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Outline

. Higgs and vector-boson production at the LHC

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)
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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"
ZZ —_ 1.00 = 0.06 = 0.08 19.6 fb™
. : A
M: total signal strength W/ S S
it oo h/aaloi7 Production Cross Section Ratio: 0y, / Oypee

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

Multiboson Cross Section Measurements  siuws: tarch 2015 [fé:d; Reference

ATLAS Simulation Preliminary oniar, >0 [UUET W T arias praiminay | | te e
' « 1 Wy = by) 5 v || * R,
\'s =14 TeV: |Ldt=300 b ; [Ldt=3000 fb =0 1 E=T 8TV || us  mormmim

ofd(Zy = tty)
1 = [njer = 0]

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

4.6 PRD 87, 112003 (2013)

Houw  (comb.)

ofd(Wyy - tvyy) I — [
1 = [njer = 0] I 20.3  arXiv:1503.03243 [hep-ex
(lnCI) o-ﬁd(pp—»WV—quq) 46 JHEP 01, 049 (2015)
(ttH-Iike ofid(WEWHjj) EWK 20.3 PRL113 1418(13((;0::\
Hott (VR .
(2013)
H%ZZ (2013)
( =R
( | O 01133)021
v NNLO demanded by continuously
(9 o
Ho>WW : . . tal
s increasing experimental accuracy
y
H—->Zy
H—yy (comb.) Wy S ——— 116 £0.03%0.13 5.01b"
. q + + -1
(VH-like) Zy o 0.98 £ 0.0120.05 5.0fb
tH-lik v Zy r—o— 0.98 +0.01+0.05 19.5fb"
(ttH- ! €) | WW+WZ | = 1.05+0.13 015 4.9 fb"
(VBF-like) s E WW ot 11120.04 £0.10 4.9 fb"
(1)) mmssessesszsazsszsszzss WW, NNLOth) e 1012002008 19.41b"
+0j) Iiits Wz ——— 117 £0.07 £0.07 4.9
(+0]) s i ‘
wz —t—e—— 1.12+0.03+0.07 19.6 fb™
0 0.2 0.4 77 = = 0.99 +0.14 = 0.07 4.9 fo"
. zz . 1.00 + 0.06 + 0.08 19.6 fb
H: total signal strength Ap/p ) SR |
oo ehooloNi7 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 April 28,2016 | 3
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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 ]
# FKS + sector decomposition [Boughezal, Melnikov, Petriello 'l 1]

# Colourful subtraction [Somogyi, Trocsanyi, Del Duca '05, '07]

Schemes that start from X+ ljet process at NLO

# pr subtraction [Catani, Grazzini '07]

# N-jettiness subtraction [Tackmann et al.'l5]

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

M. Wiesemann  (University of Ziirich) MATRIX: a fully-differential NNLO process library April 28,2016 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 ]
# FKS + sector decomposition [Boughezal, Melnikov, Petriello 'l 1]

# Colourful subtraction [Somogyi, Trocsanyi, Del Duca '05, '07]

Schemes that start from X+ ljet process at NLO

# pr subtraction [Catani, Grazzini '07]

# N-jettiness subtraction [Tackmann et al.'l5]

® (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 April 28,2016 | 4
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NNLO methods

local not restricted automated applications

Antenna J

e'e —=2/3jet, pp— H+tjets,
pp— Ztjets

STRIPPER/ J x pp—t t-bar, singletop, pp— H+jets
FKS+sec.dec ’ ’
Colourful only €'e” / decays X H—b b-bar
_ only colorless / pp—H, pp—Z/W, pp—YY,
2 sulteedon (+massive quarks) PP—ZZ, pp—ZIWY, PP WW, ...
N-jettiness no massive x pp— H+jets, pp—Z/W+ijets,
subtraction quarks PP VEL PPYY, more tojcome...

