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Precision and EW corrections

Motivation for high theoretical precision in pp→ tt̄→WWbb̄

precision PDF and mt determinations

small anomalies in top observables

small signals with large top backgrounds
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EW correction effects

O (α) corrections to on-shell pp→ tt̄

O
(

Γt
mt

)
= O (α) effects from off-shell pp→WWbb̄

both effects mostly small . . . but strongly enhanced in important kinematic regions
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EW Sudakov logarithms at Q ∼ TeV�MW

Soft/collinear logarithms from virtual EW bosons [Bauer, Becher, Ciafaloni,

Comelli, Denner, Fadin, Kühn, Lipatov, Manohar Martin, Melles, Penin, S.P., Smirnov, . . . ]

Z,W± bosons ∼ light particles at ŝ�M2
W,Z

⇒ large logarithms of IR type

γ,Z, W±

Universality and factorisation [Denner,S.P. ’01]

δM1−loop
LL+NLL =

α

4π

n∑
k=1

1

2

∑
l6=k

∑
a=γ,Z,W±

Ia(k)I ā(l) ln2 ŝkl
M2

+ γew(k) ln
ŝ

M2

M0

large negative terms ∝ αw ln2(Q2/M2
W ) ∼ 25%� αS in any TeV scale observable

size depends on external EW charges: not very large for gg → tt̄

⇒ EW corrections important for SM tests and BSM searches at TeV scale
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Nontrivial NLO EW features wrt NLO QCD (examples)

(1) QCD–EW “interference” (e.g.
q/g bresstrahlung at NLO EW)

γ γ
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γ, Z, W
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(2) Virtual EW corrections more involved than QCD ones
(due to massive Z,W,H, b, t) and tend to dominate

(3) Leptons receive EW corrections and W,Z resonances require complex-mass
scheme [Denner, Dittmaier]
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(4) Protons and jets ⊃ g, q, γ (IR safe photon–jet separation subtle)
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First automated NLO QCD+EW tools and applications

NLO EW Tools first results

Recola+Collier pp→ `+`−jj [arXiv:1411.0916]

pp→ (tt̄)→ e+νeµ
−ν̄µbb̄ [arXiv:1607.05571]

pp→ e+νeµ
−ν̄µ [arXiv:1605.03419]

pp→ e+e−µ+µ− [arXiv:1601.07787]

OpenLoops+ Munich/Sherpa pp→W + 1, 2, 3 jets [arXiv:1412.5156]

pp→ ``/`ν/νν + 0, 1, 2 jets [arXiv:1511.08692]

Madgraph5 aMC@NLO pp→ tt̄+H/Z/W [arXiv:1504.03446]

pp→ tt̄ [arXiv:1606.01915]

GoSam+ MadDipole pp→W + 2 jets [arXiv:1507.08579]

Benefits of automation

NLO QCD+EW for multi-particle process, e.g. pp→WWbb̄ and tt̄+ multijets

NLO QCD+EW matching and mering with parton showers (still work in progress)
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Outline

1 pp→ tt̄ at NLO EW

2 pp→WWbb̄ at NLO QCD+EW

3 Resonance aware NLO+PS matching for pp→W+W−bb̄

4 tt̄+ 3 jets at NLO QCD



NLO EW corrections to on-shell pp→ tt̄

Literature

weak [Beenakker et al. ‘94; Kühn et al. ‘06–‘13; Bernreuther et al. ‘06; Campbell et al. ‘16]

QED [Hollik, Kollar ‘08]

AFB [Hollik, Pagani ‘11; Kühn, Rodrigo ‘12; Manohar, Trott ‘12; Bernreuther, Si ‘12]

NLO EW with decays in NWA [Bernreuther, Si ‘10]

NLO QCD+EW [Pagani, Tsinikos, Zaro, 1606.01915]

LO QCD NLO QCD LO EW NLO EW
channel O

(
α2
S

)
O
(
α3
S

)
O (αSα) O

(
α2
Sα
)

qq̄ → tt̄ x x x
gg → tt̄ x x x
γg → tt̄ x x
γq → tt̄ x

γ

g

t̄

t

t

In depth study of γ-induced contributions

dominated by γg → tt̄ channel: included at O (αSα) and O
(
α2
Sα
)
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Different γ(x,Q2) in PDF sets with LO QED evolution

PDF initial condition QED⊗QCD evol. data γelastic(x)
MRSTW2004QED Pγq ⊗ qvalence coupled no no

CT14QED Pγq ⊗ qvalence coupled DIS ep→ eγ +X (CT14QED inc)

NNPDF2.3 QED unconstrained decoupled DIS + DY@LHC fit γel+inel(x)
APFEL NN23 idem coupled idem idem

