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@ (N)NLO QCD+NLO EW automation with OpenLoops
(@ S-MC@ONLO matching for ttbb in 4F scheme
@ MEPS@NLO merging for tf + 0, 1,2 jets

(@ MEPS®@NLO merging for t{W + 0, 1 jets



Openloops |

1-loop amplitudes with OpenLoops [Cascioli, Maierhéfer, S.P. '12]
0 automated & fast generation of NLO QCD MEs for any 2 — 4 (5) SM process

o numerical recursion for “loop-momentum dependent” trees
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o high speed at runtime with tensor reduction (COLLIER, [Denner, Dittmaier, Hofer])
and/or OPP reduction (CUTTOOLS, [Ossola, Papadopoulos, Pittau])

Complete NLO automation through interface with Monte Carlo Tools

@ SHERPA2.1 [Hoche, Hoth, Krauss, Schonherr, Schumann, Siegert, Zapp]

= S-MCGONLO matching to SHERPA shower and MEPS@NLO multi-jet merging
@ MUNICH [S. Kallweit]

= very fast parton level MC for NLO and NNLO (gr subtraction)
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OpenLoops Il

Several challenging NLO, S—-MC@NLO, MEPS@GNLO and NNLO studies
thanks to automation & speed (Higgs, Top and EW phenomenology)

NLO for pp — WJerbB with my > O, [Cascioli, Kallweit, Maierhdfer, S. P., arXiv:1312.0546]
S-MC@NLO pp — ttbb with My > 0, [Cascioli, Maierhsfer, Moretti, S. P. , Siegert, arXiv:1309.5012]
MEPS®@NLO for £vv+0,1 jets, [ Cascioli, Hiche, Krauss, Maierhifer, S. P. , Siegert, arXiv:1300.0500]
NLO merging for pp — H H+0,1 jets, [Maierhifer, Papacistathion, arXiv:1401.0007]
MEPS®NLO for t£+0,1,2 jets, [ Hoche, Krauss, Maierhfer, S. P. , Schanherr, Siegert arXiv:1402.6203]
MEPS®@NLO for WW W +0,1 jets, [Hsche, Krauss, S. P., Schénherr, Thompson arXiv:1403.7516]
NNLO for pp — ~Z production, [Grazzini, Kallweit, Rathlev, Torre, arXiv:1309.7000]

NNLO for qg — t1 production, [Abelof, Gehrmann-de Ridder, Maierhfer, S.P. , arXiv:1404.6493]
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NNLO for pp — ZZ production, [cascioli, Gehrmann, Grazzini, Kallweit, Maierhéfer, von Manteuffel, S.P. , Rathlev,

Tancredi, Weihs, arXiv:1405.2219]

@ NNLO for pp — WTW ™ production, [cenmann, Grazzini, Kallweit, Maierhfer, von Manteuffel, S.P. | Rathiey,

Tancredi arXiv:1408.5243]

o NEW: NLO QCD+EW for pp — W + 1,2, 3 jets, [Kaliweit, Lindert, Maierhéfer, S.P. , Schénherr

arXiv:1412.5157]
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Public Release |

OpenLoops 1.0 [Cascioli, Lindert, Maierhéfer, S.P.]
o publicly available at openloops.hepforge.org since Sept '14
o all NLO QCD amplitude building blocks

o download and installation easy

Interfaces to public MC tools

o automated built-in interfaces in SHERPA2.1 and HERWIG++

o BLHA or OPENLOOPS native interface for other MCs (tested with POWHEGBOX)

Process library

o pre-generated code for more than 100 processes (more coming)

o automated download+installation of desired process libraries, e.g.
$ scons auto=ppwtt,ppwttj
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http://openloops.hepforge.org/process_library.php
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NLO QCD-+EW automation in OpenLoops |

NLO QCD+EW completely automated [arXiv:1412.5157]
o OPENLOOPS [Lindert,Maierhofer,S.P.] + MUNICH [Kallweit] and SHERPA [Schonherr]
0 any O (asa™) NLO contribution in the SM

Nontrivial bookkeeping of QCD-EW interferences e.g. in q7 — ¢7 at O (a%a)
o EW corrections x QCD Born

i R

o QCD corrections x EW Born
O RO

Other subtleties beyond trivial extension of QCD automation

o interplay of QED+QCD singularities in phton/jet definition
o resonances and weak decay
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NLO QCD+EW automation in OpenlLoops I

