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Introduction Motivation for NNLO QCD accuracy in VV production

Importance of going beyond NLO in QCD for VV production

Fully exclusive NNLO QCD calculations desirable for several reasons

@ Experimental accuracy has significantly increased.

9@ A reduction of the unphysical dependence on factorization and renormalization scales
— and in particular reliability of the remaining scale-variation uncertainty as an
estimate for missing higher orders — is expected at NNLO.

200 T T T T u
H pp—eefy+X
2 In many process classes, all partonic channels o

are included only from NNLO on. ol Py > 40GeV

o In some phase-space regions, NLO is the first
non-vanishing order.

o Jets are treated more realistically. "

NLO EW corrections could contribute at the same
order of magnitude, at least by naive counting of 50 |
coupling constants, o2 ~ a.

LO nr = o, g = Epto
NLO  pr =&po, ur = Epto
NNLO  pr = &po, pir = €0
LO pE = po, pr = &0
NLO  jip = jio. pir = &0
NNLO  pup = pos pr = Epto
LO pp =&, HR = fto
NLO  pp =&po, pr = o
NNLO _hr = Epo, pr = po

L 1 2 4 8

Leading N*LO QCD corrections can be significant
(namely the gg channel, which enters only at NNLO).

ol
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Introduction Motivation for NNLO QCD accuracy in VV production

Importance of V'V production (with leptonic decays) at NNLO QCD
@ Important Standard Model test — trilinear gauge-boson couplings.
@ Background for Higgs analyses and BSM searches.

@ Some moderate excesses (&~ 20) in experimental data compared to NLO prediction,
e.g. Wy (ATLAS, 7 TeV), WW (ATLAS, 8 TeV; milder excess also seen at CMS).

Diboson Cross Section Measurements s iy 201 JE e poreovs — CMS Prelfm'n‘ary
oHIBR, > 04) “ CMS measurements 7 TeV CMS measurement (exp#th)  F—+—o—+—|
Wy - 1) —— “s vs. NLO theory
o =0) [r— . - 8 TeV CMS measurement (exp+h) — ——e—+—1
2y tty) ATLAS Preliminary | 4 Y. (NLOth) o 1.04£0.11£0.09 50fb™
o= R =7,87ev| .
e =01 unl VE=7, 8T Wy b———o——+— 116+0.13£0.06 50fb*
S WWWZ) o
W) EWK zy f——o——1 098 +0.05+005 50fb?
T ppoWW) 63 WWHWZ o 1.05+0.20+0.03 4.9fb™
ORI = e - ww 1 111+0.11+0.04 49fb?
W = ) s
W ey er R ww e+ 122:012+004 35fb?
,,,,, opWZ) o el = wz o 117+0.10+0.03 49fb
—o(WE - vty 10 1
e . wz ——e——i 1.12+0.08£0.05 19.6fb
0 pp-rzZ-+40) i 7z ————+— 0.99 +0.15+0.06 4.9fb?
- 022 - 40) E 7z — 1.00£0.10+0.08 19.6fb™
—o(zze - a0 R L L L n | n n n n | n n n n
) 45 seomms 0.5 1 15
02 04 06 08 10 12 14 16 18 20 All results at: 1 T 10"
dataltheory nncemenoop PYOAUction Cross Section Ratio:  Ogyp / Oy,
[ATLAS collaboration, July 2014] [CMS collaboration, April 2014]
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Introduction Motivation for NNLO QCD accuracy in VV production

Importance of V'V production (with leptonic decays) at NNLO QCD
@ Important Standard Model test — trilinear gauge-boson couplings.
@ Background for Higgs analyses and BSM searches.

@ Inclusion of NNLO QCD corrections tends to resolve these moderate excesses
(also important: extrapolation from fiducial region to inclusive prediction (WW)).

April 2016 CMS Preliminary
Cross Section oo T — T
SH)IaR,, > 0.4] w CMS measurements 7 TeV CMS measurement (stat stat+sys) ——o——
Wy - ty) vs. NLO (o) theory 8 TeV CMS measurement (stat,stat+sys) +——e——
—ln=0 13 TeV CMS measurement (stat,stat+sys) ——e——
o J[z“: - ';]v) - VY, (NNLO th) I — 1.06+0.01+0.12 5.0 fb!
Wy > tyy) S E—— Wy —o—— 1.16 £0.03 +0.13 5.0 fb!
=) | ere—— zy i 0.98+0.01+0.05 5.0 fb!
T ™(ppWVvaq) ,
o) EWK S re— zy r——— 0.98+0.01+0.05 19.5fb*
W) = WW+WZ —_————— 1.05+0.13+0.15 4.9 b

W) [10=0) o= " ww —_—— 111£004£0.10 490"

e e — i ww, ) —— 1.01£0.02+0.08 19.4 fb*

- oM (WW-rcs) [y=0] m - PR —— | (NNLO th)

W) [e20] e . WZ, (Lo th) B 1.08 £0.07 +0.06 4.9 fb*
"'ﬁl;f';v‘"z"i o = - o o WZ, (NNLOth) L aaan 1.04+0.03+0.07 19.6 fb™
o pp-222) — ) WZ, (NNLOth)  ——e— 0.82+0.07 £0.07 2.3 b

0 pp—2Z-40) i ZZ, (NNLO th) — 0.97 +0.13+0.07 4.9 fb?

e —— & Aoty 22, (o) ———— 0.97 £0.06 £ 0.08 19.6 fb*

oz am w6 reame ZZ, NNoth) ek 0.88+0.11+0.04 2.6 fb!

02 04 06 08 10 12 14 16 18 20 22 24 26 ‘ — 1_‘5 SE—
data/theory nnpﬁgs'ﬁf.z'ﬁgi‘rpmn Production Cross Section Ratio: 0, / Oy,
[ATLAS collaboration, November 2015] [CMS collaboration, April 2016]
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Calculation of NNLO QCD corrections in the MATRIX framework

[Grazzini, SK, Rathl

Amplitudes

OprENLOOPS Dedicated 2-loop codes
(CorLiEr, CuTtTOols, ...) | (VVawmp, GINAC, TDHPL, ... )

MunNIcH
MU N CH

gr subtraction <= ¢r resummation

MATRIX
MUNICH Automates qT subtraction
and Resummation to Integrate X-sections.
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Calculation of NNLO QCD corrections in the MATRIX framework | The MATRIX framework in a nutshell

Processes available at NNLO QCD within the MATRIX framework

opp - H+ X (m— )
2 agreement with HNNLO

[Catani, Grazzini (2007); Grazzini (2008), Grazzini, Sargsyan (2013)]

NLO EW corrections
-t
opp (= Z) - 07+ X are implemented in

2 agreement with ZWPROD (on-shell Z)
[Hamberg, van Neerven, Matsuura (1991 & 2002)] MUNICH + OPENLOOPS

o agreement with DYNNLO

[Catani, Grazzini (2007); Catani, Cieri, Ferrera, de Florian, Grazzini (2009)]

o pp(— WE) = w + X < They can.be easil.y .
o pp - v + X made available within

2 agreement with 2GAMMANNLO MATRIX

[Catani, Cieri, Ferrera, de Florian, Grazzini (2011)]
(updated version from Nov 2015) for all (off-shell)
V and VV’ processes.

in a fully automated way!