M. Wiesemann  (University of Ziirich) MATRIX: a fully-differential NNLO process library April 28,2016 5
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pT subtraction and resummation

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

—

M. Wiesemann  (University of Ziirich) MATRIX: a fully-differential NNLO process library April 28,2016 | 6
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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 MATRIX framework

[Grazzini, Kallweit, Rathlev, MW] (+Hanga, Sargsyan)

Fully differential NNLO(+NNLL) for colorless particle production

NNLO part applies:
# Fully-automated NLO computation through MUNICH [Kallweit]

# Fully-automated pt subtraction [Catani, Grazzini '07]

# Fully-automated tree and one-loop amplitudes through OpenlLoops
[Cascioli, Maierhofer, Pozzorini 'l |]

# REQUIRED: two-loop amplitude (e.g.for VV and V*V*)
[Gehrmann, von Manteuffel, Tancredi 'l 5]

NNLL part applies:
# Fully-automated pt resummation (qq and gg initiated)

# Based on HRES implementation (gg initiated)
[de Florian, Ferrera, Grazzini, Tommasini 'l 2]

M. Wiesemann  (University of Ziirich) MATRIX: a fully-differential NNLO process library April 28,2016 9
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The Status i 7iirich"
Process status comment
pp—ZIY¥(— 1) v validated analytically (+ DYNNLO)
pp—W-{v / to be validated
pp—H J under validation
PP YY V4 validated with 2yNNLO
pp—Zy—{ty v 4 [Grazzini, Kallweit, Rathlev, Torre '13]
pp—>Wy—{vy V4 [Grazzini, Kallweit, Rathlev '| 5]
pp—ZZ V4 Cascioli et al.'14]
PP ZZ— 4t V4 Grazzini, Kallweit, Rathlev '[ 5]
pp—WW V4 Gehrmann et al.'14]
pp—oWW-oivly' S NEW HERE: fully differential
Pp—~ WL J NEW HERE: inclusive cross section
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The Plan

|. Closed beta
# TIME FRAME: within next |-2 month
# PROCESSES: all processes of previous slide
» ACCURACY: NNLO QCD
® CURRENTLY SUPPORTED:
# local running

# SLURM cluster

% which other cluster are needed?

2. Public release
# TIME FRAME: within this year
# further cluster support
3. Plans beyond first release
% enable NNLO+NNLL pt resummation
®» add NLO EW effects to certain processes



i Universitat

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 April 28,2016 | 13
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WWV fully differential at NNLO

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV to appear]

% all pp2> WW v L'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*—tviv) in equal-flavor channel

U W_ Dl/ q Dl/ Dl/
\‘\‘\/\/\< l/_ l/_ l/_

d A
W Vi V] V]

M. Wiesemann  (University of Ziirich) MATRIX: a fully-differential NNLO process library April 28,2016
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WWV fully differential at NNLO

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV to appear]

¢ 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.
(checked against top-subtracted 5FS predicion for all fiducial rates up to ~1%)
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WWV fully differential at NNLO 7iivich’

[Grazzini, Kallweit, Pozzorini, Rathlev, MW to appear]
inclusive rates fiducial rates (WW cuts)

o [fb) 8 TeV 13 TeV 8 TeV 13 TeV

LO | 425.41(4) F287% 778.99 (8) F5-T% 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) j};gg 267.31(4) j;ﬁ%g
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
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WWV fully differential at NNLO

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV to appear]

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%
/ 20 )+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, MW to appear]
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 | 623.47(6) 500N 1205.11(12) 31;)% g0, 193:07(2) 150 ) o5 79, 236:19(2) 130y ) 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 to appear]
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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) T395 N ya0,  233.04(2) TECE Y4 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 ) 4299  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

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV to appear]

fiducial rates (Higgs cuts)

