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Foreword

Huge boost of theory precision in the last decade

NLO QCD and EW automation, NNLO revolution

(N)NLO MC generators

Applying precision TH for SM tests

focus on signal process and well defined observables

direct comparison of data vs TH, often at fixed-order (N)NLO

Applying precision TH to data-driven background determinations

TH predictions+uncertainties for extrapolation from control to signal regions

correlations crucial (e.g. shape uncertainties)

complex multivariate analyses, multiple categories

TH typically means MC

Background TH systematics increasingly important at high luminosity
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Some typical difficulties

apart from naive factor-2 scale variation, we don’t have general recipes for TH
uncertainties and their correlations ⇒ to be studied case-by-case

which aspects of TH input are most critical for EXP sensitivity? Crucial to estimate
uncertainties, but often not known

typical workflow does not allow efficient collaboration between N(N)LO experts,
MC experts and experimentalists

This talk: two instructive examples

how to model TH uncertainties for backgrounds

potential of TH precision and challenges
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Outline

1 Background to monojet searches

2 Background to tt̄H(bb̄)



Monojet searches

Monojet + MET signature probes invisible BSM particles

clean and simple 2→ 2 process

precise control of irreducible Z(νν)+ jet background crucial
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Determination of irreducible Z(νν) + jet background

pTV

Z(→l l)̅+jets

ɣ+jets

Z(→νν̅)+jet

W(→lν)̅+jets

dσ
/d
pT
V

1 TeV

less statistics ⇒
more TH for dσ/dpT

less related to Z(νν) ⇒
more TH for σZ→νν/σ

visible
V

Data from visible Z/W/γ+ jet processes + theory extrapolation

simultaneous profile likelyhood fit of 3 backgrounds + signal

exploits theory for σZ→νν/σ
visible
V ratios and dσ/dpT shape

prior theory uncertainties and their correlations are crucial!
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Fit in signal region [ATLAS-CONF-2017-060]

<∼ 10% TH and EXP uncertainty up to 1 TeV

TH uncertainty reduced to 2% using arXiv:1705.04664

How can such small TH uncertainty be achieved?
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State of the art V+ jet backgrounds for monojet searches
[ J. M. Lindert, S. Pozzorini, R. Boughezal, A. Denner, S. Dittmaier, A. Huss, A. Gehrmann-De

Ridder, T. Gehrmann, N. Glover, S. Kallweit, P. Maierhöfer, M. L. Mangano, T.A. Morgan, A.

Mück, M. Schönherr, F. Petriello, G. P. Salam, arXiv:1705.04664v2 (Oct 17)]

Predictions for γ/Z/W + jet

vector-boson pT distributions for inclusive monojet searches

(N)NLO QCD + NLO EW + NNLO Sudakov EW

Theory uncertainties for global γ/Z/W + jet fit

d

dpT
σ

(V )
TH (~εTH) =

[
K

(V )
QCD⊗EW(pT )︸ ︷︷ ︸

correction

+

7∑
i=1

εTH,i δ
(i)K(V )(pT )︸ ︷︷ ︸
uncertainty

]
d

dpT
σ

(V )
LO

δ(i)K(V )(pT ) account for correlations across processes and pT regions

Gaussian nuisance parameters (∆εTH,i = ±1) fitted in EXP analysis
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Monte Carlo reweighting (for inclusive monojet searches)

d

dpT

d

dΦ
σ(V )(~εMC, ~εTH) :=

d

dpT

d

dΦ
σ

(V )
MC(~εMC)︸ ︷︷ ︸

fully differential &
particle level

[
d

dpT
σ

(V )
TH (~εTH)

d
dpT

σ
(V )
MC(~εMC)

]
︸ ︷︷ ︸

inclusive &
parton level

Bottom line of reweighting

distribution in pT,rew and uncertainties entirely from dσTH

extrapolation pT,rew → pT,exp and related uncertainties from dσMC

Careful definition of physics objects (γ, `±, ν)
and cuts that enter pT,rew

preserve maximum dσTH precision

⇒ stay inclusive wrt QCD and QED radiation

exclude aspects better described by dσMC

⇒ no lepton isolation, no hadronisaztion/UE, . . .