9 pp (= Zvy) — (lty/viy + X

9 pp (= WEy) = vy + X

0 pp (= ZZ) — L0000 e T e v + X
o pp(— WYW™) — (Tt o' /ttve v +X

9 pp (= WEZ) = w0+ w1+ + X
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Nu at NNLO QCD NNLO QCD results for pp — W

NNLO QCD results for pp (— W*Z) — 3v + X

pp - W™ Z +

pp > W Z + X
pp (= WYZ) — ¢ ¢+ 0% vy + X
pp (— WZ) - ¢~ 0~ (v op + X
pp (= W'Z) — ¢ ¢ ¢+ v + X
pp (= W2) - ¢~ ¢ ¢t pp + X
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Numerical results at NNLO QCD NNLO QCD results for pp — W=TZ (— 34v) + X

Inclusive WZ cross sections for relevant LHC energies

[ATLAS collaboration (2012 — 2016), CMS collaboration (2012 — 2016)]
9 on-shell (left): my 0, = my/w

o[pb] W=*Z (inclusive)
60 — ATLAS (center):
55¢ o LO - 1 66 GeV < my, < 116 GeV
S0 ¢ CMS (right):
i 71GeV < my < 111GeV
40 ¢ (7 and 8 TeV)
35 ¢ 60 GeV < myr < 120 GeV
30t (13 and 14 TeV)
25 b
w0l @ NNLO scale variation ~ +2%
15¢ with 1o = (Mw + Mz) /2.
10t po/2 < pr,pr < 2pi0
1/2 < pr/pr <2
+20 ¢ @ Large NLO corrections due to
+10} approximate radiation zero,
_18, which is broken beyond LO.
—20 L ‘ ‘ ‘ i @ NNLO/NLO ranges from
7TeV 8TeV 13TeV 14TeV 8% to 11% (7 TeV to 14 TeV).
@ MATRIX results with NNPDF3.0 PDF sets. @ No NLO EW included.
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ults at NNLO QCD NNLO QCD results for pp

NNLO QCD results for pp (— WTW™) — 2020 + X

pp - W W- + X

pp (—  WIW7) — ¢ 0w b + X
pp (— WW=/Z7Z) — ¢~ (T v

+
>
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Numerical results at NNLO QCD NNLO QCD results for pp (— W™ W ) — 2£2v + X

[ATLAS collaboration (2012 — 2016), CMS collaboration (2012 — 2016)]
o[pb] WHW~ (inclusive)

; .
0 theory/ Oexperiment — 1 [%]

o odd 14

7TeV 8TeV 13 TeV 14 TeV

@ MATRIX results with NNPDF3.0 PDF sets.

Stefan Kallweit (JGU) VV production at NNLO QCD

9 on-shell (left): my, = mw

ATLAS (center): 8,13,14 TeV:
H — WW?* included

CMS (right): 8,13,14 TeV:

H — WW™ not included

ATLAS and CMS: 7 TeV:
Predictions shown with (left)
and without (right) H - WW*

NNLO scale variation =~ +3%.
Mw/2 < pr, pr < 2Mw
1/2 < pr/pr < 2
NNLO/NLO ranges from
9% to 12% (7 TeV to 14 TeV).

Loop-induced gg channel makes
for about 35% of NNLO effect.

No NLO EW or NLO QCD to
gg-fusion channel included.
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Numerical results at NNLO QCD | NNLO QCD results for pp (— W '™W ) — 2£2v + X

Setup motivated by the ATLAS analysis @ 8 TeV [at1as collaboration (2014 & 2016)]

Ofiducial (W W™ -cuts) [fb] o/onLo — 1
Vs 8 TeV 13 TeV 8 TeV 13 TeV
LO 147.23 (2) F54% 233.04(2) 1% | —3.8% - 1.3%
NLO 153.07 (2) L% 236.19(2) t25% 0 0
NLO’ 156.71 (3) *,5% 243.82(4) 3% | +2.4% + 3.2%
NLO'+gg | 166.41 (3) 4% 267.31(4) L | +8.7% +13.2%
NNLO 164.16(13) L ¥% 261.5(2) L% | +7.2% +10.7%

@ Results refer to only one different-flavour channel: pp — e~ u*v,ve + X

@ Event selection imposes a jet veto, so usual scale variation most likely underestimates
missing higher-order corrections.

@ NLO corrections amount to about +4% (+1%) wrt. LO result at 8 (13) TeV.
@ NNLO corrections amount to about +7% (+10%) wrt. NLO result at 8 (13) TeV.

Q@ The positive impact of the NNLO corrections is entirely due to the loop-induced gg
contribution, which is about +6% (+10%) wrt. NLO result at 8 (13) TeV.

O(a?) corrections to qg are negative and amount to roughly —2% (—3%).

Stefan Kallweit (J VV production at NNLO QCD
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Numerical results at NNLO QCD | NNLO QCD results for pp (— W™ W ) — 22y + X

Distributions for pp (— WW) — 2¢2v + X at NNLO QCD

do/dmy [fb/GeV]  j1*ev,9(Ww-cuts) @LHC 8 TeV 1o S0CPTID/GOV]  w'ev, 0w v @LHC 8 TeV do/dAdy [fb] 46,0 (WW-cuts) @LHC 8 TeV
T T T T T " T

100 —= 10 ] = LO 100 |- — LO =4 B
el L VRS = - NO ] o [ MO 1
— NN 3 | — NN — NNLO :
= g E]
101 i - 101 P : 60 . N
5 : i %0 - K
—H—H"%% T 02l : ) K e b
10 - - F E 20 M’;y 1 B
THad : T
1 e 3 B I i ihlla

o i
doldon g  doldono doldono
’ . T T -
14E . NLO“gg 22 2F . NLO“gg
13 2 18F |
18 16
12 6 P i i
1.1 e - }; 5g et - usty 4 i
p FE e - B
08E d 1
0.9 x x v . 0:6 1 08 1 i
0 100 200 300 400 500 0 50 100 150 200 0 0.5 1 15 2 25 3
m; [GeV] pr.i[GeV] Ady

@ NLO and NNLO scale-variation bands typically do not overlap.