Technical performance of 1-loop EW for ti+ jets
o code size, compilation&runtime reflect moderate increase of complexity wrt QCD

o 1-loop EW similarly fast as highly competitive 1-loop QCD timings up to tf + 2 jets

_ Nloop diag tCOIupile [5] size [M B] trun [ms/point]
tt+0,1,2)] | QCD  EW QCD EW | QCD EW | QCD EW
dd — tt 11 33 2.1 35 | 0.1 02 | 027  0.69
gg — tt 44 70 3.6 3.7 | 02 03 | 1.6 2.8
dd — ttg 114 360 35 59 | 0.4 09 | 4.8 13
gg — ttg 585 660 8.2 88 | 1.4 1.6 | 40 56
dd — ttuw | 236 1274 | 5.3 16 0.8 28 | 12 48
dd — ttdd | 472 2140 | 9.5 56 1.4 1.4 | 30 99
dd — ttgg 1507 4487 | 20 47 3.5 8.2 133 327
g9 — tigg 8739 7614 | 105 79 18 16 1458 1557

Timings on i7-3770K with gcc4.8 —00 dynamic and unpolarised t (significantly faster with decays!)

Opens the door to multi-leg NLO EW computations!
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EW corrections ~50% in multi-TeV range, nontrivial dependence on Njc
and interplay with NLO QCD
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1) (N)NLO QCD+NLO EW automation with OpenlLoops
@ S-MC@NLO matching for ttbb in 4F scheme
3) MEPS@NLO merging for tt + 0,1, 2 jets

4) MEPS@NLO merging for ttW + 0, 1 jets



ttbb and tt+ jets as ttH backgrounds

ttH (bb) analyses at the LHC

o systematics dominated by TH uncertainty of ¢tbb and tt+ multijet backgrounds

NLO reduces ttbb and ttjj uncertainties from 80% to 15-30%

o tihb [Bredenstein, Denner, Dittmaier, S. P. '09/'10; Bevilacqua, Czakon, Papadopoulos,
Pittau, Worek '09];

@ ttjj [Bevilacqua, Czakon, Papadopoulos, Worek '10/'11]

ATLAS/CMS analyses require matching to parton showers
o ttbb 5FNS (POWHEGBOX+HELAC-NLO) [Garzelli, Kardos, Trocsanyi '13/'14]
o tthb 4FNS (SHERPA+OPENLOOPS) [Cascioli, Maierhoefer, Moretti, S. P., Siegert '13]

o tt+0,1,2jets (SHERPA+OPENLOOPS) [Hoche, Krauss, Maierhoefer, S. P., Schonherr,
Siegert '14]
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S_M C@NLO tEbE 4F [Cascioli, Maierhofer, Moretti, S. P. , Siegert '13]

Why NLO matching for ttbb production in 4F scheme

b b-jet
t

b

t b-jet

5F scheme (m;, = 0): ttbb MEs cannot describe collinear g — bb splittings

= inclusive tt+b-jets simulation (important for exp. analyses!) requires t{+ <2 jets
NLO merging [Hoche, Krauss, Maierhofer, S. P., Schonherr, Siegert ‘14]

4F scheme (my; > 0): ttbb MEs cover full b-quark phase space
= MC®ONLO ttbb sufficient for inclusive t{+b-jets simulation

0 access to new tt + 2b-jets production mechanism wrt 5F scheme: double collinear
g — bb splittings (surprisingly important impact on ¢tH (bb) analysis!)

S. Pozzorini (Zurich University) tt + X+ jets (N)NLO MC for Run2 9/32



S-MC®NLO ttbb 4F II

‘ NLO Corrections and Uncertainties for ttb and ttbb Cross Sections

Analyses with N, > 1 (ttb) and N, > 2 (ttbb) QCD b-jets (pr > 25GeV, |n| < 2.5)

tth ttbb ttbb (mep > 100)
1% T14% 66% 115% 63% F17%
oLol[fb] 2644t38%t11% 463'3t36%t12% 123'4J:35?’0i13%
34% 15.6% 29% 15.4% 26% 16.5%
onvolfb] 3296J—r25%t4.2% 560J—r24%t448% 141'8J—r22%t4‘6%
ONLO/OLO 1.25 1.21 1.15
omcencolfb] B3IBTRIE I 0% 6007 TR 181N TR
omcanro/onLo  1.01 1.07 1.28

MSTW2008 NLO(LO) 4F PDFs
Good perturbative stability but unexpected MCONLO enhancement
o K-factors moderate and rather independent of selection (including ttb!)