Universitat
Zurich™"

o [fb] o/onto — 1
NG 8 TeV 13 TeV 8 TeV 13 TeV
LO 45.923(4) 100 71164 (7)1 | — 44% - 2.6%
NLO 48.045(5) t19%  73.085 (6) F2 1% 0 0
NLO’ 49.318(7) 118 ThAT8(11) TE% | + 2.7%  + 3.4%
NLO'+gg | 53.496(8) T20%  85.231(12) F23% | +11.3%  +16.6%
NNLO | 52.30(4) *16%  82.32(12) *24% | + 89%  +12.6%
acceptances (Higgs cuts)
A — oH—cuts / orinclusive [fh] A/Axio — 1
NG 8 TeV 13 TeV 8 TeV 13 TeV
LO 0.10795 (2)712%  0.09135 (2)115% | +40.1%  +50.6%
NLO 0.07706 (2)*43%  0.06065 (1)*)3% 0 0
NLO'+gg | 0.08157 (2)F31%  0.06623 (2)727% | + 59%  + 9.2%
NNLO | 0.07575(11)F 2% 0.06005(14) 5% | — 1.7%  — 1.0%
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WWV fully differential at NNLO

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV to appear]

inclusive: distributions WW cuts: distributions

0 do/dmyyw [fb/GeV]  uev,V(inclusive) @LHC 8 TeV do/dm [fb/GeV] e vV e (WW-cuts) @LHC 8 TeV
_III!IIII!IIrll!IIII!IIII!IIII!IIII!IIII'IIII: _IIII!IIII!IIII!IIII!IIII

produced with MATRIX

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

B : : : LT
. . . '--.
: . : L, ey
'2 I R, S, N = ..'\-' .............
- : . : T -"h""
— : : . : =
| : : : : = "

=S "
L= = '!'I,-h

11 L1 it 1 IIIIIIIi 11 L1l 11
produced with MATRIX

09 i 1 1 1 1 . 1 1 1 1 . 1 1 1 1 . 1 1 1 1 . 1 |j e
100 150 200 250 300 350 400 450 500 0 100 200 300 400 500



WWV fully differential at NNLO

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV to appear]

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
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120
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produced with MATRIX
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produced with MATRIX
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G [pb]

ratio to NLO

W/Z cross section at NNLO

[Grazzini, Kallweit, Rathlev, MWV to appear]

80

Universitat
Zurich™"

' ' ' ' ' ' 10— | @ . L. .
20l on-shel Wz production o Huge radiative corrections due to
60  NNPDF3.0 PDFs | approximate radiation zero
50 - {  [Baur, Han, Ohnemus '94]
40 | . :
ol / | ® ~63-83% NLO corrections
207 / 1 # ~8-11% NNLO corrections
10 + -
0 — ! ! ! ! ! ! ! MATRIX preliminary o(pp — WZ)
Y — A— — A —— — ]
B 1| ATLAS7Tev y 66 GeV < m(Z) < 116 GeV
e e i i ii i——AAt i s i iiBiviiiiiB - —
0.8 - .-
0.7 . CMS 7 TeV 71 GeV <m(Z) < 111 GeV
06 = 1 1 NP SRS SO SO S —
0-5 7 8 9 10 11 12 13 14 ATLAS 8 TeV "_._ 66 GeV < m(Z) < 116 GeV
Vs [TeV]
CMS 8 TeV -~ 71 GeV <m(2) < 111 GeV
% NNLO corrections nicely improve oS 13 ey —e— 50 GoV < m(2) < 120 GV
agreement with data at 7 and 8 TeV
. —e——  DATANNLO NNLO/NNLO_,
% slightly worse for |3 TeV CMS, e DATANLO, s NLONLO,.
bUt StiII Iarge uncertainties 1 1 I 11 1 I 11 1 I 11 1 I 11 1 1 1 I 1 1 I 11 1 I 1 1 I | |

0 0.2 0.4

0.6 0.8 1 1.2 1.4 1.6 1.8 2
Data/Theory



Uy =) Universitat
Summary L Ziirich™
MATRIX:

% tool for fully-differential NNLO(+NNLL) computations
#* SOON: closed beta
# large list of 2— |,2—2 Higgs and vector-boson processes

