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NNLO methods )

Schemes with local cancellation of singularities

# Sector decomposition [Binoth, Heinrich '00 '04]
[Anastasio, Melnikov, Petriello '04]

# Antenna subtraction [Gehrmann-de Ridder, Gehrmann, Glover '05]
# STRIPPER (FKS+sec.dec.) [Czakon 'l0, 'l ]
# Colourful subtraction [Somogyi, Trocsanyi, Del Duca '05, '07]

Schemes that start from F+1ljet process at NLO

# pt subtraction [Catani, Grazzini '07]
# N-jettiness subtraction [Tackmann et al.'l5], [Boughezal, Liu, Petriello '| 5]

# (Born projection method) [Cacciari, Dreyer, Karlberg, Salam, Zanderighi 'l 5]

Marius Wiesemann (CERN) WW production: higher-order corrections February 13,2017 5



NNLO methods )

Schemes with local cancellation of singularities

# Sector decomposition [Binoth, Heinrich '00 '04]
[Anastasio, Melnikov, Petriello '04]

# Antenna subtraction [Gehrmann-de Ridder, Gehrmann, Glover '05]
# STRIPPER (FKS+sec.dec.) [Czakon 10, 'l ]
# Colourful subtraction [Somogyi, Trocsanyi, Del Duca '05, '07]

Schemes that start from F+1ljet process at NLO

# pt subtraction [Catani, Grazzini '07]
# N-jettiness subtraction [Tackmann et al.'l5], [Boughezal, Liu, Petriello '| 5]

# (Born projection method) [Cacciari, Dreyer, Karlberg, Salam, Zanderighi 'l 5]

«$« Two-loop amplitudes required for each process!
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pr subtraction master formula: y

doONNLO = [d

[Catani, Grazzini '07]

F+1jet
ONLO

— 2NNLO ® dO’LO} + HnNLo ® dor,o

Marius Wiesemann (CERN)
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pr subtraction master formula: y

AdONNLO = [dcf ﬁfcl)jet — 2NNLO ® do Lo} + HxnnNLo ® doLo

[Catani, Grazzini '07]

subtraction terms known from resummation:

do et Z9T<<Q> [do_(res)} — Z(pT/Q) 2 dor.o

f.o.

do.(res)
dp2T dy dM d)

: b
Resummation formula: ~ /dbEJo(bPT)S(I% A, B) Hi e, T fNQJ

[Collins, Soper, Sterman '85], [Bozzi, Catani, de Florian, Grazzini '06]
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pr subtraction master formula: y

dONNLO = [d 5&1)‘]61: 2NNLO @ do Lo} + HNNLO @ do1,o

[Catani, Grazzini '07]

subtraction terms known from resummation:

do et pr<LQ [d (res)}f — Z(pT/Q) 2 dor.o

NNLO accuracy consequence of unitarity:

do.(res)
dp? — d In(Q?b*/b3) — In(Q*b? /bz + 1
) do.(res) b
Resummation formula: |25 0m00 / db = Jo(b p1) S(b, A, B) Hny,n iy fNQJ

[Collins, Soper, Sterman '85], [Bozzi, Catani, de Florian, Grazzini '06]
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pr subtraction master formula: y

dONNLO = {dU 5;}1)‘1% — XNNLO ® do1,o0| + HNNLo & doro

[Catani, Grazzini '07]

practical implementation:

# subtraction not local

# both terms in squared brackets separately divergent

# introduce lower cut-off rcyc on dimensionless quantity r = prww/mww

# use very small rcyc value and integrate both terms separately down to r = reye
# assumption: for r < rc. terms cancel (true up to power-suppressed terms)
# to be shown: small residual rc,c dependence as rcye = 0

# numerics forbids arbitrarily small rc. values: use fit towards rcye = 0 limit

Marius Wiesemann (CERN) WW production: higher-order corrections February 13,2017 | 7



WWV fully differential at NNLO

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV 'l 6]
stability of Fcut dependence
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[Grazzini, Kallweit, Rathlevy, MW] (+Sargsyan)

Amplitudes

OpPeENLOOPS Dedicated 2-loop codes
(CoLuier, CutTOols, ...) | (VVampr, GINAC, TDHPL, . .. )

MUNICH
MU N 1 CH

gt subtraction <= ¢r resummation

MATRIX
MUNICH Automates qT Subtraction
and Resummation to Integrate X-sections.