@ 25-30% NLO and MC@NLO uncertainties mainly from pg (15%) variation, only 5%
from pr, pg (2°¢) variations

o MC@NLO/NLO difference is negligible(moderate) in standard ¢tb(ttbb) selections
but large enhancement (~30%) in Higgs-signal region (m;; > 100 GeV)

[
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do/dmy, [fb/GeV]

MCG@NLO effects in Distributions (¢tbb Selection)
My b ARy, b,

Mass of first two brjets (ttbb cuts) AR of 1 and 2™ brjets (ttbb cuts and iy > 100 GeV)

Pr,by

pr of 1% bijet (ttbb cuts and iy, > 100 GeV)

T T T T T T

B

do/dAR [fb]

Suerra+OrENLOOPS

| |
IRARRR|

do/doyo

do/dpr [fo/GeV]

do/doio

T T T T T T T T T

350 400
g, [GeV]

Characteristic kinematic features

@ MCG@NLO enhancement at large my,1,, ARy b, ~ 7, and small pr
o reaches 25-30% at mp,p, ~ 125 GeV, which exceeds tH (bb) signal!

o disappears almost completely in MC@NLO2, where g — bb splittings are switched
off in the parton shower (double g — bb splittings “smoking gun”)

S. Pozzorini (Zurich University) tt + X +jets
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S—-MC®@NLO ttbb 4F IV

Double g — bb Splitting Contributions consistent with MC enhancement

Mass of first two (b-Jets (tbb cuts)

oo tBbLO
— tgg LO

o ttgg/ttbb ratio grows at same rate
of MC@ONLO excess

@ emission of back-to-back small-pt B
gluons enhanced by soft-collinear ok

singularity f’f t
. W

S50 0o
y 1GeV]

bb t

g
g v

Don’t fit into conventional hard-scattering ttbb picture
o present also in tt+jets LO merged samples

o but large effect in hard t£H (bb) signal region unexpected

Implications for theory systematics in tt+HF
o understanding PS and matching systematics crucial (both for 4F tZbb or 5F tt-+jets)
o in tTH (bb) signal region 4F tibb MC@ONLO provides first g — bb splitting at NLO

S. Pozzorini (Zurich University) tt + X+ jets (N)NLO MC for Run2 12 /32



Public ¢tbb samples

S-MC@NLO ttbb in 4F scheme
o public samples at http://www.physik.uzh.ch/data/ttHsim/TTBBV1/
o setup of arXiv:1309.5912 apart from CT10 4F PDFs and dileptonic ¢t decays

o generated with mid statistics for studies of ¢fbb theory systematics in ATLAS/CMS
at 8 TeV

o HEP-MC weighted events, fully showered+UE-hadronisation
o can be generated with publicly available tools: SHERPA 2.1 and OPENLOOPS 1.0

S. Pozzorini (Zurich University) tt + X+ jets (N)NLO MC for Run2 13 /32



1) (N)NLO QCD+NLO EW automation with OpenlLoops
2) S-MC@NLO matching for ttbb in 4F scheme
@ MEPS@NLO merging for tf + 0, 1,2 jets

4) MEPS@NLO merging for ttW + 0, 1 jets



MEPS@NLO tf—l— 0, 1, 2 jets [Héche, Krauss, Maierhéfer, S. P. , Schonherr,

Siegert '14]

Fixed-order t;jj NLO [Bevilacqua, Czakon, Papadopoulos, Worek '10/'11]
o very challenging (more than 7'000 gg — ttgg loop diagrams)
o theory uncertainty reduced from 80% to 15%
@ matching to PS crucial for tLH (bb) background (and many other searches!)

