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Outline

. Motivation for precision physics

NNLO methods

pT subtraction and resummation
The MATRIX
ZZ and WW at NNLO+NNLL (pt resummation)

NEW: pp—=WW=Ilvv at NNLO (fully differential)
NEW: pp—=WZ+X at NNLO (inclusive)
VERY VERY NEW+Preliminary: pp—=WZ+X (fully differential)
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Introduction

Higgs measurements vector-boson pair measurements

Multiboson Cross Section Measurements  suiws: march 2015 fLdt

ATLAS Simulation Preliminary A e e L S —

4.9 JHEP 01, 086 (2013)

T T T T T T T T
4.6 PRD 87, 112003 (2013)

ATLAS Preliminary
arXiv:1407.1618 [hep-ph]
Run1 +s=7,8TeV 46  PRD87, 112003 (2013)

46 PRD 87, 112003 (2013)
arXiv:1407.1618 [hep-ph]

4.6 PRD 87, 112003 (2013)

X ofid(Wy — tvy)
's = 14 TeV: [Ldt=300 b ; [Ldt=3000 fb” =01
l — [Mjer = 0]

! (Tﬁd(W’}"}' N fV‘}"}’) =611 2 L 20.3 arXiv:1503.03243 [hep-ex

H—oup  (comb.)

(inCI ) — [Mjee = 0] 20.3  arXiv:1503.03243 [hep-ex
' o4 (pp>WV - rqq) 46  JHEP 01,049 (2015)
(ttH'Iike) ofid(WEWHjj) EWK 20.3  PRL 113, 141803 (2014)
] 46  PRD87,112001 (2013)
. EE— 4 4] o PP WW) 20.3  ATLAS-CONF-2014-033
H%TI (VB F'Ilke) w : - (rﬁd(WW—)ee) [njee=0] 46 PRD 87, 112001 (2013)
T e swsssssssssssomse] e - — e (WWopp) [mjee=0]| "~ © 46 PRDG7,112001 (2019)

LHC pp Vs=7TeV

H—»ZZ (comb.)
(VH-like)
(ttH-like)

- o (WW-ep) [nje=0]| "

— M(WWosen) [njec20] |
total( pp—W2Z) .
- of(WZ - evee)

4.6 PRD 87, 112001 (2013)
B heony

Observed 46 arXiv:1407.0573 [hep-ex]
- stat 46 EPIC72 2173 (2012)
stat+syst 13.0  ATLAS-CONF-2013-021

13.0 ATLAS-CONF-2013-021

LHC pp Vs =8TeV 46  JHEP 03,128 (2013)

total
V B F I . k o (pp—22) Theory 20.3  ATLAS-CONF-2013-020
- total 45 arXiv:1403.5657 [hep-ex]
( | e) — oot (pp—ZZ—40) Observed 20.3  arXiv:1403.5657 [hep-ex]
........................................................................ fid - stat 46 JHEP 03, 128 (2013)
—o"Y(ZZ - 4r) stat+syst 20.3  ATLAS-CONF-2013-020

(ggF-like)
H—-WW (comb.)

-ofd(2Z* - 4a¢)
-ofd(zzZ* > tev)

4.6 JHEP 03, 128 (2013)

4.6 JHEP 03, 128 (2013)

02 0.4 06 08 1.0 12 14 16 1.8 20 22 24 2.6

(VBF-like) Mar. 2015 CMS Preliminary
(+1j) 1 1 1 1 | 1 1 1 1 | 1 1 1 1
CMS measurements 7 TeV CMS measurement (stat,stat+sys) +———o—+—i
(+OJ) vs. NLO (o) theory 8 TeV CMS measurement (stat,stat+sys) +———e—+—
H—->Zy (incl.) YY, (NNLO th,) — 1.06 £0.01=0.12 5.0 fb"
—to+— + + -1
H_>YY (Comb_) Wy 1.16 +0.03+0.13 5.0fb
Z .98 +0.01=+0. . B
(VH |Ike) 5 ZY —rtot— 0.98 +0.01+0.05 5.0fb 1
TR ST Y ot 0.98 +0.01+0.05 19.5fb"
(ttH-like) ; §
WW-+WZ ; ; 1.05+0.13+0.15 4.91b
(VBF-like) WW = 111+0.04 0.10 4.9 fb"
(+1)) WW, (NNLO th.) o 1.01+£0.02+0.08 19.4fb"
(+0j) wz ot 1.17 £0.07 £ 0.07 4.9 fb"
wz —_ 1.12+0.03 £ 0.07 19.6 fb™
0 0.2 04 zz = = 0.99 +0.14 = 0.07 4.91fb"
Y4 —_ 1.00 = 0.06 = 0.08 19.6 fb™
. : A
M: total signal strength W/ S S
it oo h/aaloNi7 Production Cross Section Ratio: 0y, / Oypee

# All vector-boson pair processes are on the Les Houches NNLO wishlist 2013

M. Wiesemann  (University of Ziirich) MATRIX: a fully-differential NNLO process library September 9, 2016 | 4
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Higgs measurements vector-boson pair measurements