The MATRIX

[wiesemann:--/nunich-http/MATRIX] ./natrix

Dec (LB1G
Aunich == the MUITI=-Chakre Integ-ata- at swiss ([K) precision =-
Aulonales ¢T-sublraclion snd Resummablion v Inlegrale X-seclions

wrarrinn (Erazrini@gphysik
Kallmeil (hallweilfun
D, Rathlev (rathlevwgphysik

N, Wiesersann (marivswlphys

MATRIX 15 basec on 2 nunber ©of different cowputationrs
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by citing the Li1st ©f retererces which 1s Created with every
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4
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The Status

process statu comment

PP Z/Y*(— 6 0) validated analytically + DYNNLO

v
pp—W— L0V v 4 to be validated (with CKM)
pp—H v validated analytically
PP YY v 4 validated with 2yNNLO
pp—ZYy— 00y V4 ‘Grazzini, Kallweit, Rathlev, Torre '13]
pp—~ WY— 2vy w4 Grazzini, Kallweit, Rathlev '1 5]
pp—ZZ v 4 Cascioli et al.'14]
pp—ZZ— 40 V4 Grazzini, Kallweit, Rathlev '1 5]
pp— WW V4 ‘Gehrmann et al.'14]
PP WW—2v v 4 HERE: fully differential
pp—~WZ v 4 [Grazzini, Kallweit, Rathlev, MW 'l 6]
pp—HH V4 [de Florian et al."l 6]
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Theoretical status of WWV production \/

fixed-order:
s NNLO corrections to inclusive [Gehrmann, Grazzini, Kallweit, P. Maierhofer,

von Manteuffel, Pozzorini, Rathlev, Tancredi '14]

and differential cross sections [Grazzini, Kallweit, Pozzorini, Rathlev, MW 'l 6]

# NLO corrections to gg channel
[Caola, Melnikov, Rontsch, Tancredi 'l 5]

# NLO EW corrections
[Biedermann, Billoni, Denner, Dittmaier, Hofer, Jager, Salfelder 'l 6]

resummation:

# NNLO+NNLL pT resummation of WWV pair
[Grazzini, Kallweit, Rathlev, MW 'l 5]

® NNLO+NNLL jet-veto resummation
[Dawson, Jaiswal, Li, Ramani, Zeng '| 6]

Marius Wiesemann (CERN) WW production: higher-order corrections February 13,2017 14



WW pt1 resummation at NNLO+NNLL

[Grazzini, Kallweit, Rathlev, MWV 'l 5]

WW pT spectru

pr(W*W) [fb]

_ ‘ ‘ ‘ ‘ ~ NLL+NLO I |
| NNLL+NNLO
1000F ", RO
S N N S
S WWwestev
=, n”‘,_Q-uR-uF variation
£ 100 ¢ s L e e !
s F T
- [ : . ‘ ?
o 3 3
o siasss
B =
©
= ' ' ' '
=121
Z l 1
e 1r
=0.8 Ba
< 0.6 a i a a a a st
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@)

~/_~"
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WW pt1 resummation at NNLO+NNLL

[Grazzini, Kallweit, Rathlev, MWV 'l 5]

0.8

veto efficiency
o o
EEN ()]

o
)V

ratio to NNLL

—h

N O

WW pr veto cross section

pt veto [GeV]

~/_~"

Marius Wiesemann (CERN) WW production: higher-order corrections February 13,2017

16



WWV tully differential at NNLO y

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV 'l 6]

“ all pp> WW =2V £'V" processes, including:
# double-resonant W decays
% single-resonant Z/y* decays (Pp—=Z/Y* P> WW?*/0VvW - L2v £°V")
# double(single)-resonant pp—=>ZZ/ZYy*—2vev(pp—Z/Y*—£2VvLeV) in SF chan

Dl/ q Dl/ q_ Dl/

'~ '~

v Vi

l—l—

Marius Wiesemann (CERN) WW production: higher-order corrections February 13,2017 17



WWV tully differential at NNLO Y

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV 'l 6]

“ all pp> WW =2V £'V" processes, including:

# double-resonant W decays

% single-resonant Z/y* decays (Pp—Z/Y* > WW?*/0VvW —2v £'V")

# double(single)-resonant pp—=ZZ/ZY*—-2vev(pp—>Z/Y*—£vLeV) in SF chan
# HERE: different-flavour channel pp—=>WW —eve uv, (for simplicity):