LO
NLO EW

10−2

10−1

1

10 1

pp → e+e− j @ 13 TeV

d
σ

/d
m

ℓℓ
[p

b/
G

eV
]
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0.9
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σ

/d
σ

L
O

⇒ m`` > 30GeV cut
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pp→ V+ jet at NLO and NNLO QCD

Ingredients

qi

q̄j

W,Z, γ qi

q̄j

W,Z, γ

O (αS) QCD corrections

qi

q̄k

W,Z, γ qi

q̄j

W,Z, γ qi

q̄j

W,Z, γ

O
(
α2
S

)
QCD corrections

NNLO QCD calculations for V+ jet (2015–2017)

Z+ jet [Gehrmann-De Ridder,Gehrmann, Glover, Huss, Morgan ’15–’16; Boughezal,

Campbell, Ellis, Focke, Giele, Liu, Petriello ’16–’16]

W+ jet [Boughezal, Focke, Liu, Petriello ’15–’16]

γ+ jet [Campbell, Ellis, Williams ’16–’17]
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V+ jet pT spectra: QCD corrections and uncertainties

Z(ℓ+ℓ−)+ jet

W(ℓν)+ jet

γ+ jet

Z(ℓ+ℓ−)+ jet

10 x W(ℓν)+ jet

100 x γ+ jet
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NLO QCD
NNLO QCD
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(N)NLO QCD for V+jet @ 13 TeV
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σ N
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Process dependence

QCD effects very similar for V = W,Z, γ

Uncertainty model∑3
i=1 ε

(V )
i δ(i)K(V )(pT )︸ ︷︷ ︸

uncertainty

d
dpT

σ
(V )
LO

i = 1 correlated scale variations for γ/W/Z+jet

i = 2 max pT -shape distortion within variation band

100 200 500 1000 3000
pT [GeV]

0

1

± ωshape(pT)

i = 3 decorrelation of γ/W/Z+jet
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(un)correlated scale uncertainties for σ(Z+j)/σ(W+j) ratio

Z+jet/W+jet LO (uncorrelated errors)
Z+jet/W+jet LO (correlated errors)
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Uncorrelated uncertainty � correlated uncertainty and unrealistic

V + 1, 2, 3 jets at NLO confirm that higher-order QCD
effects largely universal

reliable estimate of amount of uncorrelation?

qi

q̄j

W,Z, γ
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Process-correlation uncertainty at NLO QCD

Idea of quasi-universality of QCD corrections

dσ
(V )
NLO =

[
1 + κ

(univ)
NLO︸ ︷︷ ︸

correlated

+ δκ
(V )
NLO︸ ︷︷ ︸

uncorrelated

]
dσ

(V )
LO

corrections to ratios from δκ
(V )
NLO � κ

(univ)
NLO

Prescription for correlation uncertainty

κ
(univ)
NLO = κ

(Z)
NLO handled as known correction

δκ
(V )
NLO = κ

(V )
NLO − κ

(Z)
NLO downgraded to process-correlation uncertainty

⇒ few % uncertainty at high pT

Supported by V+multi-jets at NLO and testable at NNLO (see below)

11 / 27



nNLO EW corrections

Exact O (α) correction for pp→ V + 1, 2 jets [Denner, Dittmaier, Hofer, Kallweit,

Kasprzik, Kühn, Kulesza, Lindert, Maierhöfer, Muck, S.P., Scharf, Schönherr, Schulze, Uccirati]

qi

q̄j

W,Z, γ

γ, Z,W

qi

q̄j

W,Z, γ

γ

−25% at pT = 1 TeV

dominant part well understood:

EW Sudakov logs

NLL Sudakov logs for pp→ V+ jet [Kühn, Kulesza, Schulze, S.P. ’04-’07; Becher,

Garcia i Tormo ’13]

δ
(1)
Sud =

∑
i,j

C
(1)
2,ij ln2

(
Q2
ij

M2

)
+ C

(1)
1 ln1

(
Q2

M2

)
⇒ −25%

δ
(2)
Sud =

∑
i,j

C
(2)
4,ij ln4

(
Q2
ij

M2

)
+ C

(2)
3 ln3

(
Q2

M2

)
+O

[
ln2

(
Q2

M2

)]
⇒ +5%

significant impact on σZ/σV ratios and dσ/dpT shape (more than NNLO QCD)
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nNLO EW corrections to V+ jet pT spectra