<+ The loop-induced gg contribution dominates the NNLO corrections.
@ By and large the NLO' + gg approximates the full NNLO prediction very well.
@ However, shape distortions of up to 10% result from genuine NNLO corrections.

9 In phase-space regions that imply the presence of QCD radiation, the loop-induced gg
contribution cannot approximate the shapes of full NNLO corrections.
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Nu at NNLO QCD NNLO QCD results for pp (— ZZ) — 4 + X

NNLO QCD results for pp (— ZZ) — 40 + X

pp > Z Z + X
pp (— 727) — ¢t 0t + X
pp (— Z27) — ¢t - 1+ X
pp (— 727) — 0~ 7 vy vy + X
pp (— WW~/ZZ) — ¢ (T v, v, + X
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Numerical results at NNLO QCD NNLO QCD results for pp (— ZZ) — 4 + X

Inclusive ZZ cross sections for relevant LHC energies

[ATLAS collaboration (2012 — 2016), CMS collaboration (2012 — 2016)]

9 on-shell (left): =
o[pb] 77 (inclusive) on-shell (left): me. = my

20 ATLAS (center):
ﬁ(ﬁo 66 GeV < my; < 116 GeV
NLO'+gg CMS (right):
15 == NNLO 60 GeV < mye < 120 GeV
—o— ATLAS
—x— CMS

10 +

@ NNLO scale variation ~ £3%.

Mz/2 < pr, pr < 2My
1/2 < pr/pr <2

+20
1100 @ NNLO/NLO ranges from
0 12% to 17% (7 TeV to 14 TeV).

—10
—20 1

@ Loop-induced gg channel makes
for about 60% of NNLO effect.

@ No NLO EW or NLO QCD to
@ MATRIX results with NNPDF3.0 PDF sets. gg-fusion channel included.

7TeV 8TeV 13 TeV 14 TeV
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Numerical results at NNLO QCD | NNLO QCD results for pp (— ZZ) — 4£ + X

Setup adapted to the ATLAS analysis @ 8 TeV [atLas collaboration (2013)]

channel OLO [fb] ONLO [fb] ONNLO [fb] OATLAS [fb]
ete ete™ 4.67%8 (stat) "% (syst) G (lumi)
3.547(1)"%%% | 5.047(1) 2% | 5.79(2) 5% o7
whp—ptp~ ’ ' ' 5.07% 65(stat)+0 2 (syst)Jro 2 5 (lumi)
ete ptu~ |6.950(1)72% | 9.864(2)*2%%

+3.2%
—3.9% —2.3% 11'31(2)

2% | 111755 (stat) T4 % (syst) T3 (lumi)

@ Agreement significantly improved in different-flavour channel

@ Worse agreement in same-flavour channels, but still consistent at the ~ 1o level.

Setup adapted to the ATLAS analysis @ 13 TeV ([at1As collaboration (2015)]

—5%

channel OLO [fb] ONLO [fb] ONNLO [fb] OATLAS [fb]

- +2.4 +0.4 +0.5 ;
e"e"e’e 5.007(1)" 4% 6.157(1)*;2;{’/0 . 14(2)+21@ 8.415 7 (stat) 155 (syst) g% (lumi)
T T 6.8 8 (stat) "% (syst) TG4 (lumi)
ete ptuT 9.006(1)F4% | 12.171(2)*%%

e | 14.19(2) 2% | 14,7735 (stat) 146, (syst) 1G5 (lumi)

9 Agreement improved at NNLO in all channels within quite large (statistical) errors

Stefan Kallweit )
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Numerical results at NNLO QCD | NNLO QCD results for pp (— ZZ) — 4£ + X

Setup adapted to the CMS analysis @ 8 TeV [cus coliaboration (2015)]

channel OLO [fb] ONLO [fb] ONNLO [fb]
oot +3.0% +2.8% +3.3%
eTe eTe” |3.149(1)T, b | 4-493(1)75 5y, | 5-16(1)75 %,
+,, =, +3.1% +2.8% +3.4%
prpTpt T | 2.973(1) 7 15 | 4.255(1) 755y, | 4.90(1) T,
R R .89 5
ete T |6.179(1)7% 1% | 8.822(1) 2 5% | 10.15(2) 335
o = . e H—
s wio—] o= 5 oe B —
§ % LHC @8 Tev g 02 LHC@aTev s LHC@aTev
o4 NNPDF3.0 £ ot NNPDF3.0 3 o3 NNPDF3.0
3 o2 T g o1 H
£ 16l ] £ 1l ] 1 [S&] £ of [ |
B ik e e s R B R e B = e el
ER 1 . | 2w —_— ]
100 200 EL E 600 700 800 2 4 100 120 140 08, 05 15 2 25
m(zz) [GeV] prilep) [GeV] 89(Z.2)

@ m(ZZ) and plTep distributions: NNLO effect on shapes dominated by gg contribution,
no significant NNLO impact on the data agreement.
@ A¢(ZZ) distribution: Shape agreement improves at NNLO (A¢(ZZ) = 7 at LO).
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Numerical results at NNLO QCD NNLO QCD results for pp (— ZZ) — 4£ + X

Remaining QCD uncertainty expected to be dominated by gg-fusion contribution:

@ Two-loop amplitudes for gg— V'V’ are available from two independent calculations.
[Caola, Henn, Melnikov, Smirnov, Smirnov (2015); von Manteuffel, Tancredi (2015)]

@ Recently, (part of) the NLO QCD corrections to gg— 7Z7/W*W ™ were calculated.

[Caola, Melnikov, Réntsch, Tancredi (2015 & 2015)]

(NLO wrt. gg-fusion process, but N3LO wrt. qq annihilation process)
Impact wrt. NLO QCD qq prediction (setup of the NNLO QCD calculation):
ZZ: = +6% (+12% — +18%) WW: =~ 4+2% (+9% — +11%) (/s =8TeV)

NLO EW corrections are known (at least in approximations).