Multiboson Cross Section Measurements  suiws: march 2015 fLdt
T T T T T

. . . . : : : : : : : [fb—ll Reference
A TLAS SI m U Iatlo n Prel I m I nary a'::x\'}ll)[AR;” )> 0.4] T TR o ATLAS  Preliminary 4.9  JHEP 01,086 (2013)
- ) ) oWy > tvy b ) 48 FEDOT aG
\'s =14 TeV: |Ldt=300 b ; [Ldt=3000 fb" o Runt VE-78TeV | | Lo L
‘ oM(Zy =ty 48 oD Uz
- T —[njer = 0] 46 PRD 87, 112003 (2013)
H%uu (Comb.) ' I ] o4 (Wyy = tvyy) I 20.3  arXiv:1503.03243 [hep-ex
H — [njee = 0] P 203  arXiv:1503.03243 [hep-ex
(lnCI) o-ﬁd(pp—»WV—quq) 46 JHEP 01, 049 (2015)
(ttH_Iike ofid(WEWHjj) EWK 20.3  PRL 113, 141803 (2014)
1(2013)
Hote (VB —
(2013)
H-ZZ § }
( o
( | o 01133)021
v NNLO demanded by continuously =
13)
(9 o
o [ ] [ ) 13
H=WW increasing experimental accurac |
v g EXPp Y y
H—->Zy
H—yy (comb.) Wy S ——— 116 £0.03%0.13 5.01b"
q + + -1
(VH-llke) Zy o+ 098 +0.01+0.05 5.0fb
tH-lik v Zy r—o— 0.98 +0.01+0.05 19.5fb"
( ' €) - WW+WZ = = 1.05+0.13+0.15 4.9 fb"
(VBF-like) s E WW ot 11120.04 £0.10 4.9 fb"
(+1j) Tiassatiiseesessasees WW, (NNLO th.) e 1.01+0.02 +0.08 19.41fb"’
(+0)) P Wz —— 117 £0.07 £0.07 4.9
— Wz ey 112 £0.03 = 0.07 19.6fb"
0 0.2 0.4 7z : = 099 +0.14 0.07 4.9 "
. zz . 1.00 + 0.06 + 0.08 19.6 fb
U: total signal strength AWK ) |
. All | : . D .
http oo ahanloNi7 Production Cross Section Ratio:  G¢y, / Oye,

# All vector-boson pair processes are on the Les Houches NNLO wishlist 2013

M. Wiesemann  (University of Ziirich) MATRIX: a fully-differential NNLO process library September 9, 2016 | 4
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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 '10,"I ]
# Colourful subtraction [Somogyi, Trocsanyi, Del Duca '05, '07]

Schemes that start from F+ljet process at NLO

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

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

M. Wiesemann  (University of Ziirich) MATRIX: a fully-differential NNLO process library September 9, 2016 5
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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 '10,"I ]
# Colourful subtraction [Somogyi, Trocsanyi, Del Duca '05, '07]

Schemes that start from F+ljet process at NLO

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

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

«f+ Two-loop amplitudes required for each process!

M. Wiesemann  (University of Ziirich) MATRIX: a fully-differential NNLO process library September 9, 2016 | 5
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NNLO methods

see talk by Jan Niehues

fully-

local not restricted
automated

Antenna J /

SITRIPPER/ . e
FKS+sec.dec J / ? pp—t t-bar, singletop, pp— H+jets

applications

e'e —2/3jet, ep— 2jet,
pp— H+tjets, pp— Z+jets

Colourful / only €'e / decays x H—b b-bar, €'¢ —2/3jet
. only colorless / pp—H, pp—Z/W, pp—YY,
Sl x (+*massive quarks) (W) pp-zz, ppzWY, PRWW, .
N-jettiness x no massive x pp— H+jets, pp—Z/WHijets,
subtraction quarks BREVL PR ASCItoIcatE s

see talk by Hayk Sargsyan

M. Wiesemann  (University of Ziirich) MATRIX: a fully-differential NNLO process library September 9, 2016 6
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pT subtraction and resummation

— see also talks by |. Mazzitelli and F. Coradeschi

do.(res)
dpZ dy dM d<

b
~2 /db > Jo(bpr) S(b, A, B) Ny, N, Ny szJ

[Collins, Soper, Sterman '85], [Bozzi, Catani, de Florian, Grazzini '06]

singular structure of F+1|jet process (F -- colorless):

doF et ]0T<<Q> [do_(res)} — Z(pT/Q) R do1.o

f.o.

unitarity of pr resummation due to modified logs:

dO.(res)
T2 _ y 272 /72 272 /72
/ DT dPQT dy dM A9 H ® dot,0 (ln(Q b° /bg) — In(Q*b /bo—l—l))

== pT7 subtraction master formula: [Catani, Grazzini '07)

dONNLO = [dUll\?ﬂLéjet — XNNLO ® dopo | + HNnLo @ doLo

—

M. Wiesemann  (University of Ziirich) MATRIX: a fully-differential NNLO process library September 9, 2016 | 7
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pT subtraction and resummation 76 Ut
F+1jet
dONNLO = [dUNLQ — XNNLO ® doro | + HNNLo ® doro

