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Why are we interested in WbWb̄ predictions.

In the experiment we do not measure tops. We only have a handle on their decay products.

WbWb̄ is therefore the more realistic final state if you are interested in t̄t production.

∼ quantum mechanical versus semi-classical treatment ∼

• important contributions to Wt and WW final states (tricky to disentangle at higher orders)

• important background to BSM searches and SM measurements

(e.g. population of N-jet bins in WW production)

• at current precision, we start worrying about

offshell effects, non-factorizable corrections, b-mass dependence etc.

• expect small ( O(Γt/mt) ) effects (wrt NWA) for inclusive t̄t observables

→ similar statements for more exclusive phase spaces?
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Outline.

WbWb̄ calculations and impact on phenomenology – a recap

New calculations at fixed order

Recent developments in NLO+PS matched simulations for WbWb̄

Summary

Disclaimer: content based on personal selection, my apologies to underrepresented and unmentioned efforts.
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WWbb̄ production at NLO in QCD
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• full NLO treatment inludes double-, single-and non-resonant ontributions(DR � t	t-like) (SR � Wt-like) (NR � VV-like)

• omplex-mass sheme
• �nite top-quark and W width e�ets(o�shell DR, SR, NR and interferenes)

• �rst done in massless b-quark approximation(→ requires two hard b-jets)(→ WWb	b in 5-�avour sheme)

[DENNER ET AL. ARXIV:1012.3975, ARXIV:1207.5018]

[BEVILACQUA ET AL. ARXIV:1012.4230]
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Some introdutory remarks on WWb	b prodution at NLO in QCD.

• earlier done in NWA (Γt → 0 limit) where prodution and deay fatorize (negleted ontributions aresuppressed by powers of Γt/mt . 1%)
[BERNREUTHER, BRANDENBURG, SI, UWER, ARXIV:HEP-PH/0403035]

[MELNIKOV, SCHULZE, ARXIV:0907.3090]

Jan Winter Chicago, August 4, 2016 – p.4



Full versus factorized approach
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• full NLO desription of the WWbb̄ �nalstate (2 → 4 proesses)

• aounts for non-resonant/non-fatorizingontributions, inludes NLO e�ets in topquark deays

fatorized (t	t)

• NLO tt̄ prodution (2 → 2 proesses)with LO deays attahed and spinorrelations preserved

• standard desription for the NLO ore inNLO+PS mathing

• Use these alulations for pure parton level analyses, i.e. mt is not a MC mass here, it is the pole mass.
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Full calculation versus NWA
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• full NLO desription of the WWbb̄ �nalstate (2 → 4 proesses)

• non-resonant/-fatorizing ontributions(quantum interferenes)

• NLO e�ets in top quark deays

narrow width approx. (NWA)

• full NLO NWA treatment of tt̄ produtionand top quark deays preserving spinorrelations (Fatorization: Prod ⊗ De)

• only DR ontributions survive in Γt → 0limit (onshell tops)

• NLO e�ets in top quark deays

• Comparison between both alulations (in the ℓℓ hannel) to investigate �nite top-quark width e�ets.

◦ No more than 1% deviations for inlusive ross setions (with experimental uts).

◦ E�ets an be (signi�antly) larger in di�erential distributions.

⇒ [DENNER, DITTMAIER, KALLWEIT, POZZORINI, SCHULZE, LESHOUCHES2011, ARXIV:1203.6803]
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Full calculation versus NWA
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Full calculation versus NWA
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WWbb̄ production at NLO: massive b-quarks
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• full NLO treatment inludes double-, single-and non-resonant ontributions
• omplex-mass sheme
• �nite top-quark and W width e�ets
• �rst done in massless b-quark approximation

[DENNER ET AL. ARXIV:1012.3975, ARXIV:1207.5018]

[BEVILACQUA ET AL. ARXIV:1012.4230]

• earlier done in NWA where prodution anddeay fatorize (negleted ontributions aresuppressed by powers of Γt/mt . 1%)

[BERNREUTHER ET AL. ARXIV:HEP-PH/0403035]

[MELNIKOV, SCHULZE, ARXIV:0907.3090]

[FREDERIX, ARXIV:1311.4893] [CASCIOLI, KALLWEIT, MAIERHÖFER, POZZORINI, ARXIV:1312.0546]

New development: bottom quark mass inluded in the alulation.

• o�-shell and single-top ontributions more important in phase-spae regions with unresolved b-quarks

• only aessible in alulations with massive b-quarks in the 4-�avour (4F) sheme

• in the 4F, fully di�erential NLO desription of both FS b-jets → permits appliation of jet vetoes

• → gauge-invariant separation of narrow-top-width ontribution and �nite-width remainder

• results provided reently by two groups:
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WWbb̄ production at NLO
[FREDERIX, ARXIV:1311.4893]Calulation performed within MadGraph5_aMC�NLO framework.