LUXqed from data F2,L(x,Q
2) yes

γ(x,Q2) potentially relevant at very high x

NNPDFs: very large γ(x,Q2) and uncertainty
⇔ agnostic Ansatz and poor sensitivity of data

other PDFs: consistently lower γ(x,Q2) and
smaller uncertainty

LUXqed [Manohar, Nason, Salam, Zanderighi ‘16]:
very small uncertainties ⇔ γ(x,Q2) from
proton structure functions (i.e. data)

γg luminosity
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NLO QCD+EW corrections without γ(x,Q2)

Typical Sudakov behaviour but moderate size (see lowest frame)

−20% at pT,top ∼ 2 TeV
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−10% at mtt̄ ∼ 4 TeV
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Photon-induced contributions

dominated by gγ → tt̄ at LO (γq → tt̄q negligible)

overall effect up to 20%± 20% in NNPDF and negligible in CT14QED
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Important to constrain NNPDFs with data sensitive to γ(x,Q2) at high-x
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Outline

1 pp→ tt̄ at NLO EW

2 pp→WWbb̄ at NLO QCD+EW

3 Resonance aware NLO+PS matching for pp→W+W−bb̄

4 tt̄+ 3 jets at NLO QCD



pp→ WWbb̄ at NLO QCD
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On-shell tt̄ production×decay in NWA [Bernreuther et al. ’04; Melnikov, Schulze ’09]

lim
Γt→0

| 1

p2
t −m2

t + iΓtmt
|2 =

π

Γtmt
δ(p2

t −m2
t ) ⇒ life much simpler beyond LO

Full calculations of pp→W+W−bb̄ [Denner et al. ‘10; Bevilacqua et al. ’10;

Heinrich et al. ‘13; Cascioli et al ‘13; Frederix’13] and WWbb̄j [Bevilacqua et al,‘15–‘16]

tt̄ production and decays at NLO with off-shell effects

tt̄+Wt and non-resonant channels with interferences

0- and 1-jet bins thanks to mb > 0 [Cascioli et al ‘13; Frederix’13]
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Deviations from naive NWA can be sizable

In inclusive tt̄ observables (2 b-jets)

formally or EW order

Γt
mt
' α ' 10−2

and typically strongly suppressed

In off-shell regions

10% of σtt̄ with off-shellness > 10 GeV

Roff = 1
σ

∫ ∞
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dσ
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moff = ∑t,t̄ |mWb − mt|

fully inclusive
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[Cascioli et al;‘13]
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pp→ e+νeµ
−ν̄µbb̄ at NLO EW [Denner and Pellen ’16]
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Exact 2→ 6 NLO EW calculation

fully differential 6-particle final state

NLO EW top decays

off-shell tt̄ + Wt + non-resonant contributions
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Applicable only with tt̄ type cuts (mb = 0 ⇒ no unresolved b-quarks)

2 b-jets (pT > 25 GeV, |η| < 2.5)

2 charged leptons (pT > 20 GeV, |η| < 2.5) and missing ET > 20 GeV
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NLO EW corrections and γg contributions [Denner and Pellen ’16]
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NLO EW corrections

up to −10-15% at pT ∼ 800 GeV

qualitatively consistent with [Pagani et al ‘16] for reconstructed top pT

γ-induced contributions (γg at LO and γq at NLO EW included)

5–6% at pT ∼ 800 GeV

smaller wrt [Pagani et al ‘16] due to fixed µF = mt
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Exact pp→ bb̄+ 4` vs double-pole approximation

Double-pole approximation (similar to tt̄ MC generators!)

on-shell tt̄→ bb̄+ 4` matrix elements

approx. off-shell effects via 1/[(p2 −m2
t )
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Genuine off-shell and Wt effects (see deviations wrt LO tt̄)

+3% for σtot and +5% in tail of reconstructed top pT

beyond 20–30% in pT -tails of individual top-decay products

⇒ NLO EW and O (Γt/mt) effects madatory for precision at high pT
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Outline