—

practical implementation:

# subtraction not local

# both terms in squared brackets separately divergent

# introduce lower cut-off rc,c on dimensionless quantity r = prww/mww

# use very small re.c value and integrate both terms separately down to r = rey:
% assumption: for r < rc, terms cancel (true up to power-suppressed terms)

# to be shown: small residual rc.« dependence as reye — 0

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

M. Wiesemann  (University of Ziirich) MATRIX: a fully-differential NNLO process library September 9, 2016 | 8
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[Grazzini, Kallweit, Pozzorini, Rathlev, MWV 'l 6]

stability of reut dependence

+0.10 |
+0.08 L
+0.06 L
+0.04 |
+0.02 |
0 [
—0.02 L
—0.04 |
—0.06 |
—0.08 L
—0.10°t

+0.10 |
+0.08 L
+0.06 L
+0.04 |
+0.02 L

—0.02 f
—0.04 |
—0.06 L
—0.08 |
—0.10 ¢t

e v, (inclusive) @ 8 TeV

04 05 06 07 08 09
T = Clty, 4 %)

e"uty,v, (Higgs cuts) @ 8 TeV

03 04 05 06 07 08 0.9
T = cuty, /q[%0]

i o, TT111111111111111111111111111111111111111111111111111111111¥II¥I}¥IIIIIIIIIIIII¥
1] I

03 04 05 06 07 08 09
= CUty, /o]

e"utv,v, (Higgs cuts) @ 8 TeV

100E: TTIIIITTTTIIIIIIIIHIIIIIIIIIIIITIIITIIHIHIIIIIIHIIIIIIIITIIITIIIIHIIIHHI—

HH LTI

0.3 04 05 06 0.7 0.8

r = cuty, /o[ %]

0.9
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The MATRIX team

Tk JERE

o —

Dirk Massimiliano Stefan Marius
"Cypher" "Morpheus" "Neo" "Trinity"
Rathlev Grazzini Kallweit Wiesemann

-
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[Grazzini, Kallweit, Rathley, MW] (+Hanga, Sargsyan)

Amplitudes

OpreENLOOPS Dedicated 2-loop codes
(CoLuieRr, CutTOols, ...) | (VVampr, GINAC, TDHPL, . .. )

MUNICH
MU N 1 CH

gt subtraction <= ¢t resummation

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

process status comment

pp— Z/IY*(=1'1) V4 validated analytically (+ DYNNLO)
pp—>W—1iv V4 to be validated

pp—H / validated analytically

PP—YY V4 validated with 2yNNLO
pp—Zy— {1y w4 Grazzini, Kallweit, Rathlev, Torre '1 3]
pp—=Wy—{vy V4 'Grazzini, Kallweit, Rathlev '1 5]

pp—ZZ V4 Cascioli et al."'[4]

pp—ZZ 41 V4 'Grazzini, Kallweit, Rathlev 'l 5]

pp—~WW V4 ‘Gehrmann et al.'14]
pp~WW-iviv'  f NEW HERE: fully differential

pp—2 WL / NEW HERE: inclusive cross section
pp—HH V4 [de Florian et al.'l6]
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The Status and Plan

|. Closed beta has started!
» PROCESSES: all processes of previous slide
» ACCURACY: NNLO QCD
» CURRENTLY SUPPORTED:
% local running
# cluster running: LSF (Ixplus), SLURM, condor; under validation: PBS
* easy to add new schedulers — which other cluster are required?
#* WHO: already used by selected experimentalists from ATLAS and CMS
2. Public release
“ TIME FRAME: within this year
% further cluster support
3. Plans beyond first release
» enable NNLO+NNLL pt resummation
* add NLO EWV effects to certain processes
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NNLO+NNLL resummation’_: | ziirich
for ZZ and WW [Grazzini, Kallweit, Rathlev, MW '| 5]

pT spectrum of ZZ pair: comparison to data

[CMS "15] [Grazzini, Kallweit, Rathlev, MW '15]
CMS \s=8TeV,L=19.6 fb"
S0~ S L L B B N B 0.8

—e— Unfolded data

Total uncertainty
Y44

— MCFM NLO

5 5 : ~ NNLL+NNLO ——
07 ___:____:1_:____:___; ........ ............ ....... . NLL+NLO ______ .

o6L .| ZZ@BTeV | NLO
o5L . ... ________ ____________ ____________ _______ |

o4 l ........ ............ ____________ ___________ ___________ _
o3
02L '____}____1 ______ ____________ ___________ ___________ __________ .