[Baglio, Ninh, Weber (2013)]; [Bierweiler, Kasprzik, Kiihn (2013)]; Billoni, Dittmaier, Jager, Speckner (2013);
[Biedermann, Denner, Dittmaier, Hofer, Jager (2016)], [Biedermann, Billoni, Denner, Dittmaier, Hofer, Jager, Salfelder (2016)]

Corrections wrt. the inclusive (LO) cross section:

ZZ: inro ew =~ —4% WW: éxLo ew =~ —0.4% (vs=8TeV)

0Lo vy ~ +1%
WZ: 5NLO EW ~ —1.3% ’W °

@ Typical tens of per cent corrections at high transverse momenta.

Both NLO QCD to gg and NLO EW corrections can be quantitatively relevant,
also at the level of inclusive cross sections, but happen to partially cancel.

Stefan Kallweit (J
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Conclusions & Outlook

Conclusions

MATRIX — an automated framework to perform fully differential NNLO (+NNLL) QCD
computations for colourless final-state production — introduced, which is based on

@ the MUNICH Monte Carlo integrator,
@ the gr subtraction (+resummation) method,
@ OPENLOOPS and dedicated 2-loop amplitudes.

NNLO QCD results calculated in the MATRIX framework
Q
@ Inclusive and fully differential results for pp (— ZZ) — 4¢ + X
o NNLO/NLO (inclusive): 12% to 17% (7 TeV to 14 TeV) (=~ 60% from gg).
@ Inclusive and fully differential cross sections for pp (— WTW™) — 2020 + X

o NNLO/NLO (inclusive): 9% to 12% (7 TeV to 14 TeV) (= 35% from gg).
o Different situation with jet-veto: gg dominates, qg slightly negative.

o Inclusive cross sections for pp — W*Z (—3w)+X
o NNLO/NLO (inclusive): 8% to 11% (7 TeV to 14 TeV).

< Improved agreement between data and theory by NNLO prediction.

Stefan Kallweit (JGU) VV production at NNLO QCD | EHCP2016, June 15, 2016



Conclusions & Outlook

@ More phenomenological studies on VV processes

9 Planned extensions of the framework

o Combination with NLO EW corrections (available in MUNICH+OPENLOOPS).

@ Implementation of
gg-induced processes
(leading N*LO).

o Simultaneous studies on

pdf uncertainties, ...
Version: 1.0.0.betal June 2016

Munich -- the MUlti-chaNnel Integrator at swiss (CH) precision --
Automates qT-subtraction and Resummation to Integrate X-sections

@ First step done:
Private beta version of
the program
for selected ATLAS/CMS
colleagues

\
/

/

. Grazzini (grazzini@physik.uzh.ch)

. Kallweit (kallweit@uni-mainz.de)

Rathlev (rathlev@physik.uzh.ch)
i (mari hysik.uzh.ch

@ Next step: )

Public version of
the program
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from various people and groups. Please acknowledge their efforts
| by citing the list of references which is created with every run.
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Backup  Technical details on the NNLO QCD calculation

External ingredients: amplitudes applied in the calculation

1-loop amplitudes with OPENLOOPS [cascioli, Maierhsfer, Pozzorini (2011); Cascioli, Lindert, Maierhéfer, Pozzorini (2014)]
o All tree and (squared) one-loop amplitudes (including colour/helicity correlations)

o Fully automated compact and fast numerical code for any SM process (QCD+EW)

@ Tensor reduction by means of the COLLIER library [penner, Dittmaier, Hofer (2014)]
o Numerically stable Denner-Dittmaier reduction methods [penner, Dittmaier (2002 & 2005)]
o Scalar integrals with complex masses [penner, Dittmaier (2010)]

@ Rescue system based on quad-precision CUTTOOLS [0ssol, Papadopoulos, Pittau (2008)]
o Scalar integrals from ONELOOP [van Hameren, Papadopoulos, Pittau (2009); van Hameren (2010)]

2-loop amplitudes from analytic results
@ Drell-Yan-like amplitudes from [matsuura, van der Marck, van Neerven (1989)]

o V"y helicity amplitudes from  [Gehrmann, Tancredi (2011)] , using TDHPL [Gehrmann, Remiddi (2001)]

@ On-shell VV amplitudes from private code [von Manteuffel, Tancredi (2014)] , using GINAC

(apphed in [Cascioli et al. (2014); Gehrmann et al. (2014); Grazzini, SK, Rathlev, Wiesemann (2015)] )

@ Off-shell he|ICIty VVI amp|itudes from VVamp [Gehrmann, von Manteuffel, Tancredi (2015)] ,
using GINAC  [Bauer, Frink, Kreckel (2002); Vollinga, Weinzierl (2005)]
(independent calculation by (cacla, Henn, Melnikov, Smirmov, Smirmov (2014)] )

Stefan Kallweit (JGU) VV production at NNLO QCD | EHCP2016, June 15, 2016



Backup  Technical details on the NNLO QCD calculation

|dea of the gr subtraction method for (N)NLO cross sections

Consider the production of a colourless final state F via qq — F or gg — F:

N)NLO (N)LO
do! ’ = do
F 4770 F+Jet ’

where gr refers to the transverse momentum of the colourless system F. [catani, Grazzini (2007)]

da(FN)NLO is singular for gr — 0, but the limiting behaviour is known from

0 .
ar transverse-momentum resummation. [Bozzi, Catani, de Florian, Grazzini (2006)]

@ Define a universal counterterm X with the complementary g+ — 0 behaviour,

do®T = $(gr/Q) ® do™©, where Q is the invariant mass of the colourless system F.

@ Add the gt = 0 piece with the hard—virtual coefficient # r, which is derived from the
1-(2-)loop amplitudes at (N)NLO, and also compensates for the subtraction of .