1 pp→ tt̄ at NLO EW

2 pp→WWbb̄ at NLO QCD+EW

3 Resonance aware NLO+PS matching for pp→W+W−bb̄

4 tt̄+ 3 jets at NLO QCD



Precision mt determination

 [GeV]tm
165 170 175 180

0

5

10  4.60 GeV± 4.60 ±175.50 
 syst)± stat ±(value 

CMS 2010, dilepton
-1JHEP 07 (2011) 049, 36 pb

 1.43 GeV± 0.43 ±172.50 
 syst)± stat ±(value 

CMS 2011, dilepton
-1EPJC 72 (2012) 2202, 5.0 fb

 1.21 GeV± 0.69 ±173.49 
 syst)± stat ±(value 

CMS 2011, all-jets
-1EPJC 74 (2014) 2758, 3.5 fb

 0.98 GeV± 0.43 ±173.49 
 syst)± stat ±(value 

CMS 2011, lepton+jets
-1JHEP 12 (2012) 105, 5.0 fb

 1.22 GeV± 0.19 ±172.82 
 syst)± stat ±(value 

CMS 2012, dilepton
-1This analysis, 19.7 fb

 0.59 GeV± 0.25 ±172.32 
 syst)± stat ±(value 

CMS 2012, all-jets
-1This analysis, 18.2 fb

 0.48 GeV± 0.16 ±172.35 
 syst)± stat ±(value 

CMS 2012, lepton+jets
-1This analysis, 19.7 fb

 0.47 GeV± 0.13 ±172.44 
 syst)± stat ±(value 

CMS combination

 0.52 GeV± 0.37 ±174.34 
 syst)± stat ±(value 

Tevatron combination (2014)
arXiv:1407.2682

 0.71 GeV± 0.27 ±173.34 
 syst)± stat ±(value 

World combination 2014
ATLAS, CDF, CMS, D0
arXiv:1403.4427

 [GeV]tm
165 170 175 180

0

5

10
Direct and indirect mt determinations

∆m
(exp)
t ∼ 0.5 GeV but spread around 2 GeV

EW precision fit (mt = 177± 2.1 GeV)
1.6σ above world average

Kinematic mpole
t determinations

excellent experimental systematics

require accurate theory understanding of

mMS
t ↔ mpole

t ↔ observables

Non-perturbative (renormalon) ambiguity in mMS
t ↔ mpole

t

intrinsic O (ΛQCD) ambiguity of pole mass much smaller than previously expected:
∆mpole

t ∼ 70 MeV [Beneke et al, 1605.03609]

Monte Carlo simulations with higher-order pp→WWbb̄ matrix elements

well defined mpole
t input (no MC mass!)

systematic precision improvements in mpole
t ↔ observables
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Resonance aware NLO+PS matching method
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Long-standing problem: NLO+PS for resonant pp→WWbb̄ MEs

uncontrolled MWb shifts from resonance unaware first emission and showering

⇒ highy inefficient event generation

⇒ unphysical order α2
Smt/Γt ∼ 1 distortion of top line shape and related observables

Resonance aware Powheg matching [Jezo and Nason, 1509.09071]

guiding principle: respects on-shellness and all-order factorisation of top
production×decay for Γt → 0

⇒ assign radiation to top production or decays consistent with Γt → 0 limit

⇒ modified NLO+PS approach to preserve resonance virtualities at all stages

see analogous approach in MC@NLO [Frederix et al, 1603.01178]
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pp→ bb̄+ 4` resonance aware NLO+PS generator
[Jezo, Lindert, Nason, Oleari, S.P., 1607.04538] http://powhegbox.mib.infn.it

based on Powheg+OpenLoops

Precision improvements wrt standard tt̄ NLO+PS generators

full pp→ tt̄+Wt→ bb̄+ 4` process with tt̄–tW interference

well defined M
(OS)
t with quantum corrections to top propagators

applicable to observables with unresolved b quarks (jet vetoes) thanks to mb > 0

NLO+PS top production and decay with multi-radiation scheme [Campbell, Ellis,

Nason, Re ‘15]
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⇒ t
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b
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p

Potentially very useful for

mt determinations

Wt measurements and top backgrounds with jet vetoes or high pT /missing ET
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pp→ bb̄4` vs traditional Powheg tt̄ generator I

bb̄4`: NLO+PS pp→ e+µ−νeν̄µbb̄ [Jezo et al, 1607.04538]

tt̄: NLO+PS pp→ tt̄ with LO+PS decays (hvq) [Frixione, Nason, Ridolfi, ’07]

Reconstructed top mass b-jet–lepton mass
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Significant effects for mt determination

asymmetric shape distortion around the resonance

average MWjB roughly 0.5 GeV higher (within ±30 GeV around mt) in bb̄4`

20–30% effects around the M`jB edge
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pp→ bb̄4` vs traditional Powheg tt̄ generator II

b-jet mass B-hadron fragmentation function
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Significant effects in b-jet properties

narrower b-jets and harder B-fragmentation

due to reduced radiation from b-quarks in bb̄4` generator

calls for detailed studies of realistic LHC observables
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Outline

1 pp→ tt̄ at NLO EW

2 pp→WWbb̄ at NLO QCD+EW

3 Resonance aware NLO+PS matching for pp→W+W−bb̄

4 tt̄+ 3 jets at NLO QCD



tt̄+ 3 jets at NLO [Moretti, Höche, S.P., Maierhöfer, Siegert, ArXiv:1607.06934]