—
|III|III|

0.8}

N\

N\ AN
\J\\
0.6 ST

1/6 do/dpT(Z2)

0.4}

o1l ___________ _____ ’i .......... - N

0 - T ——e—

oL ........... ............ ........ 1 .......... i
15L ... . TRV S e, I ......... 1 ___________

== - T S { _______ — %

1/044d 0, Jd(ZZ p.) (1/GeV)

0.2

0'...|...|..m‘ L

0 20 40 60 80 100 120 140

iebgloltuloboloflolefolyfoghliehs gyl fohbelefloleholo el

_________

theory/data

RLLRRRR N ARRAR RSN AT ST T ST ST T T : | : :
N A—_—_,, OB L e SO R SRR S
N\ N\ N\ \ N\ N\ - . . . . . =
NS : : : : : : :

Data/MC

NN\ 0 50 40 60 80 100 120 140
REERSE PT{Z2) [fo]

M. Wiesemann  (University of Ziirich) MATRIX: a fully-differential NNLO process library September 9, 2016 | 16



WWV fully differential at NNLO

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

% all pp2> WW v L'V’ processes, including:

# double-resonant W decays

¢ single-resonant Z/y* decays (pp—Z/Y*—=>WW*/lvw-{v{'Vv')

Universitat
Zurich™"

# double(single)-resonant pp—ZZ/Zy*—{viv(pp—=Z/y*—tviv) in equal-flavor channel

U W o Dl / q Dl / Dl /
\‘\‘\/\/\< . - 1=
d A
/o\/m\//+\< ) ) )
U [T q [t [t
q \.\./{/\< N '
l/l / l N
q A
/'/l\f<7\< - I
q [T q
M. Wiesemann  (University of Ziirich) MATRIX: a fully-differential NNLO process library September 9, 2016 17 I
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WWV fully differential at NNLO

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

¢ all pp?> WW VL'V processes, including:
# double-resonant W decays
¢ single-resonant Z/y* decays (pp—Z/Y*—=>WW*/lvw-{v{'Vv')
% double(single)-resonant pp—ZZ/Zy*—{viv(pp— Z/y*—IViV) in equal-flavor channel

@

HERE: different-flavour channel pp—=>WW—ev,. uv, (for simplicity):
# inclusive

“ VWWV signal cuts:
my > 10GeV, ARy > 0.1, pis > 15 GeV, pi™™ > 20GeV
jet veto (anti-kr, 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:

10GeV< my < 55GeV, pry > 30 GeV, A¢y < 1.8, Ay, > /2, ps > 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)

% avoid top contamination: 4FS with all bottom final states removed.

. o e : ~ |9
(checked against top-subtracted 5FS predicion for all fiducial rates up to ~1%) September 9, 2016 |7
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WWV fully differential at NNLO 7iivich’

[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) T28% 778.99 (8) 5T 147.23(2) 3% 233.04(2) 18:5%
NLO | 623.47(6) 135% 1205.11(12) F39% 153.07(2) F19% 236.19(2) t25%
NLO'+gg | 655.83(8) T55% 1286.81(13) 52 166.41(3)f};§§; 267.31(4)3;?%3
NNLO | 690.4(5) *13% 1370.9(11) 555 164.1 (1) "o 261.5(2) Ty 5y

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

== acceptances (WW cuts)

A — O.cuts / O.inclusive 8 TeV 13 TeV
LO O.34608(7)f§§§ 0.29915(6)i§j§§;
NLO 0.24552(5);;7;3 0.19599(4):;7;‘;
. 0 2 0
NLO'+gg 0.25374(7)i§?go 0.20773(5)i§,1§)
1.3% 1.2%
NNLO 0.2378(4) *13% 0.1907(3) “ygy




Universitat
Zurich™"

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% A% 6%
LO | 425.41(4) *38% ) va79, T78.99 (8) 707 ),,55% 147.23(2) "4 233.04(2) *o5%
NLO | 623.47(6) t35% 1205.11(12) 3% 153.07(2) F19% 236.19(2) t25%
/ 2o )+5.2% 2o 40 16.8% 130 +1.5%
NLO'+gg | 655.83(8) +43% 1286.81(13) +48% 166.41(3) fl,gg‘j 267.31(4) —21%
; oo 6% % 1.3% 1.9%
NNLO | 690.4(5) tf;g;)+5-3/ 1370.9(11) j§_§§)+6-5/ 164.1 (1) F gy 261.5(2) *10%

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

== acceptances (WW cuts)

A — O.cuts / O.inclusive 8 TeV 13 TeV
LO O.34608(7)f§§§ 0.29915(6)1&;1%;
NLO 0.24552(5)113753 0.19599(4):;7;‘;
. 0 2 0
NLO'+gg 0.25374(7)i§?go 0-20773(5)f§.1go
1.3% 1.2%
NNLO 0.2378(4) *13% 0.1907(3) “ygy
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WWV fully differential at NNLO 7iivich'

[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)%2%3 )+47% 778.99 (8)25? ),,55% 147.23(2) Egg +40,  233.04(2) :ggg +13%
NLO | 62347(6) 55N 1205.11(12) 31;)% 0o, 153.07(2) 11 ) vg 79, 236:19(2) 55 ) o139
NLO'+gg | 655.83(8) T55% ° 1286.81(13) T574 07 166.41(3) T3 % 267 31(4) 5%