# VWWV signal cuts:

my > 10GeV, AR, > 0.1, p?iss > 15 GeV, pﬁiss, rel > 20 GeV
jet veto (anti-kp, R = 0.4, pr; > 25GeV, |y;| < 4.5)
lepton cuts (pr;, > 25GeV, pry, > 20GeV, |y,| < 2.4, |y.| < 1.37 or 1.52 < |y.| < 2.47)

# Higgs background cuts:

10 GeV< my < 55GeV, pry > 30 GeV, A¢y < 1.8, Ady,, > 1/2, priss > 20 GeV
jet veto (anti-ky, R = 0.4, pr; > 25GeV, |y;| < 4.5)
lepton cuts (pr;, > 22GeV, pry, > 10GeV, |y,| < 2.4, |y.| < 1.37 or 1.52 < |y.| < 2.47)

Marius Wiesemann (CERN) WW production: higher-order corrections February 13,2017 | 17



WW fully differential at NNLO y

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV 'l 6]

top-quark contamination

how to avoid tt/Wt contributions in computation:

four-flavour scheme (4FS)

# diagrams with final-state b-quarks finite subgroup (b massive)

# remove top-quark contamination by dropping such diagrams

# default choice in our computation

five-flavour scheme (5FS)

# b-quark contributions not finite (b massless, clustered in jets)

% use resonance structure with respect to top-quark width:

1 1
oc=A +B-—+C

. F_% T
# fit coefficients for different I'; == (': top-subtracted c.s.

# used as cross check (agreement for fiducial rates ~1%)

Marius Wiesemann (CERN) WW production: higher-order corrections February 13,2017 | 18



WWV fully differential at NNLO

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV 'l 6]

inclusive rates fiducial rates (WW cuts
o [fb] 8 TeV 13 TeV 8 TeV 13 TeV
LO | 425.41(4) F28% 778.99 (8) 5T 147.23(2) 1347 233.04(2) 18:6%
NLO | 623.47(6) F3:6% 1205.11(12) F3:9% 153.07(2) 9% 236.19(2) 125%
NLO'+gg | 655.83(8) T55% 1286.81(13) F35% 166.41(3) jgg 267.31(4) j%;zg
NNLO | 690.4(5) +22% 1370.9(11) +25% 164.1 (1) "yaer 261.5(2) o5

'NLO'+gg = NLO+gg BOTH with NNLO PDFs |

== acceptances (WW cuts)

A — O.cuts / O.inclusive 8 TeV 13TeV
LO O.34608(7)f8:§§ 0.29915(6)izj§§
4.4% <270
NLO 024552(5)?4.735 0-19599(4)%%
NLO'+gg 0.25374(7)3;2;3 0.20773(5)11);%2
1.3% .270
NNLO 0.2378(4) *13% 0.1907(3) “ogn




WWV fully differential at NNLO

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV 'l 6]

inclusive rates fiducial rates (WW cuts
o [fb] 8 TeV 13 TeV 8 TeV 13 TeV
LO 425.41(4) 128% ),,47% 778.99 (8) +g;;§§ )+55% 147.23(2) jﬁl‘;g% 233.04(2) j%’g%
NLO | 623.47(6) "3 ) %1205.11(12)+§;§%§) 8%153.07(2) e 236.19(2) 754
NLO'+gg | 655.83(8) T334 = o 1286.81(13) 25704 ™ o 166.41(3) jgg 267.31(4) j%;zg
NNLO | 690.4(5) t§;§§)+5-34 1370.9(11) j§;§§§)+6-54164.1 (1) Toren 261.5(2) T

'NLO'+gg = NLO+gg BOTH with NNLO PDFs |

== acceptances (WW cuts)

A — O.cuts / O.inclusive 8 TeV 13TeV
LO 0.34608(7)f§:§§ 0.29915(6)izj§§
NLO 0.24552(5)1;735 0-19599(4)%;%2
NLO'+gg 0.25374(7)3;2;3 0.20773(5)21));%2
1.3% .270
NNLO 0.2378(4) *13% 0.1907(3) “ogn