• top-quark indued bakgrounds in h → WW (∗) → llνν hannel at 8 TeV LHC (µR,F = ĤT /2)
• �Higgs measurement� uts in one-jet bin motivated by ATLAS analysis

• (left) azimuthal angle separation between leptons, (right) Higgs boson transverse massHiggs boson topology uts: mll < 50 GeV and |∆φll| < 1.8
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WWbb̄ production at NLO
[CASCIOLI ET AL. ARXIV:1312.0546]
[KALLWEIT]

NLO (inclusive)
LON (inclusive)
NLO (2 b-jets)
LON (2 b-jets)

pp→ νee
+µ−ν̄µbb̄+X @ 8TeV
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OpenLoops + Collier + New in-house NLO MC framework.

• 4F sheme enables gauge-invariant t	t/non-t	t separation instead of ill-de�ned t	t/Wt separation in 5F
• dynamial sale interpolating between tt̄ (µ2

tt̄
= ET,tET,t̄) and single-t (µ2

tW−

= ET,tET,b̄) ...
• ... to aount for multisale problem
• numerial extrapolation to Γt → 0: Wt ontribution dominates �nite top-quark width remainder
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WWbb̄ + j production at NLO in QCD
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NLO orretions to pp → e+νeµ−ν̄µbb̄j with the HELAC-NLO MC
• fully realisti �nal state for tt̄ prodution with a �nal state jet inhadroni ollisions (2nd example of 2 → 5 beyond NWA)
• inluding �nite W width, o�shell and non-resonant e�ets
• redution of sale dependene by fator 3 (at least), size of topquark o�shell e�ets below 2%

⇒ LHC 8 TeV results for total xse (13% lower than LO!!) and somekey distributions, hardest light jet pT (enter), minimal inv. massof e+ and b jet (right)
σLO
Helac-Nlo

= 183.1
+112.2 (61%)
−64.2 (35%) fb ,

σNLO
Helac-Nlo

= 159.7
−33.1 (21%)
−7.9 ( 5%) fb .

pTℓ > 30 GeV , pTj > 40 GeV ,

pmiss
T > 40 GeV , ∆Rjj > 0.5 ,

∆Rℓℓ > 0.4 , ∆Rℓj > 0.4 ,

|yℓ| < 2.5 , |yj| < 2.5 ,

[BEVILACQUA, HARTANTO, KRAUS, WOREK, ARXIV:1509.09242]
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WWbb̄ production at NLO EW
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NLO EW orretions to pp → e+νeµ−ν̄µbb̄ with MOCANLO (PS),
RECOLA (ME), COLLIER (1L-lib)

• inludes all O(α2
sα5) orretions with o�shell, non-resonant,and interferene e�ets for 2 → 6 phase spae

• photon-indued γg ontributions of O(αsα5) given for referene;DPA for W bosons works very well but not for t quarks

• uses tehniques developed for WWbb̄ + H at NLO in QCD (see1506.07448) and top width from Basso et al.

⇒ LHC 13 TeV results

Ch. σLO [fb] σNLO EW [fb] δ [%]

gg 2824.2(2) 2834.2(3) 0.35

qq̄ 375.29(1) 377.18(6) 0.50

gq(/q̄) 0.259(4)

γg 27.930(1)

pp 3199.5(2) 3211.7(3) 0.38

[DENNER, PELLEN , ARXIV:1607.05571], [DENNER, FEGER, ARXIV:1506.07448]

[BASSO, DITTMAIER, HUSS, OGGERO, ARXIV:1507.04676]
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Top quark mass determination using themlb method

[ATLAS-CONF-2013-077]

LHC 7 TeV

µR = µF = ĤT/2

MSTW2008(n)lo pdf
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Parametrize �your� theory (mlb preditions).

• Full QCD NLO predition for W+W−bb̄ in dileptonhannel: mlb distribution is sensitive to top quark mass.

• ATLAS uses one-dim. template method to determine mt.Theory unertainty has been estimated to 0.8 GeV.

→ Verify size of th. unertainties using more advaned al's!
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Themlb distribution at NLO and scale variations

LHC 7 TeV
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Sherpa LO
GoSam+Sherpa NLO10−5

10−4

10−3

10−2

d
σ

/
d

m
lb
[p

b
/

G
eV

]

0 50 100 150 200
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2
2.4

mlb[GeV]

N
L

O
/

L
O

LHC 7 TeV

µR/F = mt = 172.5 GeV

MSTW2008(n)lo pdf

W+W−bb̄ (LO)
W+W−bb̄ (NLO)
tt̄ NWA (LO)
tt̄ NWA (NLO)10−5

10−4

10−3

10−2

(1
/

σ
)

d
σ

/
d

m
lb
[p

b
/

G
eV

]

0 50 100 150 200

0.4
0.6
0.8

1
1.2
1.4
1.6

mlb [GeV]

R
at

io

◮ Important NLO corrections to the shape of mlb

◮ Values of mlb larger than
√

m2
t −m2

W
are kinematically forbidden in

narrow width approximation at LO

• follow ATLAS strategy: use harged-lepton b-jet pairing minimizing sum of both mlb and average.