MEPSG@NLO merging [Hoche, Krauss, Schonherr, Siegert '12]

0-jet S-MCG@NLO ¢t
1-jet S-MC@NLO ttj
>2 jets S-MC@NLO ttjj
o provides NLO accuracy for 0,1,2... jets and log accuracy of PS
O jet regions separated at merging scale Qcut via kr-type jet algorithm

o smooth PS—MEs transition ensured by supplementing MEs with PS-like CKKW
scale and (subtracted) Sudakov FFs

o nodal scales of relevant pseudo-shower histories by inverting parton shower
= optimal merging (small Qcus dependence) in SHERPA

S. Pozzorini (Zurich University) tt + X+ jets (N)NLO MC for Run2 14 / 32
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Jet-bin cross sections (pr > 40, 60, 80 GeV)
o S-MC@NLO tt
o 1.65xMEPSQ@LO ¢t + 0, 1,2 jets (LO merging)
o MEPS@NLO ¢t +0,1,2jets (NLO merging)
Decent (10-20%) mutual agreement

Reduction of g, 11F, 11 variations

P> 60Gev

P> 80Gev

S. Pozzorini (Zurich University)

Night—jet > 0 1 2
LO 48% 65% 80%
NLO 17% 20% 20-30%

Merging scale choice and dependence

9 Qcut below jet-pr threshold and above Sudakov
peak = for NLO accurate multi-jet bins
avoiding problematic In(Qcut)

0 Qcut =30+ 10 GeV and <« 10% dependence

tt + X+ jets (N)NLO MC for Run2 15 / 32



MEPS@NLO # + 0, 1,2 jets Il

Light jet transverse momenta

= MEPS@NLO == -

%% 165 x MEPS@LO Lo et

Ratio to
MEPS@NLO

05 1

500
pr (light jet) [Gev]

S. Pozzorini (Zurich University)

pr spectra of first 3 jets (pr > 40 GeV)
o S-MC@NLO tt
o 1.65xMEPS@LO ¢t +0,1,2jets (LO merging)
o MEPSGNLO # + 0,1, 2jets (NLO merging)
Mutual agreement (apart from tails of 2°¢/3™ jet)

Reduction of scale dependence

o similarly strong as for corresponding jet bins
apart from hard tails (still dirty due to stat
fluctuations)

Take home message
o MEPS@NLO provides NLO accuracy for
tt+0,1,2 jets

o will now permit to study lot of interesting
things (more exclusive observables/correlations,
heavy-flavour jets,. . .)

tt + X+ jets (N)NLO MC for Run2 16 / 32



Scale dependences in tf + 0,1 jets

Scale choices and variations in MEPS

o basis for definition of intrinsic precision of NLO Monte Carlo (precision is
meaningless w.o. solid concept of uncertainty)

o matching (ug) and merging (Qcut) involve two technical scales; no widely accepted
prescription for their choice and variation (Qcut debate)
Pedagogical exercise [Simulations by N. Moretti]

o study impact of individual scale variations for simple case of tt + 0, 1 jets

LR {0.5,1,2} x my renormalisation
ur {0.5,1,2} x my factorisation
J7%e) {0.5,1,2} x my resummation (shower starting scale)

Qcut 5,10,20,30,40 GeV  merging
(8 TeV, MSTW20008nlo 5F, anti-kn R=0.4 PT,j > 25 GeV, MJ‘\ < 2.5)

o following results not thoroughly validated, mainly for illustration of LO — NLO and
PS — ME+PS improvements

0 128x3 CPU hours for MEPS@NLO ¢t + 0,1 jets (w.o. variations)

S. Pozzorini (Zurich University) tt + X+ jets (N)NLO MC for Run2 17 / 32



Inclusive jet multiplicity

Jet-multiplicity XS

Jet-multiplicity XS

SHERPA+OPENLOODS

—— SMCNLORiF1Q:
—— SMCNLO Ro.5F1Q1
—— SMCNLORaF1Q1
—— SMCNLORiFo.5Qo5

SHERPA+OPENLOORS

ur dependence

o 20-30% at LO
= 10% at NLO

—— MEPSNLO0RiF1Qs
—— MEPSNLO30 Ro.5F1Q1
—— MEPSNLO30.R2F1Q1
—— MEPSNLO30 RiFo5Qo5

NLO

T SMONLO aFaa . o' T MEPSNLOpo RiF0a |
LB B
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Jet-multiplicity XS