NNLO | 690.4(5) t§;§§)+5-341370.9(11) +26%)+6 5%164.1 (1) T30 2-14% 261.5(2 *135‘)) 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)j§;§§ 029915(6)%;5%;
NLO 0.24552(5);;7;3 0.19599(4)2;7;‘;
. 0 2 0
NLO'+gg 0.25374(7)i§?§) 0-20773(5)1?.1;0
1.3% 1.2%
NNLO 0.2378(4) *13% 0.1907(3) “ygy




WWV fully differential at NNLO

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

Universitat
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inclusive rates fiducial rates (WW cuts)
o [fb) 8 TeV 13 TeV 8 TeV 13 TeV
LO | 425.41(4) F287% ),,47% 778.99 (8) 2T )+55% 147.23(2) P39 N ya0,  233.04(2) TECE N4 39
NLO | 623.47(6) *35% _ 1205.11(12) ¥39% _153.07(2) T15% ,, 236, 19(2) 1257 )
/ 1439 g F2% +48%)+6-8/> +133%) +8.7 +15%) +13%
NLO'+gg | 655.83(8) T437% 1286.81(13) T45% 166.41(3) T15% % 967.31(4 1
NNLO | 690.4(5) j§;§§)+5-341370.9(11) +26%)+6 5%164.1 (1) T15% )-1.4% 261.5(2 +} 350) 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) 1057 ) +299  0.29915(6)108%

NLO 0.24552(5) 1% ) +3.3% 0.19599(4) 4%
NLO'+gg 0.25374(7)35% 0.20773(5) 2%
NNLO 0.2378(4) 500 63%  0.1907(3) iz




WWV fully differential at NNLO
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[Grazzini, Kallweit, Pozzorini, Rathlev, MWV 'l 6]

107
100
10

102

inclusive: distributions

do/dmyyw [fb/GeV]  uev,V(inclusive) @LHC 8 TeV

e,

11 L1 it || 1 L1l 11
produced with MATRIX

mww [GeV]

100 150 200 250 300 350 400 450 500 O'90 100 200 300 400 500

WW cuts: distributions

do/dm [fb/GeV] e vV e (WW-cuts) @LHC 8 TeV
I I I I I I I I I I I I I I I I I I I I I I

1 ()() = ,.f.fﬂ:.”..}:.;; .................... én..”..”..”..”..“..”.é ................. A

10-1 S R ............................ ......... - ............................ .........................

produced with MATRIX

==L T
L= = '!'I,-h

rn”KEeV]



WWV fully differential at NNLO

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

Higgs background cuts: distributions (13 TeV)

do/d

(H-cuts)@LHC 13 TeV

p'|',|1 [fb/GeV]
! I I I

ue v, Ve
I I I

100

120

140

produced with MATRIX

60
55
50
45
40
35

25

1.25
1.2
1.15
1.1
1.05
1
0.95

do/dAdy [fb]

eV, 0 o(H-cuts) @LHC 13 TeV

30 RS

produced with MATRIX

0O 02 04 06 08 1 12 14 16 1

Ady
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WWV fully differential at NNLO

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV 'l 6]
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Higgs cuts: distributions (left: 8 TeV, right: |3 TeV)

do/dAdy vy [fo] 8 TeV

M€V Ve (H-cuts) @LHC
I I I I I I I

HUTe v,V e(H-cuts) @LHG 1
I I I I I I

3 TeV

_|_|_|_|,|1| IIIII|,|,|I IIIII|,|,|I IIIIII|,|,|I IIIII|,|,|I IIIII|,|]I IIIII|,|]I:|_
produced with MATRIX

do/do
103 E | 'NL(? N | | ] =
- ST ~—~ NLO'+gg 5
102 E_ ..... s s SUSUOURURURUN SO OO SO b ............. = _§
B - E ]
101 E_ ............................................................................................................................. — | _g
0 ;-j-:-_:-':z-:fliﬂjﬂ-i:} e i—i—ié—i Rt : e :;,z: N :?: - ---—; 4 RSP S — _;
107 I N R R R R I_g. E S R RN (T N ST T S E

16 18 2 22 24 26 28 3 3.2 16 18 2 22 24 26 28 3 3.2

A(I)II,\)\)

A(I)II,\)\)
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W/Z cross section at NNLO

[Grazzini, Kallweit, Rathlev, MW '1 6]

% first computation of NNLO corrections to WZ
% no loop-induced gg component at NNLO
% access to trilinear gauge coupling — relevance for BSM physics

% in principle: same two-loop amplitudes as for off-shell VWWW
[Gehrmann, von Manteuffel, Tancredi 'l 5]

% HERE: only inclusive cross section (minimal cuts on reconstructed Z mass)

% BUT: computation in principle ready for off-shell WZ with decays
(amplitudes with different-mass vector bosons already in on-shell case)