< Full result for (N)NLO cross section

do-{,N)NLO _ H;N)NLO ®do_LO + [do'gi?;? _ y(NMNLO ®dO_LO]
cuth—)O

Stefan Kallweit (JGU) VV production at NNLO QCD | EHCP2016, June 15, 2016



Backup  Technical details on the NNLO QCD calculation

Ingredients of the gt subtraction method

do_%N)NLO _ ﬂ;N)NLO ®do_LO + [ddg\i?;? _ y(NNLO ®do_LO]
cutgp. —0
@ The hard-virtual coefficient Hg,
2
He = 1+ (Z)HO 4 (B WO+,
™ ™

~~

tree-level contains (finite) contains (finite)
amplitude 1-loop amplitude 2-loop amplitude

is known up to 2-loop order by means of a process-independent extraction procedure,
starting from the all-order virtual amplitude of the specific process.
[Catani, Cieri, de Florian, Ferrera, Grazzini (2013)]

9 The counterterm X (q7/Q),

Sar/Q) = (F)=@r/Q)+(

is universal (differs for q@ — F and gg — F, trivial process dependence),
and the coefficients are known (up to 2-loop order). [Bozi, Catani, de Fiorian, Grazzini (2006)]

@ The real-emission contribution do-FN_,I,jigt can be treated by any local NLO subtraction

technique, e.g. by conventional dipole subtraction. [catani, seymour (1993)]

as
™

)22(2)(qT/Q) + ey

Stefan Kallweit (JGU) VV production at NNLO QCD | EHCP2016, June 15, 2016



Backup  Technical details on the NNLO QCD calculation

Realized within the fully automated NLO (QCD+EW) Monte Carlo framework
MUNICH (MUlIti-chaNnel Integrator at Swiss (CH) precision) s«

9 Applicable for arbitrary Standard Model processes (including partonic bookkeeping).

@ Phase-space integration by highly efficient multi-channel Monte Carlo techniques
< Additional MC channels based on dipole kinematics constructed at runtime.

@ OPENLOOPS interface, automatized implementation of dipole subtraction, etc.

@ Simultaneous calculation for different scale choices and variations.

Extension to automated (qr subtraction) NNLO QCD framework (Grazzini, s, Rathiev]
@ Process-independent construction of cut,, /,-dependent counterterms y (12,

@ Process-independent extraction procedure for hard coefficients H2),

@ Importance sampling performed on top of multi-channel approach
— improved efficiency and reliability in particular for low cut, ., values.

@ Simultaneous evaluation of observables for different values of the regulator cut,, /4
< allows for monitoring of cut,, . ,, and for extrapolation cut,, ,, — 0.

Stefan Kallweit (JGU) VV production at NNLO QCD 20 /20



Backup  Technical details on the NNLO QCD calculation

NLO QCD cross section via dipole subtraction

Schematic formula for the NLO cross section with dipoles [catani, seymour (1993)]

1

SN0 — / dJR+/ dav—i— /dz/ do® —/ daA—l—/ daA,
m+1 m 0 m m+1 m+1
—_—— Y\

real virtl.::_al collinear-tsurlétraction

corrections corrections counterterm

dO’A = Z dO'B ® dVdipole
dipoles
= / [daR — daA] = do"h
m+1 e=0

+ / [dav + > dof® Vdipole(l)] = so VA

m dipoles =0
1

+ / dz / [d0€ + 3" / d0°(2) @ [dVaipore(2)], ] = §oCA

0 m dipoles 1 =0

dvdipole(z) = [dvdipole(z)]+ + dVdipole(l)(s(l - Z)

< Local subtraction terms (Catani—Seymour dipole terms) allow for mediation of
infrared (soft and collinear) divergences between the different phase spaces.

Stefan Kallweit (JGU) VV production at NNLO QCD | EHCP2016, June 15, 2016



Backup  Technical details on the NNLO QCD calculation

NLO QCD cross section via gr subtraction

Schematic formula for the NLO cross section via gt subtraction [catani, Grazzini (2007)]

1
daR+/ dav—l—/dz/dac
m+1 m 0 m

real virtual collinear

R
/ do
m+1 ar/q > cutgr /g

+ / do”
m+1

approximated by results known
from gT resummation

R
~ / do
m+1

~ 9 [T 4(gr/a) £ (ar/a) @ oro

Cuth/q

NL
§oNLO

= finite, but depends on cutq, /4

1
+/dav+/dz/dac
m 0 m

identified with corresponding terms
in g resummation

ar/a < cuty

@ no cut,,./q dependence,

+ %'HF(I) ® oLo

91/4 > Sutyr /g 9 contains (finite) 1-loop part.

@ cancels cut,,./, dependence,

9 assigned to Born phase-space.

VV production at NNLO QCD | EHCP2016, June 15, 2016



Backup  Technical details on the NNLO QCD calculation

Schematic formula for the NNLO cross section

1
NNLO RR RV RC

do = do™ + / do™’ + / dz do

m+2 m+1 0 m+1

———
double-real real-virtual real—collinear
NLO at gr # 0 calculable via NLO subtraction,
= OF4jet

but divergent for gr — 0 = cut,, /4

1 1 1
+ / do"V +/dz/ dUVC+/d21/d22/ do¢¢
m 0 m 0 0 m

——

double-virtual virtual—collinear double-collinear

NLO
=  OF+jet

qr/q > cutgr /g

1 1 1
NLO 4% vC cc
+ OFijet +/ do +/dz/ do —i—/dzl/dzz/ do
qr/q < cutg /g m 0 m 0 0 m
approximated by results known identifief:l with correspon'ding terms
from qT resummation in g resummation

Stefan Kallweit ( VV production at NNLO QCD



Backup  Technical details on the NNLO QCD calculation

NNLO QCD cross section via gr subtraction

Schematic formula for the NNLO cross section

6O_NNLO — [/ dURRA+/ dO'RVA—F/le/ dO'RCA:|
m+2 m+1 0 Jmn

_ _NLO
= OF{jet

ar/q > cutgr /g

= finite, but depends on cut, /4
qr/q > cutgr /q

@ cancels cut,,./, dependence,

(=) [stmiazs o
(= (gr/q9) = (qr/q) @ oo { @ contains (finite) 1-loop part,

ut,
/4 @ assigned to Born phase-space.

2 @ no cut dependence,
+(£) HP @ oro _qT/q, .
™ @ contains (finite) 2-loop part.
All relevant ingredients from g1 resummation (HF", £()(qr/q) for i < 2) are known.

— Direct implementation into a Monte Carlo integrator feasible.