Motivations for tt̄+multijet precision

benchmark for perturbative QCD and tools

large background systematics in tt̄H(bb̄) and BSM searches

Technical challenge addressed with Sherpa+OpenLoops

fully coloured 2→ 5 process with heavy quarks

partonic channel \ N 0 1 2 3

gg → tt̄+N g 47 630 9’438 152’070
uū→ tt̄+N g 12 122 1’608 23’835
uū→ tt̄uū+ (N − 2) g – – 506 6’642
uū→ tt̄dd̄+ (N − 2) g – – 252 3’321

number of 1-loop diagrams

Study of scale choices and uncertainties for non-trivial multi-scale process

hard global scale µ = HT /2: good convergence for V+multijets [Blackhat+Sherpa]

MINLO method [Hamilton, Nason, Zanderighi ’12]: improved convergence for
multi-scale processes through NLO+NLL CKKW resummation
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MINLO automation in Sherpa [Höche et al, ArXiv:1607.06934]

Interpretation of tt̄+N jet events throught kT -jet clustering

tt̄+M jet core process with 0 ≤M < N and µcore = HT /2

N −M ordered jet emissions at q1 < q2 < . . . qÑ < µcore

CKKW scale choice + Sudakov FFs for ext & int lines

[αS(µR)]N+2 = [αS(µcore)]2+M
Ñ∏
i=1

αS(qi),

∆a(qmin, qi) and Σ(qk, ql) =
∆a(qmin, ql)

∆a(qmin, qk)

Matched to tt̄+N jet NLO calculations

O(αS) amputation of Sudakov FFs
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tt̄+ 0, 1, 2, 3 jet cross sections at 13 TeV

pT,jet > 25 GeV

Sherpa+OpenLoops
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Setup

stable tops and anti-kT jets

R = 0.4, pT,j > 25 GeV, |ηj | < 2/5

Ntuples allow decays & showering

Plotted predictions and ratios

LO/NLO at µ = HT /2

MILO/MINLO

MINLO/NLO

NLO corrections and uncertainties

MINLO convergence better at large
Njets (also for larger pT,j)

∼10% factor-2 variations in (MI)NLO

4–8% MINLO/NLO agreement!
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n-th jet pT for pp→ tt̄+ n jets with n = 1, 2, 3

Sherpa+OpenLoops
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large NLO/LO but excellent MINLO convergence at large Njets and pT

In general: very good MINLO/NLO agreement and factor-2 scale variations
consistent with TH uncertainty <∼ 10%
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Summary

NLO EW corrections to on-shell tt̄ production

Sudakov EW effects around −15% for pT,top ∼TeV

γg → tt̄ can be similarly large (with NNPDFs) or negligible (other PDFs)

Off-shell e+νeµ−ν̄µbb̄ production at NLO EW

NLO EW predictions for fully differential final state

sizeable off-shell and Wt effects at large pT and missing ET

First e+νeµ−ν̄µbb̄ NLO+PS generator (resonance-aware matching method)

new wrt standard NLO+PS: NLO decays, off-shell effects, tt̄+Wt, . . .

potential shift ∆mt ∼ 0.5 GeV in kinematic mt determinations

tt̄+ 0, 1, 2, 3 jets at NLO

tt̄+multijets at 10% precision level

important for tt̄H(bb̄) and BSM backgrounds
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The different photon PDFs …
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- APFEL_NN23 (Bertone, Carrazza, DP, Zaro ‘15) is at the initial scale equivalent to 
NNPDF2.3QED for all the PDFs. But, the DGLAP QCD and QED running is 
consistent (similar to NNPDF3.0QED, where also quark and gluons have been 
updated to NNPDF3.0). 
!
- At small Q: APFEL_NN23 is like NNPDF2.3QED. At large Q: it is like 
CTEQ14QED at small x, while it is like NNPDF2.3QED at large x. 
!
- CTEQ14QED is close to the upper edge of the CTEQ14QEDinc band.

Talk by D. Pagani at QCD@LHC2016
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Image taken from Manohar, Nason, Salam, Zanderighi ’16 
and adapted for this slide. 