W/Z cross section at NNLO

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

80

Universitat

Zurich™

T T T T T T T LO I— d’”. N N N
20l on-shel Wz production o Huge radiative corrections due to
60  NNPDF3.0 PDFs | approximate radiation zero
50 - {  [Baur, Han, Ohnemus '94]
e}
S 40+ - ,
> ol / | ® ~63-83% NLO corrections
207 / 1 # ~8-11% NNLO corrections
10 | -
e — MATRIX o(pp — WZ2)
PP 5 S S S S S—— _
% ol &/ ———————| ATASTTeV T eeGev<m@)<116Gev
D - ] -
S 0T 1| oms7Tev T 71 GeV <m(Z) < 111 GeV
= 06+ : : RS SR S S S— © L'_._' © ©
0-5 7 8 9 10 11 12 13 14 ATLAS 8 TeV '_._:_._. 66 GeV <m(Z) <116 GeV
Vs [TeV]
) ) ) CMS 8 TeV T 71 GeV <m(2) <111 GeV
# NNLO corrections nicely improve _——
agreement with data at 7 and 8 TeV CMS 13 TeV IR 60 GeV <m(2) <120 GeV
. —— as quoted by ATLAS
e Sllghtl)’ worse for |3 TeV CMS ATLAS 18 TeV —e— in arXiv:1606.04017
(Iarge uncertainties) —e——  DATANNLO_, NNLO/NNLO
——e—  DATANLO_, pe— Nl_ol/NLoref 1

# NEWV: well agreement with [ATLAS " 6] o507 "5s 08

1

1.2 1.4 1.6 1.8 2
Data/Theory



G [pb]

ratio to NLO
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[Graz Measurement of the W*Z boson pair-production cross section in pp
collisions at Vs = 13 TeV with the ATLAS Detector
80 .
70 - °
60 1 The ATLAS Collaboration
50 |
40 - Abstract
30 |
The production of W*Z events in proton—proton collisions at a centre-of-mass energy of
20 ¢ 13 TeV is measured with the ATLAS detector at the LHC. The collected data correspond to
10 L an integrated luminosity of 3.2 fb~!. The W*Z candidates are reconstructed using leptonic
decays of the gauge bosons into electrons or muons. The measured inclusive cross section
0 : in the detector fiducial region for leptonic decay modes is o{‘;ﬂ e = 63.2 + 3.2(stat.) £ ) — WZ2)
11F 2.6 (sys.) £ 1.5 (lumi.) fb. In comparison, the next-to-leading-order Standard Model predic-
0 ; :I tion is 53. 4+3 6 fb. The extrapolation of the measurement from the fiducial to the total phase 116 GeV
oslL space ylelds “_ = 50.6 + 2.6 (stat.) £ 2.0 (sys.) = 0.9 (th.) + 1.2 (lumi.) pb, in agreement
0.7 with a recent next- to-next- toleadmg ordercculln of 48. 2_' ‘o pb. The cross section as a 111 GeV
8? [ function of jet multiplicity 1s also measured, together with the charge-dependent W*Z and
' 7 W~Z cross sections and their ratio. 116 GeV
111 GeV
* NNL(@reorrections-mcerymprove

vy

agreement with data at 7 and 8 TeV MS13TY NIEVW ol

]

60 GeV <m(Z) <120 GeV

e ]

% slightly worse for |3 TeV CMS ATLAS 13 TeV o

(large uncertainties) —e—  DATANNLO,,

—— DATA/N LO I NLO/N LO

" NEW: We” agreement With [ATLAS |I6] 0 [ 10.121 1 10141 1 10161 1 10181 L1 1 L1 11.121 1 11.141 1 11161 1 11181 1 12

as quoted by ATLAS
in arXiv:1606.04017

NNLO/NNLO

Data/Theory



Measured VWW/Z cross section

[ATLAS
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talk by Gustavo Garzon
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¢ < m > o

1 l L 1 L ] L] L 1 I 1 L L

ATLAS
WZ-ivil
ATLAS Vs=13 TeV (m, 66-116 GeV), 3.2 fb”

ATLAS Vs=8 TeV (m, 66-116 GeV), 20.3 fb™

ATLAS {s=7 TeV (m__ 66-116 GeV), 4.6 fb”
DO Vs=1.96 TeV (m, 60-120 GeV), 8.6 fb™
CDF ys=1.96 TeV (corr. tom,_ 60-120 GeV),

1 l L 1 L l L L 1 l 1 1 L

== MATRIX NNLO, pp—>WZ (m
NNPDF3.0, pn=pF=(mw+mz)/2
=== MCFM NLO, pp—>WZ (mz'"| 66-116 GeV)
CT14nlo, ]J.R=|,1F=mwz/2
Fo" = =MCFM NLO, pp—>WZ (m, 60-120 GeV)
- CT14nlo, pazszmwzlz

] 1 ] I I 1 1 L I ] 1 '

—
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L1

7.1 fb™

|llll|llll

|
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e
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M. Wiesemann

(University of Ziirich)

MATRIX: a fully-differential NNLO process library September 9, 2016 24
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VERY VERY PRELIMINARY

WLZ tully differential at NNLO

[Grazzini, Kallweit, Rathlev, MW]