Jet-multiplicity XS

—— LOPS RiF1Q1
—— LOPS.Ro5F1Q1

LO

SuErra+OrenLoors

and by NLO

—— MEPSLO30 RiF

—— LOPS.RiFo.5Qo.5 —— MEPSLO30.R1F0.5Q0.5
. (v roLosg far=0p
8
g ‘ g8
g osE — g os
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matching

[
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— merging

tt + X+ jets (N)NLO MC for Run2

o strongly reduced (for
N; > 1) by merging
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First-jet emission scale (jet-kr resolution)

Togofk jet resolution 0 —+ 1 [GeV])

logyg(k. jet resolution 0 - 1 [GeV])

SHERPA+OPENLOODS

—— MEPSNLO30RiF1Q:
—— MEPSNLO30 Ro.5F1Q1
—— MEPSNLO30.R2F1Q1
—— MEPSNLO30 RiFo5Qo5
-, MEPSNLOJo RiFaQp

—— SMCNLORiF1Q:
—— SMCNLO Ro.5F1Q1
—— SMCNLORaF1Q1
—— SMCNLORiFo.5Qo5

—— SYCNLO RaFaQ= | o

SHERrA+OPENLOORS

NLO

MC/Data
T
|
MC/Data
‘
I
I

3 35
Togyg(dor /GeV)

F [ 2 R
Z o
£
O £ R
—— LOPS_Ro.5F1Q1 SLO30.
sl — LOPSRaFiQ: .
— LOPSRiF05Q0.5 E  — MEPSLO30RiFo5Qo5
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] ST s e b e Wi I I |
e
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g ] g
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matching — merging

S. Pozzorini (Zurich University) tt + X+ jets

3 35
logg(dor /GeV)

ur dependence

@ NLO accuracy in
MEPS@NLO tail

o NLO-+PS uncert.
underestimated for
mid—low pr (hidden)

1 = pr dependence

o merging and NLO
strongly improve tail

(N)NLO MC for Run2 19 / 32



1% jet pr (analogous to kr

NLO

LO

prof 1% jet

resolution)

prof 1% jet
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SHERPA+OPENLOORS
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Top-pair pr (similar effects “amplified” by linear scale)

NLO

LO

pr of top-antitop pair pr of top-antitop pair

SHERPA+OPENLOODS SHERPA+OPENLOORS

Bottom line

o 10% MEPS@NLO
accuracy over

do/dpr [pb/GeV]
do/dpr [pb/GeV]

107

—— SMCNLO.R1F1Q:
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. SMCNLORiFoQ05
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MC/Data
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Merging scale variations in MEPS@NLO ¢t + 0, 1 jets |

Merging scale Qecut = 10,40 GeV

log; (k. jet resolution 0 —+ 1 [GeV])

kr < Qcut  0-jet S-SMC@NLO
kt > Qcut  1-jet SSMCG@NLO

SuerPA+OPENLOOPS

do/dlog,(do1 /GeV) [pb]

Technical scale: how to choose and vary it?

o NLO accuracy for measured jets highly desirable
= Qcut below experimental jet threshold (7)

o to avoid dependence on exp analysis Qcut

should be just set as small as possible (7 ‘ W i

0.5 1 15 2 2.5

MC/Data

3 3.5
logyo(dn /GeV)

Questions
o smallest “possible” value of Qcut?

o natural (physical) reference scale?
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Merging scale variations in MEPS@NLO ¢t + 0, 1 jets Il

do/dpr [pb/GeV]

do/dlogyg(do /GeV) [pb]

MC/Data

MC/Data
T
[}

pr of top-antitop pair

—— SMCNLO RiF1Q1
—— MEPSNLO30 RiF1Q1
—— NLOR1F1

SHERPA+OPENLOOPS

10
pr[Gev]

logo(k . jet resolution 0 — 1 [GeV])

—— SMCNLOR1F1Q1
—— MEPSNLO30 RiF1Q1
—— NLO RiF1

SHERPA+OPENLOOPS

S. Pozzorini (Zurich University)

3 3
108 (dor /GeV)

