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Outline of the talk

(A) General remarks on OpenLoops

(B) NLO matching for pp! ttbb with massive b-quarks



NLO Revolution and Automation

NLO calculations for 2! 4(5;6) processes at the LHC

many recent results (2009-2013):jjjj , W+5j, Z+4j, WWjj , WZjj , W | , |j
WWhb b, bbbb, ttbb, ttjj , tttt, ttHj, Hjjj ...

multi-particle processes increasingly important at high energy and luminosity
)  more processes: especially interesting at the technical fontier
)  more \details": matching, merging, NLO decays (t,W,Z), NLO EW,...

NLO automation (indispensable)

many new NLO tools: CutTools, Samurai, FormCalc, HELAC-NLMadLoop GoSam
BlackHat, NGluon Collier , Recola

lot of MC progress (matching and merging): aMC@NLBPOWHEGherpa,. ..



OpenLoops+Sherpa

OpenlLoops[casciol, Maierivfer, S.P., PRL 108 (2012) 111601 |

fully automated loop-amplitude generator
conceived to break multi-particle  bottlenecks (fast, numerically stable, exible)

interfaced to Collier library [ penner, pitmaier, Hofer ] for tensor integrals (powerful!)

NLO QCD for 2 ! 2;3;4 SM processes

SherpaZ.O [Hoeche, Hoeth, Krauss, Schoenherr, Schumann, Siegert, Zap p ]

fully automated interface to OpenLoops

automated matching (MC@NLO) and merging of jet multiplicit ies (MEPS@NLO)
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o)

OpenLoops recursion

X K 1

Nl:::lr;(lﬂ)ql:::qr - Y +qz; Nl:::r;(ln 1)q1:::

r=0 r=0

Cut-open loops can be built by recursively merging tree-lik e objects
can recycle conventional tree generators (Helac, Madgraph ...)

but e cient formulation requires loop-momentum  functional dependence!
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OpenLoops recursion

X K 1
N . ., (Un)gtiizg"™ = Y +q 2.
r=0 r=0

o)

150 s (In 1) q t

Handles building blocks as polynomials in the loop momentum q

recursive numerical construction of (symmetrised) polynomial coe cients

universal kernels dictated by Feynman rules ) automated and exible

inspired by Dyson-Schwinger formulation [ van Hameren 09

] but diagrammatic

g



OpenLoops recursion

X K 1
Nl:::|r;(|ﬂ)ql:::qr - Y +qz; Nl:::r;(ln 1)q1:::qr
r=0 r=0
Works with two alternative reductions
(A) Tensor-integral reduction [Denner/Dittmaier “05 ] avoids instabilities
(Gram-determinant expansions)
(B) OPP reduction  [ossola, Papadopolous, Pittau “07 ] is based on numerical evaluations at

multiple g-values: huge speed-up exploiting N . (In)!



Technical performance wrt (fast) computer-algebraic appro ach
event faster

2{3 orders-of-magnitude improvements in code-generation tim e and compactness

more details in talk by P. Maierhafer

First Pheno applications of Sherpa+OpenLoops

(A) NLO merging of Il +jets production talk by P. Maierhefer

(B) NLO W*™W bb production with  my >0 talk by S. Kallweit

(C) MC@NLO ttbb production with  my > 0 this talk



(A) NLO merging of Il + jets production talk by P. Maierhefer

O-jet bin 1-jet bin

o ot
®x o ©°
T

Y

Azimuthal lepton distance (ATLAS, Njet = 0) Azimuthal lepton distance (ATLAS, Nigt = 1) g g

— E L ‘ L ‘ T T ‘ T T ‘ T T ‘ T T —_ £ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T
’% 90 [~ —— MEPS@NLO 4 +0,1 _ - % 25 [ —— MEPS@NLO 4¢+0,1]
§ S0 HER/2-- 2HER 3 § Tk MER/2---2HER W e
T PQ/\/i\/Z“Q 3 S I‘Q/\/E"'\/EVQ >
N = Unc. quad. sum ! N Unc. quad. sum e -
® 6o = -—- MC@NLO4( = ® © - - MC@NLO 4 EER e

s ——— NLO# E 15 - === NLO4¢+ 1 o - A Y

E E| £ - +
7 2 e N O s i AT bl W
10 — <

30 g +

20 5 } —

10 g +OrENI S O [

[ | | | | I | | | | | |

oF IR \ \ \ 7 °F \ \ \ \ \ ™

1.1 -

1

>
>

do/doversenio do/doversento
do/doyipsento  do/domversenro

Lo Lol Lol (B L (B L (B a
T T T T T T T T T T T T T T T
0.08 MEPS@LOOP? 44 +0,1j —— —|
0.06 — —
0.04 T‘«_‘ﬁ_‘_‘_‘_'_‘—'—w
0.02 — —

o b b b b b by Ll
o 0.5 1 15 2 2.5 3 o 0.5 1 1.5 2 2.5 3 g
A Adpye

;\%

Irreducible background to ATLAS/CMS H! WW analysis
NLO merged predictions for 0- and 1-jet bins

merging of squared quark-loop contributions gg! I  +0;1 jets including quark
channels