# various channels:

# different-flavor (DF) channels
pp — M'Vue'e, pp = e'Ve WU (identical for massless fermions)
pp — U'Vue'e, pp = eVe WU (identical for massless fermions)

# same-flavor (SF) channels
pp — €'Vee'e, pp = MU'Vu U*H (identical for massless fermions)

Pp — e€Vee'e, pp — UVuy M'H (identical for massless fermions)

% fiducial phase space (ATLAS 8/13 TeV) for pp = I'vrll (LI' € {e,u})

% Z/W reconstruction: trivial for DF channels; "resonant shape" [arXiv:1603.02151] for SF

for all possible combinations of pairs W=(I'vi) and Z=(I*,I) compute
2 2

1 1
P = 2 X 2

2 _ (..,PDG . -PDG .. PDG 2 _ (..,PDG . -PDG . PDG
M oy (mZ ) +lFZ m., M (mW ) +1FW My,

and identify W and Z bosons by combination with highest estimator value P

M. Wiesemann  (University of Ziirich) MATRIX: a fully-differential NNLO process library September 9, 2016 | 25
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VERY VERY PRELIMINARY

WLZ tully differential at NNLO

[Grazzini, Kallweit, Rathlev, MW]

# various channels:

# different-flavor (DF) channels
pp — M'Vue'e, pp = e'Ve WU (identical for massless fermions)
pp — U'Vue'e, pp = eVe WU (identical for massless fermions)

# same-flavor (SF) channels
pp — €'Vee'e, pp = MU'Vu U*H (identical for massless fermions)

Pp — e€Vee'e, pp — UVuy M'H (identical for massless fermions)

* fiducial phase space (ATLAS 8/13TeV) for pp = I'vrll (II' € {e,p})

“ Z/W reconstruction: trivial for DF channels; "resonant shape" [arXiv:1603.02151] for SF

% Z and WV cuts: mz-10 GeV < m(ll) < mz+10 GeV,
mT(W) = (2 p1(l") pT(Vr) (1-cos AD(I',vr)))*> > 30 GeV,
% |epton cuts: pt(l) > 15 GeV, pr1(l) > 20 GeV, n()<2.5, n(l<2.5,

% |epton isolation: AR(1)>0.2, AR(II>0.3

M. Wiesemann  (University of Ziirich) MATRIX: a fully-differential NNLO process library September 9, 2016 | 25



WLZ tully differential at NNLO

[Grazzini, Kallweit, Rathlev, MW]

LHC@8 TeV

channel oro [fb] onro |fb] onnro |fb] oatras |fb]

prete  18.32(0)12%% 32.76(1)73%% 35.52(2)11 5% 36.3 £ 5.4%(stat) & 2.6%(syst) & 2.2% (lumi)
efptp~  18.32(0)123% 32.76(1)155% 35.52(2)118% 35.7 £ 5.3%(stat) £ 3.7%(syst) £ 2.2%(lumi)
efete™ 18.37(0)123% 32.86(1)155% 35.65(6)118% 38.1 £ 6.2%(stat) £ 4.5% (syst) £ 2.2%(Tumi)
pEptps 18.37(0)F2%% 32.86(1)F55%  35.65(6)11 5% 33.3 £ 4.7%(stat) £ 2.5% (syst) +.2.2% (lumi)
combined 18.35(0)123% 32.82(1)*55% 35.59(4)118% 35.1 £ 2.7%(stat) £ 2:4%(syst) £ 2.2%(lumi)
prete™  11.59(0)722% 20.41(0)733% 22.10(1)F 5% 23:9 4 6.5%(stat) & 2.5%(syst) & 2.2% (lumi)
etptpT  11.59(0)F22% 20.41(0)F53% 22.10(1) 1 5E  19.9 £7:2%(stat) £ 3.5%(syst) £ 2.2%(lumi)
efete™ 11.62(0)722% 20.48(0)158%) 22.18(4) 18% 22.6 £ 8.0%(stat) £ 4.4%(syst) £ 2.2%(lumi)
prptps 11.62(0)722% £20.48(0) 537 ©22.18(4) 11 8% 19.8 £+ 6.0%(stat) & 2.5%(syst) & 2.2% (lumi)
combined _11764(0) 228 20.45(0)"53%  22.14(3)T18%  21.2 + 3.4%(stat) £ 2.3%(syst) =+ 2.2%(lumi)
pTete™ 16.732(1) 240 12.35(0)75 0% 13.42(1)H 5% 12.4 £+ 9.5%(stat) £ 3.1%(syst) % 2.3% (lumi)
e~ptps  6.732(1)124% 12.35(0)15 7% 13.42(1)118% 15.7 £ 7.5%(stat) £ 2.8%(syst) £ 2.3%(lumi)
e"ete”  6.750(1)T21 12.38(0)15 T 13.47(2)118% 15.4 +9.8%(stat) £ 5.0%(syst) £ 2.3%(lumi)
poptpT 6.750(1) T2 12.38(0) 2T 13.47(2)118%  13.4 £ 7.5%(stat) £ 2.8%(syst) & 2.3%(lumi)
combined 6.741(1)24% 12.37(0)T57% 13.45(2)T18% 14.0 + 4.3%(stat) & 2.8%(syst) £ 2.3% (lumi)