5

Sudakov suppression

o Sudakov FF in MEPS = exponential
suppression of IR singularity

0 Qcut can be taken small (in principle)

Formal NLO accuracy [Hamilton, Nason, Oleari,
Zanderighi '12]

o inclusive NLO accuracy lost if Qcut approaches
Sudakov peak (formal argument)

o shower/MEs subleading-log mismatch
o integrating down to Sudakov region
aslog?(k%/Q?%) ~ 1 yields ay® uncertainty
Quantitative analysis

0 vary Qcut across Sudakov peak to estimate
maximal impact of shower/MEs mismatch

0 take Qcut close to the peak while avoiding Qcut
variations > NLO scale variations.

tt + X+ jets (N)NLO MC for Run2 23 /32



Merging scale variations in MEPS@NLO ¢t + 0, 1 jets Il

Jet-multiplicity XS logyg(k, jet resolution 0 — 1 [GeV])

Qcut scan through
Sudakov region

@ 5,10,20,30,40 GeV

SHERPA+OPENLOOPS SHERPA+OPENLOORS

—— MEPSNLO30R1F1Q1
—— MEPSNLO5 RiF1Q1
—— MEPSNLO10 R1F1Q1

MEPSNLO20_R1F1Q1

‘ Rl MEPS@LO

—— MEPSNLO30R1F1Q1
—— MEPSNLO5 R1F1Q1
—— MEPSNLO10 R1F1Q1
MEPSNLOZ0 RiF1Q1

0 b MEPNLOgoRiFi:
T SN i

NLO

o tiny variations

=

had i 1 1 1 1 L

o5 o o5 1 15 2 25 3 35 o i 5 2 3 35
T logudor/GY)
Jet-multiplicity XS logyk et resolution 0 — 1 [GeV])
. MEPS@NLO

SHERPA$OPENLOOPS SHERPA+OPENLOORS

o less than 10% local
dependence with

—— MEPSLO30RiF1Q1

”: T Nersion Rifir Qcut > 10GeV

—— MEPSLO10 RiF1Q1

—— MEPSLO30RiF1Q1
—— MEPSLO5 R1F1Q1
—— MEPSLO10 RiF1Q1

LO

10! MEPSLO20_R1F1Q1 MEPSLO20 R1F1Q1
—— MEPSLO4q R1F1Q; 104, —— MEPSLOgo R1F1Q1 m . "
Lo AT | o R o 10GeV “possible
£1E ~= -
g wf LH o full g — bb phase
bl nd i d o] B L space covered with
gy dor /GeV)

MEs!
Niets 1st jet kt
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1) (N)NLO QCD+NLO EW automation with OpenlLoops
2) S-MC@NLO matching for ttbb in 4F scheme
3) MEPS@NLO merging for tt + 0,1, 2 jets

(@ MEPS@NLO merging for t{W + 0, 1 jets



Scale studies in ttWW +jets

General considerations
o complexity not dramatic and very similar to ttH+0,1j (between ttj and ttjj)
o different QCD radiation pattern wrt ttH+jets (no gg channel)

Pedagogical exercise [Simulations by N. Moretti]

o scale variation studies for ttW + 0,1 jets

UR {0.5,1,2} x (m¢ + Mw /2) renormalisation

Wr {0.5,1,2} x (m¢ + Mw/2) factorisation

1o {0.5,1,2} x (m¢ + Mw/2) resummation (shower starting scale)
Qcut 20,30,40 GeV merging

(8TeV, MSTW20008nlo 5F, anti-kw R=0.4 pp_; > 25 GeV, |n;| < 2.5)

o following results not thoroughly validated, mainly for illustration of LO — NLO and
PS — ME+PS improvements

o following plots with 128x2 CPU hours for MEPS@NLO ¢t + 0, 1 jets
(w.o. variations)
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Inclusive jet multiplicity

Jet-multiplicity XS

Jet-multiplicity XS

ur dependence

0 20-30% at LO
= 10% at NLO

o = ur dependence

o reduced by merging

and NLO (for
N; > 1)
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matching

S. Pozzorini (Zurich University)

—

merging

tt + X+ jets
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First-jet emission scale (jet-kr resolution)

Togifk. jet resolution 0 — 1 [GeV]) Togy(k . jet resolution 0 — 1 [GeV])

