e- ,   pp → μ+
 νμ μ+μ-     (identical for massless fermions)

         pp → e-
 νe e+e- ,    pp → μ-

 νμ μ+μ-      (identical for massless fermions)

fiducial phase space (ATLAS/CMS) for pp →  l' νl' l l  (l,l' ∈ {e,μ})

Z/W reconstruction:  trivial for DF; CMS: Z=lepton pair closest to mZ,  ATLAS: "resonant shape" for SF   

definition of the fiducial volume for pp ! `±w⌫`w`
+
z `

�

z , `, `w, `z 2 {e, µ}

ATLAS 8/13 TeV p
T,`z > 15GeV, p

T,`w > 20GeV, ⌘
`

< 2.5,

(cf. Ref. [5, 6]) |m
`z`z �m

Z

| < 10GeV, m
T,W

> 30GeV, �R
`z`z > 0.2, �R

`z`w > 0.3

CMS 13 TeV p
T,`z,1 > 20GeV, p

T,`z,2 > 10GeV, p
T,`w > 20GeV, ⌘

`

< 2.5,

(cf. Ref. [7]) 60GeV< m
`z`z < 120GeV, m

`

+
`

� > 4GeV

Table 1: Definition of the fiducial volume of the W±Z measurements by ATLAS and CMS. While
` refers to all charged leptons, `z and `w address only those leptons assigned to Z and W decay,
respectively. Numbers in indices refer to p

T

-ordered particles of the respective group.

boson masses to define the EW mixing angle as cos ✓2
W

= (m2
W

� i�
W

m
W

)/(m2
Z

� i�
Z

m
Z

). We
use the PDG [59] values G

F

= 1.16639 ⇥ 10�5GeV�2, m
W

= 80.385GeV, �
W

= 2.0854GeV,
m

Z

= 91.1876GeV, �
Z

= 2.4952GeV, and m
t

= 173.2GeV. The CKM matrix is set to unity.k We
use N

f

= 5 massless quark flavours and the corresponding NNPDF3.0 [60] sets with ↵S(mZ

) = 0.118,
where NnLO (n = 0, 1, 2) predictions are obtained by using PDFs at the respective perturbative
order and the evolution of ↵S at (n+ 1)-loop order, as provided by the PDF set. Our scale choice
is µ

R

= µ
F

= µ0 ⌘ 1
2
(m

Z

+m
W

) = 85.7863GeV with the customary 7-point variation to estimate
the uncertainties of missing higher orders in the perturbative series, i.e. we vary independently
0.5µ0  µ

R

, µ
F

 2µ0, while constraining 0.5  µ
R

/µ
F

 2.

3.1 Fiducial cross sections

We first present cross-section predictions in the respective fiducial phase spaces used by the LHC
experiments, and compare them with the available measured results by ATLAS at 8 [5] and
13TeV [6], and by CMS at 13TeV [7]. The relevant cuts to define the fiducial volume specific to
each experiment are summarized in Table 1.

The fiducial cuts used by ATLAS are identical at both collider energies, and they are close to
the applied event-selection cuts [5, 6], which warrants a simple (and thus reliable) extrapolation
from the detector to the fiducial level. The cuts require an identification of the leptons stemming
from the Z and W bosons. This is trivial in the DF channel, where they are unambiguously
assigned to the parent boson. In the SF channel, there are, in a theoretical computation of ```⌫
production, two possible combinations of opposite-sign leptons that can be matched to the Z
boson. ATLAS applies the so-called resonant-shape procedure [5], where the pair with the highest
estimator

P =

�����
1

m2
``

�m2
Z

+ i�
Z

m
Z

�����

2

·
�����

1

m2
`

0
⌫`0

�m2
W

+ i�
W

m
W

�����

2

(3)

kThe numerical e↵ect of the CKM matrix up to NLO is to reduce the cross section by less than 1%. K-factors
are generally a↵ected below the numerical uncertainties.
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At particle level, the kinematics of final-state prompt electrons and muons is computed including the con-
tributions from final-state radiated photons within a distance in the (⌘, �) plane of �R =

p
(�⌘)2 + (��)2 =

0.1 around the direction of the charged lepton.

These dressed leptons and the final-state neutrinos that do not originate from hadron or ⌧ decays are
associated with the W and Z boson decay products with an algorithmic approach, called “resonant shape”.
This algorithm is based on the value of an estimator expressing the product of the nominal line shapes of
the W and Z resonances

P =

���������

1

m

2
(`+,`�) �

⇣
m

PDG
Z

⌘2
+ i �PDG

Z

m

PDG
Z

���������

2

⇥
���������

1

m

2
(`0,⌫`0 )

�
⇣
m

PDG
W

⌘2
+ i �PDG

W

m

PDG
W

���������

2

, (1)

where m

PDG
Z

(mPDG
W

) and �PDG
Z

(�PDG
W

) are the world average mass and total width of the Z (W) boson,
respectively, as reported by the Particle Data Group [16]. The input to the estimator is the invariant mass
m of all possible pairs (`+, `�) and (`0, ⌫`0) satisfying the fiducial selection requirements defined in the
next paragraph. The final choice of which leptons are assigned to the W or Z bosons corresponds to the
configuration exhibiting the highest value of the estimator. Using this specific association algorithm, the
gauge boson kinematics can be computed using the kinematics of the associated leptons independently of
any internal Monte Carlo generator details.