3.4%

4.3%

Universitat
Zurich™"

M. Wiesemann

(University of Ziirich)

MATRIX: a fully-differential NNLO process library

September 9, 2016
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WLZ tully differential at NNLO

[Grazzini, Kallweit, Rathlev, MW]
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LHC@I3 TeV

channel oro |fb] onro |fb] onnro |fb] oarras |fb]

prete  28.83(0)75%% 57.68(1)F51%  63.92(3)122%  55.1 £ 11.1%(stat) & 5.1%(syst) & 2.4% (lumi)
et~ 28.83(0)T23% 57.68(1)15 1% 63.92(3)72%%  75.2 £ 9.5%(stat) £ 5.3%(syst) % 2.3%(lumi)
efete™  28.90(0)1237% 57.84(1)F31% 64.20(10)722% 50.5 £ 14.2%(stat) £ 10.6% (syst) 22:4%(lumi)
pEptus 28.90(0)F55%  57.84(1)F5 0% 64.20(10)722%  63.6 4 8.9%(stat) & 4.1%(syst ) 2.3%(umi)
combined 28.87(0)*25% 57.76(1)129%  64.06(7)T22%  63.2 £ 5.2%(stat) & 4.1%(syst) £ 2.4%(lumi)
prete  17.33(0)133% 34.11(1)F35%  37.75(2)122% _32.2 £ 14.4% (stat) = 5.0%(syst) & 2.4%(lumi)
etptp~  17.33(0)T25% 34.11(1)T53%  37.75(2) 5 2%  45.0 £12.1%(stat) £ 4.6%(syst) £ 2.3%(lumi)
etete™ 17.37(0)1503% 34.21(1)133L 1 37.95(6) 2%  28.0 & 19.2%(stat) & 11.2%(syst) £ 2.4%(lumi)
prptps 17.37(0)153% B4.21(1)158L "37.95(6) 123 36.5 4 11.6%(stat) £ 4.1%(syst) £ 2.3%(lumi)
combined _17.35(0) 0300 34.16(1)123%  37.85(4)2%%  36.7 £ 6.7%(stat) £ 3.9%(syst) £ 2.3%(lumi)
pmete= 11.50(0) 5 7% 23.57(0)F55%  26.17(1)123% 22,9 £ 17.5%(stat) & 5.8%(syst) & 2.4% (lumi)
e ptp”  11.50(0)127% 23.57(0)123%  26.17(1)2%%  30.2 £ 15.2%(stat) £ 6.9%(syst) £ 2.3%(lumi)
e"ete” 11.53(0)1571% 23.63(0)155%  26.25(4)123%  22.5 £ 21.0%(stat) & 10.5% (syst) £ 2.4%(lumi)
poptpT 1153(0)10 0t 23.63(0)73 %% 26.25(4) 2% 27.1 £ 13.7%(stat) £ 5.0%(syst) & 2.4%(lumi)
combined 11.52(0)™57% 23.60(0)"53% 26.21(3)*23%  26.1 + 8.1%(stat) + 4.7%(syst) & 2.4%(lumi)

6.8%

4.5%

2.1%

M. Wiesemann

(University of Ziirich)

MATRIX: a fully-differential NNLO process library

September 9, 2016 | 27
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# MATRIX: tool for fully-differential NNLO(+NNLL) computations
# CURRENTLY: closed beta  SOON: public release

% large list of 2—1,2—2 Higgs and vector-boson processes

% pT resummation automated in same framework (first application:WW, ZZ)
% NNLO corrections for all vector-boson pair processes COMPLETED
# WW:important NNLO corrections on acceptances and shapes

% WLZ: large radiative corrections (radiation zero) — agreement with data

improved at NNLO
Outlook

# NNLL pt resummation for all available NNLO processes
% fully-differential NNLO cross section for WZ production

# NLO QCD corrections to loop-induced gg channel of diboson processes

# NLO EWV effects for dedicated processes
* LONG TERM: heavy-quark pair production at NNLO

%
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do/d pr(ZZ) [fb/GeV]

Universitat

NNLO+NNLL resummation Ziirich™
for ZZ and WW [Grazzini, Kallweit, Rathlev, MW '| 5]

ratio to NNLL
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WWV fully differential at NNLO

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

stability of rcu«= pr/mww dependence

pp — e e +X @8 TeV  inclusive pp = ety +X @ 8 TeV  inclusive
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WWV fully differential at NNLO

Zurich™

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

inclusive: distributions (8 TeV)

do/dmyyw [fb/GeV]  uev,V(inclusive) @LHC 8 TeV
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WWV fully differential at NNLO

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

WW ssignal cuts: distributions (8 TeV)

do/dAdy vy [fo] U*e VU o (WW-cuts) @LHC 8 Te do/dmy [b/GeV]  u*ev v (Ww-cuts)@LHC 8 TeV
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