ErratOreLoors ereatOrENLoors

ur dependence
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S. Pozzorini (Zurich University) tt + X+ jets (N)NLO MC for Run2 27 / 32



pr of tiWW sysmtem (similar effects “amplified” by linear scale)

prof 1% jet prof 1% jet
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2 2
g 3
—— SMCNLO-RiF1Q1 . —— MEPSNLO30.R1F1Q1
O 105 SMCNLO RosF1Q1 107 E —— MEPSNLO30 Ro.5F1Q1
—— SMCNLO.R2F1Q1 —— MEPSNLO30R2F1Q1
106  —— SMCNLORiFos5Qos 1070 L —— MEPSNLO30RiFo5Qo5
— SVICNLD RiF202 —— MEPSN[O30 R1F2Q2
18 18 L
=2 16 E 16 E
s 4 P
£ug e — 5 “E e
J o8 D S d o8
06 06
o ) o E
02 - < 02 T o7 o
priGev] priGev]
pr of 1% jet pr of 1% jet

StErra+OrexLoors StErra+OrenLoors

de/dpr [pb/GeV)

o - Y S —
106 f —— LOPSRosFIQ1 —— MEPSLO30R0.5F1Q1
—— LOPSRaFIQ: —— MEPSLO30.R2F1Q1
107F  —— LOPSRiFosQos "E —— MEPSLOj0RiFo5Qo5
—— LOPS RjFa02 | - MEPSLQ30 RiFaQz |
18

MC/Data
MC/Data

! 107 107

! 107 107

matching — merging
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pr of ttW system

NLO

LO
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Bottom line

o 10% MEPS@NLO

accuracy over
whole spectrum

(N)NLO MC for Run2
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pr of 1% jet

logo(k . jet resolution 0 — 1 [GeV])

T F z
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Sudakov behaviour (¢ dominated!)

o less intense QCD radiation

o lower Sudakov peak

o less pronounced logs and Qcyy issues

S. Pozzorini (Zurich University)

tt + X +jets
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Merging scale dependence

S

LO

Jet-multplicity XS

Togyk et resolution 0 — 1 [GeV])
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i 15 2

Ist jet kr

tt + X+ jets

3 35
Tog(dor /GeV)

Qcut scan above
Sudakov region

o 20,30,40 GeV

MEPS@LO & NLO
@ tiny variations

o can safely use
cht 2 20 Gev

(N)NLO MC for Run2
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Summary and Outlook

Ma

ny recent (N)NLO developments with OpenLoops

o fast multi-leg amplitudes with OPENLOOPS (now public!)
o S-MCGONLO and NLO-merging with OPENLOOPS+SHERPA

o NLO EW automation with OPENLOOPS+SHERPA and MUNICH

o OprPENLooPSs+MUuUNICH used in NNLO QCD calculations

tt + X+ jets with OpenLoops+Sherpa
o ttbb with S-MC@NLO and m;, > 0 = inclusive tf + b-jets sample
ot +0,1,2j with MEPS@NLO
o ttW + 0,15 (and t#H + 0, 17) much simpler that ¢Z + 0,1, 2

Some todo items

Qo

Qo

Qo

independent checks and uncertainty estimate for g — bb splitting in ttbb
combination of ttbb 4F and ti+ jets 5F
solid and widely accepted prescriptions for scale choices and variations

etc, etc

S. Pozzorini (Zurich University) tt + X+ jets (N)NLO MC for Run2
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S-MC®NLO ttbb 4F II

Sherpa’s MC@NLO formula [Frixione,Webber '02; Héche,Krauss,Schénherr,Siegert '11]

o 7/d<1> { )+ V(@ )+B(<I>n)®1} {A(ué,tm)+/tu% d@ls(cpl)A(ué,t)}
+ / A,y {R(@Hl) — B(®,) ®$(q>1)}

o shower resummation effectively acts starting from O(a?), and iterated emissions
yield fully realistic events

o inclusive observables with n (n + 1) particles preserve NLO (LO) accuracy

Scale choice crucial due to o (1) dependence (80% LO variation)
o widely separated scales my < Qi; S myzp can generate huge logs

o CKKW inspired scale adapts to b-jet pr and guarantees good pert. convergence

pg = Br.BriEr By = ag(uR) = as(BL Jas(EL as(Br,)as (B ;)
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S—M C@NLO tfbg 4F VI [Cascioli, Maierhofer, Moretti, S. P. , Siegert '13]