LHC 7 TeV

ĤT/4 < µ < ĤT
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Parton-level NLO alulations for W +W −bb̄ based on GoSam+Sherpa framework.(full & fatorized al., 5-�avour sheme, massless b-quarks, two resonant W deaying leptonially � LO)
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Normalizedmlb: scale versusmt variation

LHC 7 TeV
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LO, µ = 1.0× ĤT/2
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• shape modi�ations resulting from variation of sales by fators of two

• left panel, for the full approah → visible • right panel, for the fatorized approah → only in tails

sale fator variation mimis shape hanges as indued by di�erent values unertainty�NLO: sale down orresponds to lower mass�t mass and sale simultaneously, but would resulting hoie work for other distributions (eg. )?
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Normalizedmlb: scale versusmt variation
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µR = µF = ĤT/2
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• shape modi�ations resulting from variation of sales by fators of two

• left panel, for the full approah → visible • right panel, shape hanges due to mt variation � NLO(mt variation � LO very similar!)

• sale fator variation mimis shape hanges as indued by di�erent mt values → unertainty

• �NLO: sale down orresponds to lower mass
• �t mass and sale simultaneously, but would resulting hoie work for other distributions (eg. mtt̄)?

Jan Winter Chicago, August 4, 2016 – p.14



Scale uncertainties and themlb method
[HEINRICH, MAIER, NISIUS, SCHLENK, WINTER, ARXIV:1312.6659]
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Based on NLO tt̄ + LO deays, only small e�ets on mt determination.

Single out e�et of NLO sale unertainties on top mass.

• Use mlb method in a parton-level analysis where weassume that data follows fatorized QCD NLO predition for

tt̄ with subsequent dilepton deays at LO [pseudo-data℄.

• Apply/test against the theories given by default salehoie NLO and LO preditions (templates) [hypotheses℄.
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Scale uncertainties and themlb method
[HEINRICH, MAIER, NISIUS, SCHLENK, WINTER, ARXIV:1312.6659]

LHC 7 TeV

WWbb̄

MSTW2008(n)lo pdf

NLO, µ = 1.0× ĤT/2

NLO, µ = 0.5× ĤT/2
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LO, µ = 0.5× ĤT/2

LO, µ = 2.0× ĤT/2
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-1LHC 7 TeV 4.7 fb
/2, MSTW 2008(n)lo pdfTH = R/Fµ,bb-W+W
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Impats top quark mass determination more than expeted.

Single out e�et of NLO sale unertainties on top mass.

• Use mlb method in a parton-level analysis where weassume that data follows full QCD NLO predition fordileptoni W+W−bb̄ [pseudo-data℄.

• Apply/test against the theories given by default salehoie NLO and LO preditions (templates) [hypotheses℄.
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Summary
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Full (left) vs fatorized (right) NLO alulation: results for mass shifts.

• larger shift btwn NLO & LO desription (∼ 1.9 GeV) as ompared to fatorized approah (∼ 0.5 GeV)

• signi�antly larger unertainties from sale variations for full approah (+0.6
−1.0 GeV vs ±0.2 GeV)
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Preliminary result
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Full (left) vs NWA (right) NLO alulation.
• PRELIMINARY RESULTS based on alibration urve �t
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Combination with parton showers.

Fixed

inv. mass!

Any

inv. mass!
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What about NLO+PS matching for WWb b̄ ?

◦ ... to obtain more realisti,i.e. hadron level �nal states.

◦ �rst attempt and results using PowHel

[GARZELLI, KARDOS, TROCSANYI, ARXIV:1405.5859]

◦ however, the issue of intermediate resonaneshas not been addressed.(Without a proper treatment of intermediateresonanes, parton shower e�ets will distortthe (NLO-aurate) Breit�Wigner shape.)
Recent developments towards a consistent treatment:

◦ onsistent NLO+PS in the narrow-width limit
[CAMPBELL, ELLIS, NASON, RE, ARXIV:1412.1828]

◦ resonane-aware subtration and mathing in Powheg
[JEZO, NASON, ARXIV:1509.09071]eah xse omponent (B, V, R) separated into theirdominant resonane historiessubtr. proedure preserves o�shellness of resonant ŝ-propagatorsresonane info on fs partiles ommuniated to shower.
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NLO+PS generator forWWbb̄ productionSigni�ant theoretialimprovements:NLO MEs for pp → ℓ+νℓl
−ν̄lbb̄ (i.e. upto O(α3

sα4)) in the 4FNS an bemathed to parton shower using infor-mation about resonane histories and theresonane-aware subtration and math-ing method of Powheg.