The integrated and di↵erential cross-section measurements are performed in a fiducial phase space defined
at particle level by the following requirements: the pT of the leptons from the Z boson decay is greater
than 15 GeV, the pT of the charged lepton from the W decay is greater than 20 GeV, the absolute value of
the pseudorapidity of the charged leptons from the W and Z bosons are less than 2.5, the invariant mass
of the two leptons from the Z boson decay di↵ers at most by 10 GeV from the world average value of the
Z boson mass m

PDG
Z

. The W transverse mass, defined as m

W

T =
q

2 · p⌫T · p`T · [1 � cos��(`, ⌫)], where
��(`, ⌫) is the angle between the lepton and the neutrino in the transverse plane, is required to be greater
than 30 GeV. In addition, it is required that the angular distance �R between the charged leptons from W

and Z decay is larger than 0.3, and that �R between the two leptons from the Z decay is larger than 0.2.

The integrated cross section, measured in the fiducial region of the detector, is extrapolated to a total phase
space, defined by requiring that the invariant mass of the lepton pair associated with the Z boson decay is
in the range 66 < m

Z

< 116 GeV, and extrapolating to all decay channels of the W and Z bosons.

In order to define the VBS fiducial region for the cross-section measurement, in addition to the inclusive
fiducial criteria, at least two jets with a pT greater than 30 GeV and an absolute value of the pseudorapidity
⌘

j

below 4.5 are required. These particle level jets are defined using the anti-k
t

algorithm with a radius
parameter R = 0.4. The angular distance between all selected leptons and jets, �R( j, `), is required to be
greater than 0.3. If the �R( j, `) requirement is not satisfied, the jet is discarded. The invariant mass of the
two leading jets, m

j j

, must be above 500 GeV to enhance the sensitivity to VBS processes.

For setting limits on aQGC, the fiducial region definition was optimized to give the best expected limits.
Therefore, in addition to the criteria used for the VBS fiducial cross-section measurement, it is required
that the di↵erence in azimuthal angle |��(W,Z)| between the W and Z directions is greater than 2 rad. In
addition, in order to increase the sensitivity to aQGC signals, the scalar sum of the transverse momenta
of the three charged leptons associated with the W and Z bosons,

P |p`T|, is greater than 250 GeV.

A summary of the phase-space definition used in this paper is given in Table 1.

5

for all possible combinations of pairs  W=(l',νl')  and  Z=(l+,l-)  compute

and identify W and Z bosons by combination with highest estimator value P
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WZ fully differential at NNLO

various channels:

different-flavour (DF) channels

   pp → μ+
 νμ e+e- ,   pp → e+

 νe μ+μ-     (identical for massless fermions)

      pp → μ-
 νμ e+e- ,    pp → e-

 νe μ+μ-      (identical for massless fermions)

same-flavour (SF) channels
    pp → e+

 νe e+e- ,   pp → μ+
 νμ μ+μ-     (identical for massless fermions)

         pp → e-
 νe e+e- ,    pp → μ-

 νμ μ+μ-      (identical for massless fermions)

fiducial phase space (ATLAS/CMS) for pp →  l' νl' l l  (l,l' ∈ {e,μ})

Z/W reconstruction:  trivial for DF; CMS: Z=lepton pair closest to mZ,  ATLAS: "resonant shape" for SF   

definition of the fiducial volume for pp ! `±w⌫`w`
+
z `

�

z , `, `w, `z 2 {e, µ}

ATLAS 8/13 TeV p
T,`z > 15GeV, p

T,`w > 20GeV, ⌘
`

< 2.5,

(cf. Ref. [5, 6]) |m
`z`z �m

Z

| < 10GeV, m
T,W

> 30GeV, �R
`z`z > 0.2, �R

`z`w > 0.3

CMS 13 TeV p
T,`z,1 > 20GeV, p

T,`z,2 > 10GeV, p
T,`w > 20GeV, ⌘

`

< 2.5,

(cf. Ref. [7]) 60GeV< m
`z`z < 120GeV, m

`

+
`

� > 4GeV

Table 1: Definition of the fiducial volume of the W±Z measurements by ATLAS and CMS. While
` refers to all charged leptons, `z and `w address only those leptons assigned to Z and W decay,
respectively. Numbers in indices refer to p