The different photon PDFs …
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- LUXQED is close to the upper edge of the CTEQ14QED band and to 
CTEQ14QEDinc 
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FIG. 4. The ratio of common PDF sets to our LUXqed result,
along with the LUXqed uncertainty band (light red). The CT14
and MRST bands correspond to the range from the PDF mem-
bers shown in brackets (95% cl. in CT14’s case). The NNPDF

bands span from max(µr � �r, r16) to µr + �r, where µr is
the average (represented by the blue line), �r is the standard
deviation over replicas, and r16 denotes the 16th percentile
among replicas. Note the di↵erent y-axes for the panels.

a systematic uncertainty due to the choice of the transi-
tion scale between the HERMES F2 fit and the pertur-
bative determination from the PDFs, obtained by reduc-
ing the transition scale from 9 to 5 GeV2 (M); missing
higher order e↵ects, estimated using a modification of
Eq. (6), with the upper bound of the Q2 integration set
to µ2 and the last term adjusted to maintain ↵2(↵sL)n

accuracy (HO); a potential twist-4 contribution to FL

parametrised as a factor (1 + 5.5 GeV2/Q2) [45] for
Q2 � 9 GeV2 (T). One-sided errors are all symmetrised.
Our final uncertainty, shown as a solid line in Fig. 3, is
obtained by combining all sources in quadrature and is
about 1-2% over a large range of x values.

In Fig. 4 we compare our LUXqed result for the MS f�/p

to determinations available publicly within LHAPDF [46].
Of the model-based estimates CT14qed inc, CT14qed [22]
and MRST2004 [20], it is CT14qed inc that comes closest
to LUXqed. Its model for the inelastic component is con-
strained by ep ! e� + X data from ZEUS [23]. It also
includes an elastic component. Note however that, for

FIG. 5. �� luminosity in pp collisions as a function of the
�� invariant mass M , at four collider centre-of-mass energies.
The NNPDF30 results are shown only for 8 and 100 TeV. The
uncertainty of our LUXqed results is smaller than the width of
the lines.

the neutron, CT14qed inc neglects the important neu-
tron magnetic form factor. As for the model-independent
determinations, NNPDF30 [47], which notably extends
NNPDF23 [21] with full treatment of ↵(↵sL)n terms in
the evolution [48], almost agrees with our result at small
x. At large x its band overlaps with our result, but the
central value and error are both much larger.

Similar features are visible in the corresponding ��
partonic luminosities, defined as
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and shown in Fig. 5, as a function of the �� invariant
mass M , for several centre-of-mass energies.

As an application, we consider pp ! HW+(! `+⌫) +
X at

p
s = 13 TeV, for which the total cross section with-

out photon-induced contributions is 91.2±1.8 fb [6], with
the error dominated by (non-photonic) PDF uncertain-
ties. Using HAWK 2.0.1 [49], we find a photon-induced
contribution of 5.5+4.3

�2.9 fb with NNPDF30, to be compared
to 4.4 ± 0.1 fb with LUXqed.

In conclusion, we have obtained a formula (i.e. Eq. (6))
for the MS photon PDF in terms of the proton structure
functions, which includes all terms of order ↵L (↵sL)n,
↵ (↵sL)n and ↵2L2 (↵sL)n. Our method can be eas-
ily generalised to higher orders in ↵s and holds for any
hadronic bound state. Using current experimental in-
formation on F2 and FL for protons we obtain a pho-
ton PDF with much smaller uncertainties than existing
determinations, as can be seen from Fig. 4. The pho-
ton PDF has a substantial contribution from the elas-
tic form factor (⇠ 20%) and from the resonance region
(⇠ 5%) even for high values of µ ⇠ 100�1000 GeV.
Our photon distribution, incorporating quarks and glu-
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out photon-induced contributions is 91.2±1.8 fb [6], with
the error dominated by (non-photonic) PDF uncertain-
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contribution of 5.5+4.3
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As an application, we consider pp ! HW+(! `+⌫) +
X at

p
s = 13 TeV, for which the total cross section with-

out photon-induced contributions is 91.2±1.8 fb [6], with
the error dominated by (non-photonic) PDF uncertain-
ties. Using HAWK 2.0.1 [49], we find a photon-induced
contribution of 5.5+4.3

�2.9 fb with NNPDF30, to be compared
to 4.4 ± 0.1 fb with LUXqed.

In conclusion, we have obtained a formula (i.e. Eq. (6))
for the MS photon PDF in terms of the proton structure
functions, which includes all terms of order ↵L (↵sL)n,
↵ (↵sL)n and ↵2L2 (↵sL)n. Our method can be eas-
ily generalised to higher orders in ↵s and holds for any
hadronic bound state. Using current experimental in-
formation on F2 and FL for protons we obtain a pho-
ton PDF with much smaller uncertainties than existing
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ton PDF has a substantial contribution from the elas-
tic form factor (⇠ 20%) and from the resonance region
(⇠ 5%) even for high values of µ ⇠ 100�1000 GeV.
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FIG. 1. Our breakup of the (x, Q2) plane and the data for
F2(x, Q2) and FL(x, Q2) we use in each region.

tic contribution for large µ2 because of the rapid drop-o↵
of GE,M .