WWV fully differential at NNLO

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV 'l 6]

inclusive rates

fiducial rates (WW cuts

o [fb] 8 TeV 13 TeV 8 TeV 13 TeV
8% 7% 70 70
LO | 425.41(4) %g% ),,477 778.99 (8) +§ % )+55% 147.23(2 )2‘; gg +4%  233.04(2) ig EZ +1.3%
NLO | 623.47(6) *50s )+5 5o, 1205 11(12) +39% )+6 0o, 153.07(2) T iz ) 87 236 19(2) 7555 ) 139
NLO'+gg | 655.83(8) T35 1286.81(13) T35 166.41(3) T} 55 * 267.31(4) . o
NNLO | 690.4(5) 2Z2*5:3% 1370.9(11) 25 )+6.5% 164.1 (1) '™ 25’)-'-4% 261.5(2) *1UED-2.2%

' NLO'+gg = NLO+gg BOTH with NNLO PDFs

== acceptances (WW cuts)

A — O.cuts / O.inclusive 8 TeV 13TeV
LO 0.34608(7)f§§§ 0.29915(6)fzj§§
NLO 0.24552(5)%%5 0.19599(4)%1%2
NLO'+gg 0.25374(7)37;3 0.20773(5)21));%2
1.3% 270
NNLO 0.2378(4) *13% 0.1907(3) “ogn




WWV fully differential at NNLO

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV 'l 6]

inclusive rates fiducial rates (WW cuts

o [fb] 8 TeV 13 TeV 8 TeV 13 TeV

LO | 425.41(4) 728% ),,477 778.99 (8) f2T% )+55% 147.23(2) 7398 Y igq0,  233.04(2) T8N L) 39
NLO | 623.47(6) +3:5% )+ ., 1205.11(12) +§$§)+ 4o, 193:07(2) % ) vg 79, 236:19(2 ) t28% ) ‘139
NLO'+gg | 655.83(8) T55% 1286.81(13) F35% °166.41(3) T13% % 267 31(4) 1257 ’
NNLO | 690.4(5) t2'2%)+5-3/> 1370.9(11) j26%)+6-5%164.1 (1)

+1.3% _ <) +1.9% o
1.9% 2.3% ! 08‘7) 4% 261.5(2 12‘7) 2.2%

' NLO'+gg = NLO+gg BOTH with NNLO PDFs |

== acceptances (WW cuts)

A = O.cuts/O.inclusive 8 TeV 13 TeV
LO 0.34608(7) "0 259) +29%  0.29915(6)5% Y 1349
NLO 0.24552(5) 1% () +3.3% 0.19599(4) 1% veo,
NLO'+gg 0.25374(7) T35 " 0.20773(5) 2% ’
NNLO 0.2378(4) jgg;g) -6.3%  0.1907(3) tl2% )-8-2%




WWV fully differential at NNLO

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV 'l 6]

fiducial rates (Higgs cuts)

O fiducial (H — CU.tS) [fb]

O'/UNLO —1

NE 8 TeV 13 TeV 8 TeV 13 TeV
LO 45.923(4) t10% 71164 (7)FI20 | — 4.4% - 2.6%
NLO 48.045(5) H19% 73.085 (6) T2 1% 0 0
NLO' 49.318(7) THT% 75.578(11) FEE | 4 2.7% 4+ 3.4%
NLO'+gg | 53.496(8) T20%  85.231(12) 723% | +11.3%  +16.6%
NNLO | 52.30(4) H16%  82.32(12) *24% | + 8.9%  +12.6%
acceptances (Higgs cuts)
€ = Uﬁducial(H_CUtS>/Uinclusive 6/GNLO —1
NE 8 TeV 13 TeV 8 TeV 13 TeV
LO 0.10795 (2)112%  0.09135 (2)T15% | +40.1%  +50.6%
NLO 0.07706 (2)*33%  0.06065 (1)5%% 0 0
NLO'+gg | 0.08157 (2)T31%  0.06623 (2)T27% | + 5.9%  + 9.2%
NNLO | 0.07575(11)* 2% 0.06005(14)"50% | — 1.7%  — 1.0%




WWV fully differential at NNLO

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV 'l 6]

inclusive (8 TeV)

do/deW [fb/GeV] I e'\)u\‘) (mcluswe)@LHC 8 TeV

i

—
<
LI IIIIIII

B B . EE R T L R R T e I S LT

—

<

N
LI IIIIIII
L1 IIIIIII

produced with MATRIX

LI IIIIII!
Z
—
©

Illllli

— NNLO 1

d’o/do
1.3 |!|N|L|O|!||||!l|||!||||!||||I||||I||||I||||

—h
—
'I’__‘L'_L_.IJ_F:El LI I LI
: —
\. :
! L
BT

100 150 200 250 300 350 400 450 500
nth/KaeV]