) 1{2% theory uncertainty for data-driven WW determination



(B) NLO W*™W bb production with  my >0 talk by S. Kallweit
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(C) MC@NLO ttbb production with myp > 0 this talk



ttH(b b) analyses at the LHC

complicated bbbb" jj nal state hampers H ! bb peak
reconstruction

huge background contamination (S=B  10%)

5:8(5:2) oM excluded at 95% CL with 5 + 5(20)fb *

(CMS HIG-12-035, CMS PAS HIG-13-019)

No signi cant improvement with statistics: dominated by 50 % theory
uncertainty attributed to (LO MC) ttbb background



tt+ light-, c- and b-jets backgrounds

Sophisticated data-driven background determination

4 jets 4 jets 4 jets 4 jets 4 jets
0 b tags 1btags 2 btags 3 btags 3 4 b tags

ATLAS . .
Premnary data binned according to (N;; Nyp)
my = 125 GeV
5 jets 5 jets 5 jets 5 jets 5 jets I tH+HF jets

0 b tags 1btags 2 b tags 3 b tags 3 4 btags [ ti+light jets

CECECECEC] T

B Multijet
decent tt+jets measurement

3 6jets 3 6jets 3 6jets 3 6jets 3 6jets
0 b tags 1btags 2 btags 3 btags

SRCHS

Likely to improve with matrix element methods, boosted jets , ...
but t tH(b b) interpretation will require robust theoretical backgro und uncertainties for:

poor ttbb separation from signal
ATLAS-CONF-2012-135

extrapolations across di erent N; and Ny multiplicities

shapes



Existing NLO results

NLO(+PS) predictions for tt+ 1 -jet
tt+ 1 Jet a.t NLO [ Dittmaier, Uwer, Weinzierl '07/'09; Melnikov, Schulze '10 ]
tt+1 Jet POWHeg ma’[Ching [ Alioli, Moch, Uwer '12 ]

tt+ 1 je'[S MEPS@NLO merging [Hoeche, Huang, Luisoni, Schoenherr, Winter '13 ]

NLO predictions for tt+ 2 -jets
ttb b [Bredenstein, Denner, Dittmaier, S. P. '09/'10; Bevilacqua , Czakon, Papadopoulos, Pittau, Worek '09

tt“ [Bevilacqua, Czakon, Papadopoulos, Pittau, Worek '10-'11 ]

Towards NLO+PS for tt+2 b-jets

PowHeg matching ( rst emission) for t tbb with massless b-quarks based on
HELAC-NL© POWHeg BO{Q(ardos, Trocsanyi '13 ]

MC@NLO matching for t tbb with massive b-quarks [cascioli, maierhoefer, Moreti, s. P.,

Siegert '13 ]

) crucial for 80% (LO) to 20% (NLO) reduction of scale uncertai nty in exp. analysis



5F vs 4F scheme for

ttbb production

b-quark mass

b-quark FSR

b-quark ISR

In( R=Mp) in 2

ttb nal states

collimated bb pairs

5F scheme

mb:O

resummed via PS g! bb

resummed via PDF+PS
(backward) evolution

resummed

not possible at parton level
(collinear b-quarks sing.)

requires tt+g MEs
+g ! Dbb PS splittings

4F scheme

mp > 0

idem (with myp > 0)

from PDF gluons via xed-
order g! bb

at one loop

possible (collinear sing.

regulated by my)

possible in NLO ttbb



Needed parton-level ingredients for complete tt+ b-jets simulation

4F scheme permits to cover full b-quark PS ) MC@NLO ttbb simulation provides
complete description

5F scheme requires mix of showered t+jets and ttbb NLO MEs

Matching NLO ttbb to PS in 4F scheme gives access to new tt+ 2 b-jets
production mechanisms

double (rather) collinear g ! bb splittings
(surprisingly) important impact ont tH(b b) analysis

rst splitting NLO accurate in 4F scheme (only PS splittings in 5F scheme)

b b-jet

b-jet



Sherpa formU|at|On Of MC@NLO matCh|ng [I—bche, Krauss, Schenherr, Siegert '11]

Modi ed NLO formula ( rst emission)
Z

hOi= dg B( s)+V(e)+I(s) U 3)

z X
+ d r R( Rr) Dik ( R) (& t) O( Rr):
ijk

Integrated subtraction terms

X Z
I( )= d rigDik ( R) (& 1)
ijk
First emission of CS diple shower ( B! r INverse mapping)
X %% Dis ( &)
U(to; §) = ( to; $)O( &)+ d rig = ——— (t $)O( Rr);
ik to B( s)

Resummation scale o (parton-shower starting scale) restricts shower to meaning ful
region and its variations provide systematic shower-uncert ainty estimates