The inelastic components of F2 and FL contribute for
W 2 = m2

p + Q2(1 � x)/x > (mp + m⇡0)2. One needs
data over a large range of x and Q2. This is available
thanks to a long history of ep scattering studies. We
break the inelastic part of the (x, Q2) plane into three
regions, as illustrated in Fig. 1. In the resonance re-
gion, W 2 . 3.5 GeV2 we use a fit to data by CLAS [34],
and also consider an alternative fit to the world data by
Christy and Bosted (CB) [35]. In the low-Q2 continuum
region we use the GD11-P fit by Hermes [36] based on the
ALLM parametric form [37]. Both the GD11-P and CB
resonance fits are constrained by photoproduction data,
i.e. they extend down to Q2 = 0. The CLAS fit also
behaves sensibly there. (Very low Q2 values play little
role because the analytic properties of the Wµ⌫ tensor
imply that F2 vanishes as Q2 at fixed Q2/x.) These fits
are for F2(x, Q2). We also require FL, or equivalently
R = �L/�T , which are related by

FL(x, Q2) = F2(x, Q2)

 
1 +

4m2
px

2

Q2

!
R(x, Q2)

1 + R(x, Q2)
,

(8)
and we use the parametrisation for R from HER-
MES [36], extended to vanish smoothly as Q2 ! 0.
The leading twist contribution to FL is suppressed by
↵s(Q

2)/(4⇡). At high Q2 we determine F2 and FL

from the PDF4LHC15 nnlo 100 [38] merger of global PDF
fits [39–41] together with the known massless NNLO co-
e�cient functions [42], as implemented for Refs. [43, 44].

In Fig. 2 we show the various contributions to our pho-
ton PDF, which we dub “LUXqed”, as a function of x, for
a representative scale choice of µ = 100 GeV. There is
a sizeable elastic contribution, with an important mag-
netic component at large values of x. The white line
represents contributions arising from the Q2 < 1 region
of all the structure functions, including the full elastic


������ � � ��� ���

FIG. 2. Contributions to the photon PDF at µ = 100 GeV,
multiplied by 103x0.4/(1�x)4.5, from the various components
discussed in the text. For the inelastic part, the area below
the white line is the contribution from Q2  1 (GeV)2 in
Eq. 6. The PDF would be the dashed blue line without the
MS conversion term.

FIG. 3. Linearly stacked relative uncertainties on the photon
PDF, from all sources we have considered, and their total
sum in quadrature shown as a black line, which is our final
uncertainty.

contribution. For the accuracy we are aiming at, all con-
tributions that we have considered, shown in Fig. 2, have
to be included, and inelastic contributions with Q2 < 1
cannot be neglected.

In Fig. 3 we show the sources contributing to the
uncertainty on our calculation of f�/p at our reference
scale µ = 100 GeV. They are stacked linearly and con-
sist of: a conservative estimate of ±50% for the uncer-
tainty on R = �L/�T at scales Q2 < 9 GeV2 (R); stan-
dard 68%CL uncertainties on the PDFs, applied to scales
Q2 � 9 GeV2 (PDF); a conservative estimate of the un-
certainty on the elastic form factors, equal to the sum
in quadrature of the fit error and of the estimated size
of the two-photon exchange contribution in [33] (E); an
estimate of the uncertainty in the resonance region taken
as the di↵erence between the CLAS and CB fits (RES);
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other PDFs v. LUXqed
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central NNPDF result much higher at large x 
(but consistent within errors) 

at small x, with corrected evolution (NNPDF30), about 20% smaller 

ratio to LUXqed
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Others are 
numerically 
closer 

Error 
bands don’t 
always 
overlap 
with  

LUXqed, 
but within 
~10-20% 
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ratio to LUXqed

other PDFs v. LUXqed
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Wt production in 5F scheme [Demartin et al, 1607.05862]
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Diagram removal (DR) and subtraction (DS) for tt̄ contamination at NLO
[Frixione et al ‘08] [Hollik et al ‘13]

scheme tt̄ subtraction tt̄–Wt interf.

DR1 full subtr.
DR2 full included

DS1 gauge-inv CT included
DS2 improved gauge-inv CT included
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Sizable ambiguities at large pT,b1 (no cuts!)

tt̄–Wt interference

naive Breit-Wigner modelling of off-shell tt̄ effects (used also in standard MCs!)