Stefan Kallweit (JGU) VV production at NNLO QCD | EHCP2016, June 15, 2016



Backup | pp(— V) — £8v/

NNLO QCD results for pp (— V) — by /vvy/lvy + X

pp (= Zvy) = ¢ (v + X
pp (= Zv) — w v + X
pp (— WHy) — ¢F vy v + X
pp (& W) = 00 o v + X

Stefan Kallweit (JGU) VV production at NNLO QCD | EHCP2016, June 15, 2016



Backup  pp(— Vv) — L4y /Lvy/vvy + X

Setup for pp (— Z7y) — iy + X

Setup adapted to the ATLAS analysis @ 7 TeV LO diagrams
[ATLAS collaboration (2013)]
a ¥
Leptons p,‘f > 25 GeV 4 /:\/ ot
[n’| < 2.47 a %/ I
Photon  pJ. > 15GeV (soft p}. cut) or pj. > 40 GeV (hard p]. cut) a %/ o~
In7] < 2.37 . p=
Frixione isolation with e4 = 0.5, R=0.4,n=1 q ~
Jets anti-kr algorithm with D = 0.4
it > 30 GeV a " g
|it| < 4.4 " o
¥
Njet > 0 (inclusive) or Njo; = 0 (exclusive) a o
Separation myp > 40 GeV q - y
AR(L,v) > 0.7 -
AR(0/7,jet) > 0.3 G S "

Stefan Kallweit (JGU) VV production at NNLO QCD | EHCP2016, June 15, 2016



Backup  pp(— Vv) — L4y /Lvy/vvy + X

Setup for pp (— Wr) — vy + X

Setup adapted to the ATLAS analysis @ 7 TeV

[ATLAS collaboration (2013)]

Lepton p% > 25 GeV
In| < 2.47
Neutrino P4 > 35GeV

Photon p > 15 GeV (soft pJ. cut) or pl. > 40 GeV (hard pJ. cut)
[n7| < 2.37
Frixione isolation with ey = 0.5, R=0.4, n=1

Jets anti-kr algorithm with D = 0.4
it > 30 GeV
|piet| < 4.4
Njet > 0 (inclusive) or Nje; = 0 (exclusive)

Separation AR(L,v) > 0.7
AR(¢/v,jet) > 0.3

Stefan Kallweit (JGU) VV production at NNLO QCD | EHCP2016, June 15, 2016
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Backup  pp (— Vv) — L4~ /Lvy

Setup for pp (— Z7y) — vvy + X

Setup adapted to the ATLAS analysis @ 7 TeV LO diagrams

[ATLAS collaboration (2013)]

q ¥
Neutrinos plf’7 > 90 GeV qI :; 7
q Z vy

Photon pg > 100 GeV
In7] < 2.37 q 7 7
Frixione isolation with ey =05, R=0.4, n=1 q § vy
Jets > 30 GeV 4 U
[pet| < 4.4

Njet > 0 (inclusive) or Nje; = 0 (exclusive)

Separation AR(y,jet) > 0.3

Stefan Kallweit (JGU) VV production at NNLO QCD | EHCP2016, June 15, 2016



Backup  pp(— Vv) — L4y /Lvy/vvy + X

Photon isolation

Two contributions to photon production
@ Direct production in the hard process,

@ Non-perturbative fragmentation of a hard parton.

Different approaches to define isolated photons

@ Naive ansatz: forbid any partons inside a fixed cone around the photon.
< Not infrared safe beyond LO QCD as soft gluons inside the cone are forbidden.

9 Hard cone isolation (experimentally preferred)

Z Ehad,T((s/) S E'YE'y,T’ 6i’Y = \/(77' - 777)2 + (¢' - ¢’Y)2

8 <8

— Only infrared safe if combined with fragmentation contribution
(due to quark—photon collinear singularity).

@ Smooth cone isolation [rixione (1998)]

Z Ehaa,T(8) < eyEyr (LOS(&)> vV §<do

= 1 — cos(do)

— Smooth cone isolation eliminates fragmentation contribution completely.

Stefan Kallweit (JGU) VV production at NNLO QCD | EHCP2016, June 15, 2016



Backup  pp(— V) — €y /lvy/vvy + X

Setup adapted to the ATLAS analysis @ 7 TeV [atias collaboration (2013)]

ONLO ONNLO

process | pF .u¢ | Niet | oro [pb] onLo [pb] | onnLo [pb] oaTLAS [pb] —_—

5 oLO ONLO

L 4.2% 11.3% +0.02 stat% o o

Z~ >0 1.222142% | 1300 113% | 73] +0011 (syst) | +50%|  +8%
o f 0.8149 +8:0% 5-3% 2.3% +0.05 (lumi)

T of | 103127 | 10s0+07% | 105 £0% (a0 | 427 | +3%

= : —4.3% : —1.4% Y Xo.oa l&,mi) ° °

hard | >0 |0.0736 ¥34% | 0.1320 % 2% | 0.1543 %1% +79% | +17%

o o, +0.013 (stat

Z~ >0 0.1237 %1% | 0.1380 2% |0.133 £0:00 [oyer) | +57% | +12%
0.0788 +0-3% 31% 2.3% F0.005 (lumi)

— vry : —0.9% o o 0,010 (star) . .

=0 0.0881 "% 10.0866 155 10.116 £o.013 fever) | +12% | —2%

16.8% 14.1% +0.03 stat% o o

Wo >0 2.058 10.8% | 2.453141% | 77 £0333 (syst) |+136% | +19%
¢ £ 0.8726 +6:8% 6.8% 4.1% +0.14 (lumi)

TR o | 1305+52% | 1403717 | 176 $05 (va) 60% 7%
_ 2% | 1 7% ' 03 fstat

) —5.8% —2.7% +0.08 lsgmi) +60% 77

hard | >0 [0.1158 %%% | 0.3950 %% | 0.4971 5% +242% | +26%

@ Loop-induced gg contributions in Zv turn out to be very small (< 15% of NNLO).

@ Larger K factors in W+ than in Zv can be explained by breaking of radiation zero.

@ Larger K factors in hard than in soft setups due to implicit phase-space restrictions.

Stefan Kallweit

)
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Backup | pp (— y) = e~ /lvy/vvy + X

p+ distributions for pp (— Zv/W~) — 0l /lvy + X

pp (—Zy) > v +X " oty | WO
B VSSTTV 5 1 atas
% Niee 20 Z
Njet > 0 (|eft) %fm»‘ ':g
Njet =0 (I‘Ight) el
Bl gk & I [P H
H H
Sog i E H
0 20 50 100 200 500 1000 o 20 50 100 200 500 1000
o 16) »7 Gev]

pp (W) > vy + X ot w ‘ ot
g0 Niet 20 - L N =0

Njet > 0 (left) S S .