Choice of g, pand g

Scale choice in  &( ?) is crucial

widely separated scalesmp, Q; < m,,, can generate huge logs

Dynamical \BDDP" scale [Bredenstein, Denner, Dittmaier, S. P. '10 ] gual’antees gOOd
convergence by adapting to b-jet pr

g( éDDP ) = g(mtp PTb1PT b2) é(mtz) S(p%;bl) S(D%;bz)

Natural generalisation (for pr ! 0 region)

. Y Y (
R — Er, = mi2+p$;i
1=t ;t;b;b i=t ;t;b;b
Factorisation and Resummation scales (available phase space for QCD emission)

1
F= Q= E(ET;t + E1.4)



ttb and ttbb analyses

Top decays
spin-correlated top decays fully automated (at LO) in Sherpa

stable top quarks in order to focus on the b-jets arising from QCD dynamics, which
are more subtle (dynamical scale choices, 4F/5F scheme issuesg! bb splittings)

b-jet counting

any jet containing one or more b-quarks is considered a b-jet (possible only with
mp > 0)

we classify events according to thenumber N, of QCD b-jets with

pr > 25GeV, j b < 2.5

we perform attb (N, 1) and attbb (N, 2) analysis, plus an extra ttbb analysis
In the signal region mp, > 100 GeV.



NLO corrections to ttb and ttbb cross sections

ttb ttbb ttbb( mp, > 100)
offb] 25477 M 463970 N, 12370 T,
+33% +4 :6% 28% +5 :6% +25% +8 :6%
nco [fb] 3192 25% 4:9% 557" 24%  4:0% 141 22% 3:8%
NLO = LO 1:25 1:20 1:14
Good perturbative convergence (also for tth)

K -factors and uncertainties rather independent of selection

+20% correction from b-quark contribution to s running in 4F scheme (K ' 1 in
5F scheme)

20{30% residual uncertainty dominated by r variations



M@NLO corrections wrt NLO In ttb and ttbb cross sections

tth ttbb ttbb( My, > 100)
mcento [fb] 32235, i 607500 e 1867500 hitn
MC@NLO — NLO 1:01 1:.09 1:32
e ano L] 3176 539 145
haono = no  0:99 0:97 1:03

Nontrivial MC@NLO e ects
negligible(moderate) MC@NLO/NLO di erences with standar d ttb(ttbb) selections
large MC@NLO eect (  30%) in Higgs-signal region of ttbb

disappears in MC@NLO,,, where g! bb PS splittings are switched o ! (see more
details in distributions)

r, F and o uncertainties similar as for NLO



ttb nal states with N

1 QCD b-jets

Top-quark and b-jet distributions in the
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First ligh-jet

do/dpt [fb/GeV]

dU'/d(TNLO

102

107

=
ol

-
o = o|
GoRr G w

o

pr of 1%t non-b jet (ttbb cuts)

pr distribution in the

ttbb nal states with Ny

2 QCD b-jets

ttbb analysis ( N,  2)

Consistent NLO+PS matching
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MC@NLO vs NLO in good (5%)
agreement in the tail

Sudakov damping of NLO IR
singularity pr! O

signi cant Sudakov e ects already at 50
GeV $ intense multi-jet radiation

MC@NLO correction of 30% at
intermediate pr is a order 2 e ect
(depends on R, o)



b-jet distributions in the

PT b,

pr of 15 b-jet (ttbb cuts)

ttbb analysis ( Ny
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Invariant mass of rst two b-jets in the ttob analysis ( Ny,  2)

MC@NLO excess grows with Mp, b,

Mbp, b, _
Mass of first two b-jets (ttbb cuts) reaChlng 30{40% at 125 GeV
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decrease at largemgyq

further distinctive kinematic features ...



b-jet distributions in the ttbb analysis ( N, 2) with mp,p, > 100 GeV

PT b, Rblbz

MC@NLO excess from back-to-back soft jets
R and smallest possible pr

consistent with soft-collinear behaviour of parent gluon je ts



b-jet distributions in the ttbb analysis ( N, 2) with mp,p, > 100 GeV
PT:b, Rble

Double g! bb splitting \smoking gun”

MC@NLO excess disappears when d bb PS splittings are switched o
(MC@NLO 2, agrees with NLO)

additional evidence from various b-quark correlations

This changes the conventional ttbb hard-scattering picture ...



Summary

NLO+PS predictions for ttbb production with mp, >0
full b-quark phase space) tt+ 1 b-jets w.0. need of tt+jets MEs

double g! bb splittings important for t tH(b b) analysis
{ NLO accuracy for rst collinear g ! bb splitting

{ PS tuning important for second splitting

Sherpa+OpenLoops

rst real-life applications: t thb and W* W bb (talk by S.Kallweit) with massive
b-quarks; =~ +jets (talk by P. Maierhefer)

demontrate feasibility of fully realistic simulations for nontrivial LHC analyses
(multi-scale processes, o -shell particles, loop-induced processes, NLO matching
and merging,...)