⇒ calls for pp→WWbb̄ at NLO
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Wt production in 5F scheme [Demartin et al, 1607.05862]
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Multiple-radiation scheme
‣ In traditional approach only hardest radiation is generated by POWHEG: 
 
 
 
 
 
 
BUT: for top-pair (or single-top) production and decay, emission from production is almost 
always the hardest. 
➡ emission off decays are mostly generated by the shower. 

‣  Multiple-radiation scheme: 
• keep hardest emission from all resonance histories. 
• merge emissions into a single radiation event with several radiated partons
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. introduced in [Campbell, Ellis, Nason, Re; ’15] 

and infrared counterterms. More specifically, given the kinematics of the real-emission

process, and having specified a particular collinear region (i.e. a pair of partons that are

becoming collinear), there is a well-defined mapping that constructs a Born-like kinematic

configuration (called the “underlying Born” configuration) as a function of the real one. The

mapping is such that, in the strict collinear limit, the Born configuration is obtained from

the real one by appropriately merging the collinear partons. In the traditional methods,

these mappings do not necessarily preserve the virtuality of possible intermediate s-channel

resonances. If we consider the collinear region of two partons arising from the decay of

the same s-channel resonance, the typical di↵erence in the resonance virtuality between

the real kinematics and the underlying-Born one is of order m2/E, where m is the mass of

the two-parton system, and E is its energy. Because of this, the cancellation between the

real contribution and the subtraction term becomes e↵ective only if m2/E < �, where � is

the width of the resonance. As long as � is above zero, the traditional NLO calculations

do eventually converge, thanks to the fact that in the strict collinear limit the cancellation

takes place. However, convergence becomes more problematic as the width of the resonance

decreases.

The presence of radiation in resonance decays causes even more severe problems in

NLO+PS frameworks. In POWHEG, radiation is generated according to the formula

d� = B̄(�B) d�B

"
�(qcut) +

X

↵

�(k↵
T )

R↵(�↵(�B,�rad))

B(�B)
d�rad

#
. (2.1)

The first term in the square bracket corresponds to the probability that no radiation is

generated with hardness above an infrared cuto↵ qcut, and its kinematics corresponds to

the Born one. Each ↵ in the sum labels a collinear singular region of the real cross section.

The full real matrix element is decomposed into a sum of terms

R =
X

↵

R↵ , (2.2)

where each R↵ is singular only in the region labelled by ↵. The real phase space �↵(�B,�rad)

depends upon the singular region ↵ and is given as a function of the Born kinematics �B

and three radiation variables �rad. The inverse of �↵ implements the previously mentioned

mapping of the real kinematics into an underlying Born one. Thus, for a given �B and �rad,

each term in the sum inside the square bracket in Eq. (2.1) is associated with a di↵erent

real phase-space point. For each ↵, k↵
T is defined as the hardness of the collinear split-

ting characterized by the kinematics �↵(�B,�rad). It usually corresponds to the relative

transverse momentum of the two collinear partons.

The Sudakov form factor, �, is such that the square bracket in Eq. (2.1), after per-

forming the integrals in d�rad, becomes exactly equal to one (a property sometimes called

unitarity of the real radiation). In general we have

�(q) =
Y

↵

�↵(q) , (2.3)

– 6 –

the initial-state-radiation (ISR) regions are combined into a single one. We consider the

formula

d� = B̄(�B) d�B

Y

↵=↵b,↵b̄,↵ISR


�↵(qcut) + �↵(k↵

T )
R↵(�↵(�B,�↵

rad))

B(�B)
d�↵

rad

�
, (2.6)

where, by writing �↵
rad, we imply that the radiation variables are now independent for each

singular region. By expanding the product, we see that we get a term with no emissions at

all, as in Eq. (2.1), plus terms with multiple (up to three) emissions. It can be shown that,

as far as the hardest radiation is concerned, formula (2.6) is equivalent to formula (2.1).

To this end, one begins by rewriting Eq. (2.6) as a sum of three terms, with appropriate ✓

functions such that each term represents the case where the hardest radiation comes from

one of the three regions. It is easy then to integrate in each term all radiations but the

hardest, thus recovering the full Sudakov form factor appearing in the second term in the

square bracket of Eq. (2.1).

The bb4l generator can generate radiation using the improved multiple-radiation

scheme of formula (2.6) or the conventional single-radiation approach of Eq. (2.1). In

events generated with multiple emissions included, the hardest radiation from all sources

(i.e. production, t and t̄ decays) may be present. The POWHEG generated event is then

completed by a partonic shower Monte Carlo program that attaches further radiation to

the event. The interface to the shower must be such that the shower does not generate

radiation in production, in t decay and in t̄ decay that is harder than the one generated by

POWHEG in production, t and t̄ decay, respectively.5

3 The POWHEG-BOX-RES framework

In this section we illustrate features that have been added to the POWHEG-BOX-RES package

since the publication of Ref. [52], and discuss some issues that were not fully described

there.