# including various fully-differential EWV decays

pT resummation automated in same framework (first application:WW, ZZ)

NNLO corrections for all vector-boson pair processes COMPLETED:
* WZ with large radiative corrections due to approximate radiation zero
* WWV fully-differential NNLO cross section
* NLO'+gg good approximation of NNLO, when jet veto applied
#* BUT: significant NNLO corrections on fiducial acceptances

#* AND: additional shape effects by genuine NNLO corrections

M. Wiesemann  (University of Ziirich) MATRIX: a fully-differential NNLO process library April 28,2016 20



Universitat
Zurich™"

Outlook

@

public release within this year

@

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

M. Wiesemann  (University of Ziirich) MATRIX: a fully-differential NNLO process library April 28,2016 21
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Thank You !






The MATRIX team

Dirk Massimiliano Stefan Marius
"Cypher" "Morpheus" "Neo" "Trinity"

REINIEY Grazzini Kallweit Wiesemann
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matching: FO+resummation

fixed order
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fixed order
- -- logs
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matching: FO+resummation

fixed order
- -- logs
—-— |f.o.-logs |

M. Wiesemann  (University of Ziirich) MATRIX: a fully-differential NNLO process library April 28,2016 26
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fixed order
--- logs
—-— |f.o.-logs |
—--- resummed logs

M. Wiesemann  (University of Ziirich) MATRIX: a fully-differential NNLO process library April 28,2016 26
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fixed order
--- logs
—-— |f.o.-logs |
—--- resummed logs
—— matched

M. Wiesemann  (University of Ziirich) MATRIX: a fully-differential NNLO process library April 28,2016 26
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/ dp

do/dp4 [pb]

matched
total

M. Wiesemann  (University of Ziirich) MATRIX: a fully-differential NNLO process library April 28,2016 26



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

Universitat

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

ratio to NNLL

[ [
pT spectrum of ZZ pair pT veto WWV cross section
350 —— T T T T T T T 1
I NLL+NLO i
300 { b4 A— T ~ NNLL+NNLO [ 1 |
0.8
o50 b | kg ZZ@8TeV. S— S E— .
. >
soob| B Geekevarafon | § 0.6
5
150~ o= S o4l
2
100
0.2
50
0 0
g 1.2 3 |
121 =
1k Z1.4
% °
- I I I | I I I -E G L I l
26, 10 20 30 40 50 60 70 80 70 80 90 100
p1(Z2Z) [fo] pr veto [GeV]
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WWV fully differential at NNLO

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV to appear]

stability of rcu«= pr/mww dependence

pp — e e +X @8 TeV  inclusive pp = ety +X @ 8 TeV  inclusive
- . - - +0.70 1 - . - :
+0.60 ‘

+0.10

050 | ONNLO
+0.50 |
+0.40 H oxnLo(r)

g _

+0.05

o/oxbo — 1%

—0.20

o/onNLo — 1[%]

—0.30 |
—0.40 +
ONEO —0.50 [
—+— oxpo(r) —0.60 |

. 1 . 1 . 1 . 1 . _070 . 1 . 1 . 1 . 1 .
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
T = cuty, g %] r= CUtQT/Q[%]

—0.05

—0.10

pp — e puty,ve+X @8 TeV  H-cuts pp — ety +X @8 TeV  H-cuts

o L I

+0.20 |
+0.10

ONNLO

e UlzITNLO(T)

—0.10
—0.20 |
—0.30 |
—0.40 |
ONLO —0.50 |
1 oNLo(T) —0.60 +
—0.10 : ' : ' : ' : ' : —0.70

o/ofro — 1%
o/onNLo — 1[%]

—0.05

= cutyy /4[] r = cuty, /[ %)]



WWV fully differential at NNLO

Zurich™

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV to appear]

inclusive: distributions (8 TeV)

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

[Grazzini, Kallweit, Pozzorini, Rathlev, MWV to appear]

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
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I
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