Njet = 0 (right) ] ) S ——— o

t” { { El.B
ity } Pty ® i
#f [GeV] 7 [GeV]

@ Agreement between data and theory is significantly improved when including
NNLO corrections as compared to NLO prediction, in particular without jet veto.

@ No NLO EW corrections included, which become large and negative for higher pr's.
[Denner, Dittmaier, Hecht, Pasold (2014 & 2015)]
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Backup | pp(— V.

) = €8~ /bvy /vy + X

ransverse mass distributions for pp — (v /lvy + X

PP (— Zv) = vy +X

Distribution in the invariant mass mye,

sy
VE=TTeV

0 oy o
Vs =T TeV NLO
10 P} > 40 GeV | — NNLO

- p7 > 15 GeV.
£
3
5
"
St H
H H g

Tooa00 500 To00

] ot tn T te w0 e % w0 T 10 Te i o
@ Implicit LO phase-space restrictions: myg, 266 GeV (soft) vs. mys, ~97 GeV (hard)
¢
pp (— Wv) = vy + X Distribution in the transverse mass my’”
e | ) i LR |
X,i;“v 15 A 10 27 =0 Gev [ g

.
214 3 1.4f 214
H i i
ERY L SH— 1 1
o o o

9 Implicit LO phase-space restrictions: mT"7~75 GeV (soft) vs. m"” ~100 GeV (hard)

Stefan Kallweit (JGU)

VV production at NNLO QCD

LHCP2016, June 15, 2016




Backup

pp(— Vv) = L~ /lvy/vvy + X

Comparison between Z~ and W+ results

Considerably larger K factors in W~ than in Z~

p = vy
VE =7 TeV
no FSR

Lo
— NLO
— NNLO

process  pyj Niet IONLO  ONNLO .
T,cut je oLo oNLO g
z 50% 8%
8l soft Niey >0 +507% +8%
Wry +136%  +19%
3
4 27% 3% <
Y soft Niet = 0 +27% +3% i
Wy +60% +7%
z 79% 17%
v hard Niey >0 +79% +17%
Wy +242%  +26%

Explanation: Breaking of radiation zero beyond LO

@ ud/di — W*~ amplitudes vanish at

€0s Oqy,cMs = F1/3.  [Mikaelian/Samuel/Sahdev (1979)]

@ Radiation zero leads to a dip at Ayy, =0 in iR

pp collisions.  [Baur/Errede/Landsberg (1994)]

dofda,, ]

=Ly
Vs =T TeV
no FSR

Lo
- NLO
— NNLO

< Dip filled by higher-order corrections.

Stefan Kallweit (JGU)

VV production at NNLO QCD
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Backup

pp (— V

¥) — £e~ /Llvy /vy

Numerical stability and dependence on cutg, /4

/o580 — 11%]

/oo

gr subtraction at NLO

PP — ¢ Uy + X @T TV pry > 15 GV

s
INLO

—— afio(r)

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
7= ity 7]

pp—etuy +X @ TTeV pr, > 15 GeV

= oliolr) ~oiig.
" Tomsn) ~ ONLO
oy (1
e on(r)

R o S

++
oy
.
*+++++++++++++++++++

jSssssusssssnsaassssssnasssassannsnnssasssasssssany

. W++«+«++W+M+M++H+W++HM++«
+++

4+

+

0.1 0.2 0.3 0.4 0.5
7 = ety %]

VV production at NNLO QCD

+3.5

gt subtraction at NNLO

Pp— Uy +X QT TeV pr, > 15 GeV

+3
+2.5

a/axnro — 1[%]

INNLO 4
—— ofio(r)

a/onxLo
<

LHCP201

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
7= ety %]

PP = ¢y + X @ T TV pr, > 15 GeV

o —— ofiuo(r) ~ oxnio
" TBomiNLO4H® ~ INNLO
+ —— o (r
++ —+— orva(r)
oy —— oR,;AEr;
iy —+— ORRA("
J0Sssecesere TTTII
s S
h +++++++++++++++++++++++¢++++++++++++
TR
4+t
¥
¥
+
.
0 0.1 0.2 0.3 04 0.5

7 = ety (%)
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Backup pp - WZ(— 34v) + X

NNLO QCD results for pp (— W*Z) — 3v + X

pp - W™ Z +

pp > W Z + X
pp (= WYZ) — ¢ ¢+ 0% vy + X
pp (— WZ) - ¢~ 0~ (v op + X
pp (= W'Z) — ¢ ¢ ¢+ v + X
pp (= W2) - ¢~ ¢ ¢t pp + X

Stefan Kallweit (JGU) VV production at NNLO QCD | EHCP2016, June 15, 2016



ckup

Pp —

w

Z(—

Lv) + 3

Dependence on cutg, /q — inclusive ATLAS @ 8TeV

+0.10
+0.08
+0.06
+0.04
+0.02

ol

—0.02
—0.04
—0.06
—0.08
—0.10

gr subtraction at NLO

/080 — 11%]

e~ p~e*y, (inclusive ATLAS) @ 8 TeV

0 01 02 03 04 05 06 07 08 09 10

7 = cutyy /o[ %)]
a/ofo — 1[%] e~ p ey, (inclusive ATLAS) @ 8 TeV
3 —— offio(r) — oo
4% oy — OKio
- —— oygm(r)

—— og(r)

0 01 02 03 04 05 06 07 08 09 10

T = Gttty /q[%)]

VV production at NNLO QC!

o/onnro — 1%]

gT subtraction at NNLO
e~ p~ey, (inclusive ATLAS) @ 8 TeV

— ONNLO
—— ofwo(r)

0

o /onnro — 11%]

01 02 03 04 05 06 07 08 09

T = clityy /g %]

1.0

e~ p~e*y, (inclusive ATLAS) @ 8 TeV

g1
b —— ofikro(r) — onnLo
. " OBom4NLO4+H® ~ ONNLO
+ —— oge(r)

—+— opva(r)
—+— oroa(r)
—+— ogra(T)

04 05 06
7 = Ctttgy /(%]

02 03 07 08 09 10
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Backup pp(— WTW ) — 2020 + X

NNLO QCD results for pp (— WTW™) — 2020 + X

pp - W W- + X

pp (—  WIW7) — ¢ 0w b + X
pp (— WW=/ZZ) — ¢ (T v v + X

Stefan Kallweit (JGU) VV production at NNLO QCD | EHCP2016, June 15, 2016



Backup | pp(— WTW )