Automatic generation of resonance histories

In the POWHEG-BOX-RES implementation of Ref. [52], the initial subprocesses and the as-

sociated resonance structures were set up by hand. We have now added an algorithm

for the automatic generation of all relevant resonance histories for a given process at a

specified perturbative order. Thanks to this feature, the user only needs to provide a list

of subprocesses, as was the case in the POWHEG-BOX-V2 package. This is a considerable

simplification, in view of the fact that, when electroweak processes are considered, the

number of resonance histories can increase substantially. Details of this feature are given

in Appendix A.1.

5 We note that this method guarantees full NLO accuracy, including exact spin correlations, only at the

level of each individual emission, while correlation e↵ects between multiple QCD emissions are handled in

approximate form. Nevertheless it should be clear that Eq. (2.6) represents a significant improvement with

respect to pure parton showering after the first emission.

– 8 –

⟺

⟺
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Results: top-resonance
‣ default: resonance aware matching & multiple-radiation scheme
‣ off: resonance unaware matching
‣ guess: resonance unaware matching but kinematic guess off resonance structure before PS 

(based on kinematic proximity)

  ⟹ resonance unaware matching yields distortions of important kinematic shapes
  ⟹ control of these shapes crucial for precise top-mass measurements!

  ⟹ resonance assignment based on kinematic proximity with standard matching not sufficient 
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jet vetoes and single-top enriched observables  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• for small jet thresholds Wt single-top reaches 40-50% 
• tt⊗decay includes Wt only at LO and treats tops  

on-shell at NLO ⟹ overestimates radiation in Wt region
• 10-20% jet veto resummation effects
• important for any tt background with jet vetoes  

(e.g. H→W+W-)
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Inclusive tt̄+ b-jet multiplicity distribution

pp → tt̄bb̄@ 13TeV
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- S-MC@NLO (Sherpa+OpenLoops) with µR,F
variations

- MG5 aMC@NLO+PY8 w.o. variations

- Powhel+PY8 w.o. variations

NLO vs NLO+PS

decent agreement in NLO accurate bins with ≥ 1 and ≥ 2 b-jets

S-MC@NLO vs PowHel+PY8

good overall agreement in spite of differences in matching method, parton shower,
Nf -scheme and ad-hoc cuts in Powhel

S-MC@NLO vs MG5aMC@NLO

good agreement only for ≥ 1 b-jets despite similar matching method and same Nf
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tt̄bb̄ distributions with ≥ 2b-jets

pp → tt̄bb̄@ 13TeV
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S-MC@NLO vs PowHel+PY8

well consistent also in observables that receive significant shower corrections

confirmation of “double-splitting effects” (see e.g. mbb)

S-MC@NLO vs MG5aMC@NLO

40% enhancement of tt̄+ 2b XS & sizable differences in NLO radiation pattern

related to strong sensitivity to resummation scale (shower starting scale) in MG5 . . .

27 / 23



Dependence on resummation scale µQ
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Nominal MG5 aMC and Sherpa+OpenLoops predictions in YR4

MG5 aMC supports only µQ = f(ξ)
√
ŝ ⇒ smearing function restricted to

0.1 < f(ξ) < 0.25 to mimic recommended µQ = HT /2 implemented in Sherpa

New: µQ variations enhance the discrepancy

µQ =
√
ŝ/2 in Sherpa to mimic MG5 aMC default choice 0.1 < f(ξ) < 1

strong µQ-sensitivity of MG5 aMC ⇒ much more pronounced deviations
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Dependence on resummation scale µQ
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ŝ/2

MG5√
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General aspects and relevance of the problem

understanding of c- and b-jet production via g → QQ̄ splittings

how to describe multi-scale process (Mtt ∼ 100Mb) in NLO+PS framework
(MC@NLO) with single scale µQ for 1st emission?

relevant for various BSM searches and Hcc̄ and Hbb̄ production

⇒ motivates pp→ tt̄+ 3 jets at NLO!
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Multijet scaling: σ(tt̄+ n jets)/σ(tt̄+ n− 1 jets)

pT,jet > 25 GeV

Sherpa+OpenLoops
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Motivation

insights into multi-jet emission pattern

cancellations of TH and EXP
uncertainties

No clear scaling for tt̄+ 0, 1, 2, 3 jets

similar to V+jets (scaling onset
beyond 3 jets)

related to delayed opening of qg and
qq channels

Perturbative convergence

NLO/LO and MINLO/MILO
corrections of order 10%

MINLO/NLO agreement of order 1%

⇒ benchmarks for precision tests!
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