T

-ordered particles of the respective group.

boson masses to define the EW mixing angle as cos ✓2
W

= (m2
W
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W
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)/(m2
Z
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Z
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Z

). We
use the PDG [59] values G

F

= 1.16639 ⇥ 10�5GeV�2, m
W

= 80.385GeV, �
W

= 2.0854GeV,
m

Z

= 91.1876GeV, �
Z

= 2.4952GeV, and m
t

= 173.2GeV. The CKM matrix is set to unity.k We
use N

f

= 5 massless quark flavours and the corresponding NNPDF3.0 [60] sets with ↵S(mZ

) = 0.118,
where NnLO (n = 0, 1, 2) predictions are obtained by using PDFs at the respective perturbative
order and the evolution of ↵S at (n+ 1)-loop order, as provided by the PDF set. Our scale choice
is µ

R

= µ
F

= µ0 ⌘ 1
2
(m

Z

+m
W

) = 85.7863GeV with the customary 7-point variation to estimate
the uncertainties of missing higher orders in the perturbative series, i.e. we vary independently
0.5µ0  µ

R

, µ
F

 2µ0, while constraining 0.5  µ
R

/µ
F

 2.

3.1 Fiducial cross sections

We first present cross-section predictions in the respective fiducial phase spaces used by the LHC
experiments, and compare them with the available measured results by ATLAS at 8 [5] and
13TeV [6], and by CMS at 13TeV [7]. The relevant cuts to define the fiducial volume specific to
each experiment are summarized in Table 1.

The fiducial cuts used by ATLAS are identical at both collider energies, and they are close to
the applied event-selection cuts [5, 6], which warrants a simple (and thus reliable) extrapolation
from the detector to the fiducial level. The cuts require an identification of the leptons stemming
from the Z and W bosons. This is trivial in the DF channel, where they are unambiguously
assigned to the parent boson. In the SF channel, there are, in a theoretical computation of ```⌫
production, two possible combinations of opposite-sign leptons that can be matched to the Z
boson. ATLAS applies the so-called resonant-shape procedure [5], where the pair with the highest
estimator
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kThe numerical e↵ect of the CKM matrix up to NLO is to reduce the cross section by less than 1%. K-factors
are generally a↵ected below the numerical uncertainties.
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WZ fully differential at NNLO

New-physics searches
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Figure 14: Distributions with respect to pmiss
T

(left), m
T,W

(centre) and m
``

(right) in the fiducial
phase space without additional cuts (Category I).

W ) identification we are using, which is entirely based on the invariant masses of the two possible
combinations of OSSF pairs, by associating the Z boson with the one closer to the Z mass. We
have repeated the computation of the m

T,W

distribution by replacing the CMS identification with
the ATLAS resonant-shape identification (see Section 3.1 and in particular Eq. (3)). The ensuing
distribution is shown in the right plot of Figure 13. Indeed, by eye, no di↵erence between right
(SF channel with ATLAS identification) and centre (DF channel) plot is visible. We stress that
in the DF channel the Z and W bosons are unambiguously identified by the lepton flavours in
the final state. The resonant-shape identification takes into account information on both the W -
and the Z-boson propagators in the dominant double-resonant topologies, which leads to a more
accurate modeling of the W -boson peak in the m

T,W

distribution. This identification procedure
distributes less events into the tail (similar to the DF channel) than the CMS identification. The
resonant-shape identification is therefore much more e↵ective in removing events from the peak
region when cutting on m

T,W

> 120GeV. This is also reflected by the ensuing total cross sections
in Category III: At NNLO, for example, the SF cross section with the resonant-shape identification
(0.9265(7)+1.5%

�1.5% fb) is of similar size as the one in the DF channel (1.010(2)+1.6%
�1.6% fb) as compared to

3.303(4)+1.9%
�1.8% fb in the SF channel when using the CMS identification. Thus, in more than two out

of three events, in Category III the identification of the Z and the W boson is swapped in the
case of CMS with respect to using the resonant-shape identification. Besides the potential risks
that such di↵erent identification might have on shapes of certain distributions⇤, a more e↵ective
identification would allow to suppress the SM background to new-physics searches in this category
by more than a factor of three. Let us finally remark that also Category IV would benefit from a
more e↵ective identification, although the e↵ects are much smaller and negative in that case.

In terms of di↵erential distributions, as previously pointed out, the most relevant observables
for SUSY searches are pmiss

T

, m
T,W

and m
``

. These distributions are shown in Figure 14 for the first

⇤We have checked explicitly several distributions in Category III and found quite substantial di↵erences between
SF with CMS identification and DF channels for, e.g., ��``, m``, m```, mWZ , pT,`2 , pT,`w . These di↵erences are
alleviated when using the resonant-shape identification, although some minor di↵erences remain also in that case.
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Category I:  no additional cuts
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