Definition of top-contamination free WW cross section

@ Non-trivial in 5FNS (massless b's — WW and WWhb connected by IR structure)
o Single-top production enters at NLO.

g b g ¢ b
b et et
Jdow Ve o1 Wt Ve
vy Vu
b W- I b W— I

o Top-pair production enters at NNLO.
g oo b g b
b ;\/V\V/\_,\.< 7 %% +
_ W+
t # t

b w+ Ve . ,‘6666'

g toooe—>—— b

T\GFCD

1
T =

< Huge “higher-order corrections” result from top-resonance contamination in 5FNS
(cross-section enhancement of 30%/400% at NLO/NNLO for /s = 8 TeV).

o Straightforward in 4FNS (massive b's — WWhb finite and can be split off)

Stefan Kallweit (JGU) VV production at NNLO QCD | EHCP2016, June 15, 2016



Backup pp(— WTW ) — 2020 + X

Extrapolation in top width to isolate WW contributions

't-dependence of NNLO cross section can be used to isolate the different processes
@ Exploit the 'y dependence of the genuine WW, tW, and tt contributions,

oww 1, Utwo(l/rt, o’tgocl/r2,

and treat ['¢ as technical parameter to approach the 'y — 0 limit.

- Parabolic fit of the (I'y/I?™*)2-rescaled cross section delivers oww, oiw, 0.

oNNLO [pb]
290
280
270
260
250
240
230
220
210
200
0

L pp — WHW~+X @ 8 TeV

0 0.2 0.4 0.6 0.8 1

Ty /F{Jhys

Stefan Kal VV production at NNLO QCD | EHCP2016, June 15, 2016



Backup pp(— WTW ) — 2020 + X

Comparison between 4FNS and 5FNS WW cross sections

otan[pb] oww|[pb
500 F —— NNLO pp— WHW-+X @8TeV | 64 F —— NNLO pp— WHW-+X @ 8TeV -
o 4] e NLO
Y - Lo
60 |
58 F
I AT TR
o« AR A A
Il \H‘HHI il I 1l
= (I M TTwi

1E |ofiNS/otFNS —q N PR ——
107" ot b
wef e o \ .........
103 : ‘ v - ‘
1 10 10? 103 1 m - 3
P‘{‘e,tbojet [GeV] p¥e§gﬂ CeV]

@ About 15% of enhancement remain at NNLO for “physical” p%ef;;et ~ 30 GeV.
@ The limit p%‘fif}et — 0GeV cannot be directly accessed (Infrared divergent in 5FNS).

veto

@ Extrapolation gives ~ 1-2% agreement between 4FNS and 5FNS for py7y}., — oo.

Stefan Kallweit (JGU) VV production at NNLO QCD | EHCP2016, June 15, 2016



ckup

pp (—

Dependence on cutg, /q — inclusive @ 8

gr subtraction at NLO

010 /780~ 11%)

ety (inclusive) @ 8 TeV

+0.08
+0.06
+0.04
+0.02

—0.02
—0.04
—0.06
—0.08
—0.10

0 01 02 03

/080 — 11%]

04 05 06 07 08 09 10
7 = cutyy g %)]

e~ pt v, (inclusive) @ 8 TeV

+5 5
+4 1

+3
+2
+1 T

—— offio(r) — oo

cs
IBorm+H™M ~ ONLO

—— oygm(r)

—t+— og(r)

Stefan

02 03

04 05 06 07 08 09 10
T = Gttty /q[%]

VV production at NNLO QC!

gT subtraction at NNLO

o/onnro — 1%]

e~ ity (inclusive) @ 8 TeV

0
—0.40
—0.50 ONNLO
—0.60 —— ofeo(r)
—0.70

0 01 02 03 04 05 06 07 08 09 1.0

o/onnro — 11%]

T = ctyy /g %]

e~ pty,, (inclusive) @ 8 TeV

+14

1%% i —— ofiwo(r) — oxnio

+8 1 " OBom4NLO4H® — ONNLO
+6 |+ —— Oy (r)

— +

713 L —+— orea(r)
—12 —— orra(r)
—14 L L N

0 01 02 03 04 05 06

LHCP2016, June 15, 2016
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ckup | pp (—

Dependence on cutg, /q — Higgs @ 8TeV

gr subtraction at NLO gT subtraction at NNLO
4010 /ot — 1[%] e~ v, (Higgs cuts) @ 8 TeV 40,70 o/onno — 1[%] e~y i, (Higgs cuts) @ 8 TeV
+0.08
+0.06
+0.04
+0.02
0
—0.02
—0.04 .
o0 — oo Z050 o
o —— ofio(r) —0.60 —— ofneo(r)
—0.10 —0.70
0 01 02 03 04 05 06 07 08 09 10 0 01 02 03 04 05 06 07 08 09 10
7 = cutyy [ %)] 7 = ctyy /g %]
7 /oSS — 1[%] e~ pty,v. (Higgs cuts) @ 8 TeV/ 14 a/onnro — 1[%] e~ pty,v, (Higgs cuts) @ 8 TeV/
_tg +++ — Uﬁo(’)—agisbos 1%% t —— ofiwo(r) — oxnio
+4 T OBomtn® ~ ONLO +8F 4 " OBomNLO+H® ~ ONNLO
+3 +6F %, —— oy (r)
+2 +4
+1
0
-1
-2
-3 r
:g —— ogu(r) :lg N —+— opea(r)
6L —— on(r) —12 —— onra(r)
7 b ) 14 b
0 01 02 03 04 05 06 07 08 09 10 0 01 02 03 04 05 06 07 08 09 10
T = Gttty /q[%] T = Ctttgy /(%]
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Backup | pp(— ZZ) — 4¢ + X

NNLO QCD results for pp (— ZZ) — 40 + X

pp > Z Z + X
pp (— 727) — ¢t 0t + X
pp (— Z27) — ¢t - 1+ X
pp (— 727) — 0~ 7 vy vy + X
pp (— WW~/ZZ) — ¢ (T v, v, + X

Stefan Kallweit (JGU) VV production at NNLO QCD | EHCP2016, June 15, 2016



Backup | pp(— ZZ) — 4¢ + X

Dependence on cutg, /q — inclusive ATLAS @ 8TeV

gr subtraction at NLO gT subtraction at NNLO
4010 /oSt — 1[%] e p~etut (inclusive ATLAS) @ 8 TeV/ 40,70 o/oxnio — 1[%] e pTetpt (inclusive ATLAS) @ 8 TeV
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