label tt̄ tt̄⊗ decay bb̄4ℓ

generator hvq [20] ttb NLO dec [35] bb4l

framework POWHEG-BOX POWHEG-BOX-V2 POWHEG-BOX-RES

NLO matrix elements tt̄ t(→ ℓ+νℓb) t̄(→ l−ν̄lb̄) ℓ+νℓ l
−ν̄l b b̄

decay accuracy LO+PS NLO+PS NLO+PS

NLO radiation single multiple multiple

spin correlations approx. exact exact

off-shell tt̄ effects BW smearing LO bb̄4ℓ reweighting exact

Wt & non-resonant effects no LO bb̄4ℓ reweighting exact

b-quark massive yes yes yesPhysis features ombined for the 1st time in one generator dubbed bb4l (POWHEG-BOX-RESframework with OpenLoops interfae mathed to Pythia8)
◦ onsistent NLO+PS treatment of t resonanes, inluding quantum orretions to t propagatorsand o�shell t deay hains
◦ exat spin orrelations at NLO, interferene between NLO radiation from top prodution anddeays, full NLO auray in tt̄ prodution and deays
◦ uni�ed treatment of tt̄ and Wt prodution with interferene at NLO

◦ improved modelling of b quark kinematis owing to b quark mass e�ets

◦ aess to phase-spae regions with unresolved b quarks and/or jet vetoes

[JEZO, LINDERT, NASON, OLEARI, POZZORINI, ARXIV:1607.04538], [JEZO, NASON, ARXIV:1509.09071]

[20] [FRIXIONE, NASON, RIDOLFI, ARXIV:0707.3088], [35] [CAMPBELL, ELLIS, NASON, RE, ARXIV:1412.1828]
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NLO+PS generator forWWbb̄ production

10−2

10−1

d
σ
/d

m
W

j
B
[p
b
/G

eV
]

8 TeV

d
σ
/d

σ
b
b̄
4
ℓ

d
σ
/d

m
W

j
B
[p
b
/G

eV
]

8 TeV

d
σ
/d

σ
b
b̄
4
ℓ

bb̄4ℓ
res-default

res-off

res-guess

mWjB
[GeV]

0.5

1.0

1.5

150 160 170 180 190 200

10−4

10−3

10−2

d
σ
/d

m
lj
B
[p
b
/G

eV
]

8 TeV

d
σ
/d

σ
b
b̄
4
ℓ

d
σ
/d

m
lj
B
[p
b
/G

eV
]

8 TeV

d
σ
/d

σ
b
b̄
4
ℓ

bb̄4ℓ
res-default

res-off

res-guess

mljB
[GeV]

0.8

1.0

1.2

0 50 100 150 200 250 300 350

[JEZO, LINDERT, NASON, OLEARI, POZZORINI, ARXIV:1607.04538]

• jB is b jet ontaining hardest B hadron, W reo. via orresponding o�shell ℓν pair in hard ME

• t reonstrution via harge and b �avour information at MC truth level

omparison of resonane-aware with resonane-unaware, traditional (res − off),and resonane kinemati-guess based preditions (res − guess):the traditional approah gives wider mass peaks as it does not preserve the virtuality of top resonanes,neither in Powheg nor in the shower.
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NLO+PS generator forWWbb̄ production
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[JEZO, LINDERT, NASON, OLEARI, POZZORINI, ARXIV:1607.04538]

• jB is b jet ontaining hardest B hadron, W reo. via orresponding o�shell ℓν pair in hard ME

• t reonstrution via harge and b �avour information at MC truth level

omparison of the preditions of the new generator, standard Powheg (lower row) and that obtainedfrom operating in narrow-width limit (upper row) inluding o�shellenss and interferene e�ets in anapproximate way.
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Summary.

Cutting edge parton-level calculations of NLO QCD corrections to WWbb̄ production are available,

using modern NLO tools (MG5_aMCNLO, OpenLoops+Powheg, OpenLoops+Sherpa, GoSam+Sherpa,

Helac-NLO/PowHel).

Realistic, many body final states!!

Comparison with NWA approaches & standard Monte Carlos helps disentangle effects beyond the factorization

and assess their relevance for phenomenology (on the inclusive level approximations work well, but differential

distributions have to be checked as well).

The 4-flavour scheme calculations (treating b-quarks as massive partons) give us new insight to the validation of

“top-induced” backgrounds.

Recent developments in matching WWbb̄ to parton showers led to first NLO+PS generator combining

POWHEG-BOX-RES with OpenLoops and Pythia8. Strategy is based on resonant-aware subtraction & matching as

implemented in Powheg framework.
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The end. (:o) Thank You.
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