Accuracy of “Double Splittings” in MC@NLO ¢tbb Simulation

Naive picture

real-emission ttbbg MEs plus g — bb shower splitting
= only LO+PS accuracy as in usual LO merging

Correct MC@NLO picture: interplay of three different contributions

e

\(“’i&»;
2

g tibbg MEs plus PS g — bb emission
o LO ttbbg uncertainty ~100% at large pr

o largely cancelled by PS-matching at small pr
ttbb MEs plus PS gluon and g — bb emissions

o dominates at small pr

o NLO t£bb accuracy ~25-30%

Well reflected in scale uncertainty of 15 light-jet emission on top of ttbb. . .
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ttb analysis (N, > 1): 1° light-jet pr distribution (responsible for double splittings)

MCG@NLO vs NLO
pr of 19 non-b jet (tb cuts) o Sudakov damping of NLO IR
R T T singularity at pr — 0

o 25% NLO excess in the hard tail
(probably due to dynamic pg, multi-jet
final state, unresolved b-quark)

do/dpr [fb/GeV]
5

-
B

-1

MCG@NLO scale uncertainty

o LO-like uncertainty (~100%) in the
tail irrelevant for tH (bb)

o NLO-like accuracy (~30%) up to
70 GeV

SuErrA+OPENLOOPS

5
b

=
&
anazai

do/donio
-

L
o 50 100 150 200 250 300
pr(GeV]

= NLO-like accuracy in the region relevant for ¢ (bb)
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MEPS@NLO # + 0, 1,2 jets Il

NLO matching and merging for tt-+ jets
© NLO+PS ¢t + 1jet (with POWHEGBOX) [Alioni, Moch, Uwer '12]
o FxFx tt 4 0,1 jets (with MADGRAPH5/AMC@NLO) [Frederix, Frixione '12]

© MEPS®@NLO ¢t + 0,1 jets (with SHERPA+GOSAM) [Héche, Huang, Luisoni,
Schénherr, Winter '13]

© MEPS@NLO ¢t + 0,1,2jets (with SHERPA-++OPENLOOPS) [Héche, Krauss,
Maierhéfer, S. P., Schonherr, Siegert '14]

Setup of MEPS@NLO tt + 0, 1, 2 jets simulation
7 TeV LHC with 5F MSTW2008 NLO PDFs

(+]

o LO+PS top decays including spin correlations
o standard dileptonic ¢t cuts, R = 0.4 anti-kr jets
o central scale 1/p2c = 1/5+1/(mi — &) + 1/(mi — @)
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EW Sudakov logarithms |

Virtual EW corrections strongly enhanced by In(5/M7,) at 5§ ~1TeV

O(10%) corrections at 1-loop O(1%) corrections at 2-loops
do1 a . o s do2 o’ 4 5
— ~——1 ~ —26.4% — ~+——log" —5 ~ 3.5
( o0 )LL 752 % M2 ¢ ( oo ) = T amsn o8 gz =307

do1 3a s o 3a? s 5
2z ~+"" 1o ~ +15.6% o2 ~ log® ~ —41%
( g0 )NLL TSy . ]V[‘%V ( ( 00 / NLL m2sg o8 ]Wav g

EW Sudakov logs at HL-LHC

o large negative effects in tails of energy-dependent observables pr, Miny,... = can
hide BSM excesses

o size strongly depends on process and kinematic details

= strong motivation for full NLO EW predictions (4 higher-order logarithms)

[
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EW Sudakov logarithms Il

Originate from soft/collinear virtual EW bosons coupling to on-shell legs

v, Z, W= N, Z, W 7 ZWEH L, ...

Universality and factorisation [Denner,S.P. '01] similarly as in QCD

feYe) a a S S
= E LS S reron e

l7éka ’yZVV:t

0 process-independent and simple structure

o tedious implementation (ALPGEN [Chiesa et al. '13]) due to nontrivial SU(2) x U(1)
features (P-violation, mixing, soft SU(2) correlations, Goldstone modes, . ..)

o 2-loop extension and resummation partially available
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