do/dpt ww [fo/GeV] ute

4 <
=
—c

V(inclusive) @LHC 8 TeV

I I I I I I I I I I I I I I I I I I I I I g
o LO  ;
................................................................................................ R NLO ....... _§
— NNLO 7
EIE-L." ................................................................................................................ _=
Z‘! ]
2_1 ......................................................................... =
i 3
_3:_1 e =
-
E | | | | I | | | | I | | | | I | | | | I | | | |

dO/dONLO

| | | | I Iﬁﬁlﬁﬁliiliirgf‘f‘l\\I\L.{‘T‘1*{«171 | | | |

Pt ww [GeV]

produced with MATRIX

0.
0 100 200 300 400 500



WWV fully differential at NNLO

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV 'l 6]

WW signal cuts (8 TeV)

dO'/dA(I)” [fb]

100
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HTeVV o(WW-cuts) @LHC 8 TeV
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d ettt LL i
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produced with MATRIX
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WWV fully differential at NNLO

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV 'l 6]

WW signal cuts (left: 8 TeV, right: |3 TeV)

100

K7€V Y o(WW-cuts) @LHC 8 TeV
I I I I I I I I I I I I I

do/dm;, [fb/GeV]
| | | | I | | | |

| |
T LO
__'.. ................................................................ e NLO T
iy - —— NNLO
| | L1 | | =

L1 11 L1 11
produced with MATRIX
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HUTeVV o(WW-cuts) @LHC 13 TeV
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IIIIIE | L1 11111 | L1 1111l
produced with MATRIX
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WWV fully differential at NNLO

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV 'l 6]

Higgs background cuts (13 TeV)

do/dpr,, [fb/GeV] eV Ve (H-cuts) @LHGC 13 TeV do/dAg [fb] eV Ve(H-cuts) @LHGC 13 TeV
! I I I I I I I I I I I

E T | | | T | 60 = | T | T | T | T | | T | T ]
E H 50 — —: H
B g a4 1
107 & < 45 3=
3 o z z >, =
S " - o
C Pk g S 40 -
1 O 2 §_ .......................................................................................... g.'.'.f't.i_l_ 1....; .......................... g g
- '.=,.=!:,,_----|___1 8 35 8
a | T T
10 3 S e e S R :fg) 30 %)
f 19 40
1 0-4 ] ] | ] | ] | ] | ] | ] | o 25 —1 <

0 20 40 60 80 100 120 140 0 02 04 06 0.8 1 12 14 16 1.8
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Including the Higgs in WWWV predictions y

~/ "

proton

antiproton

Current state-of-the-art approach:

# Our computation (setting finite my) allows to consistently include the Higgs at O(O(sz)

# Higher-order corrections to the squared H=>WW(—Ilvv) amplitude with several tools:

» e.g: HNNLO [Catani, Grazzini '07; Grazzini '08; Grazzini, Sargsyan 'l 3]

compute O(0ts’) and O(cs*) contributions (including quark-mass effects)

and incoherently add it full O(xs®) computation

» Missing: interference effects between WW and H2*WW at O(&s’) (doable but not available)

Marius Wiesemann (CERN) WW production: higher-order corrections February 13,2017 | 25



Summary )/

~/ "

VWV transverse-momentum spectrum resummed at NNLO+NNLL

# differential in the born-level phase-space (eg, in the rapidity of the WW pair)

% evident: importance of both perturbative and logarithmic corrections

WWV fully-differential cross section computed at NNLO
% full process: pp—livv

# Includes: all topologies (with W, 2y, H), off-shell effects and spin correlations

== realistic computation of WW cross section in the fiducial volume
% large NNLO corrections to acceptance of the fiducial cross section

# important NNLO effects on shapes of distributions

Outlook

# soonh: public version of MATRIX (a fully-differential NNLO(+NNLL) library)
# NLO QCD corrections to loop-induced gg channel
# NLO EW effects
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Thank You !






matching: FO+resummation

f.o.+1.a.

do/dpH [pb]
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matching: FO+resummation
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WWV fully differential at NNLO

[Grazzini, Kallweit, Pozzorini, Rathlev, MW 'l 6]

stability of rcute= pr/mww dependence
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WWV fully differential at NNLO

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV 'l 6]

inclusive: distributions (8 TeV)
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WWV fully differential at NNLO

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV 'l 6]
WW signal cuts: distributions (8 TeV)
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