Z(ℓ+ℓ−)+ jet

W(ℓν)+ jet

γ+ jet

Z(ℓ+ℓ−)+ jet

10 x W(ℓν)+ jet

100 x γ+ jet

LO
nLO EW
NLO EW
nNLO EW

10−10
10−9
10−8
10−7
10−6
10−5
10−4
10−3
10−2
10−1

1
10 1
10 2
10 3
10 4

NLO EW for V+jet @ 13 TeV
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nNLO EW = NLO EW + NNLO Sudakov

κnNLO EW =
(α
π

) [
δ

(1)
hard + δ

(1)
Sud

]
+
(α
π

)2

δ
(2)
Sud

Sudakov logs dominant at NLO (δ
(1)
hard � δ

(1)
Sud)

⇒ motivates NLL Sudakov approx. at NNLO EW

⇒ basis for model of EW uncertainties
(see backup)

TODO: shorten firt part / add Feynman diagram or something on Sudakovs 13 / 27



QCD⊗EW combination and uncertainties

Additive combination ⇒ large O (ααS) uncertainties when κQCD & κEW large

dσQCD⊕EW =
(

1 + κEW + κQCD

)
dσLO

Factorisation justified for EW Sudakov logs × soft QCD effects [Manohar, Becher,. . . ]

dσQCD⊗EW =
[(

1 + κEW

)(
1 + κQCD

)
+ δκNNLO mix︸ ︷︷ ︸

non-factorised O (ααS)

κQCD

]
dσLO

δκNNLO mix uncertainty estimated through NLO EW multileg (V + 2j) calculations

dσ
(V+2j)
NLO EW(τcut) =

[
κ

(V+1j)
NLO EW + δκ

(V )
NNLO mix(τcut)

]
dσ

(V+2j)
LO (τcut)

Stable estimator in the IR limit τcut → 0

δκ
(V )
NNLO mix(τcut) = κ

(V+2j)
NLO EW(τcut)− κ(V+1j)

NLO EW

ui

d̄i

W+

γ, Z
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Results of estimate
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0.04 τcut > 0.001
τcut > 0.01
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(w/o QCD-EW int. in V+j)
ξ(V) κ
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Z(ℓ+ℓ−)+ jets

W+(ℓ+ν)+ jets

γ+ jets

pp → V+jets @ 13 TeV
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V
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je
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κ
V
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2

je
ts

N
L

O
E

W
−

κ
V

+
je

t
N

L
O

E
W

γ, Z,W

ui q

W+

d̄i q̄

×

W+ui

d̄i

q

q̄

Difference between EW K-factors

κ
(V+2j)
NLO EW − κ

(V+1j)
NLO EW

<∼ 1% up to 1 TeV

⇒ bulk of O (ααS) effects factorises

Fit to δκmix(pT) = ξmixκEW(pT) yields

dσmix =
[
dσQCD⊗EW − dσQCD⊕EW

](
1 + ξmix

)
with ξNNLO mix = 0.1/0.2/0.4 for Z/W/γ+ jet

driven by EW–QCD interferences in the tails

applied as uncorrelated uncertainty across
processes
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Final plots for dσ/dpT and ratios

Z(ℓ+ℓ−)+ jet

W(ℓν)+ jet

γ+ jet

10 x W(ℓν)+ jet

Z(ℓ+ℓ−)+ jet

100 x γ+ jet
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NNLO QCD ⊗ nNLO EW
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QCD uncertainty model confirmed by NNLO calculations

overall uncertainty at 1 TeV <∼ 5% in distributions and <∼ 2% in ratios

reduction of TH uncertainty crucial for high-statistics monojet searches!
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Outline

1 Background to monojet searches

2 Background to tt̄H(bb̄)



tt̄bb̄ background to tt̄H(bb̄)

tt̄H(bb̄) requires tt̄+ b-jet shapes with precision of O (10%)

b̄

b

t

t̄

b
b̄

t

t̄

FS g → bb̄ dominate IS g → bb̄ subleading double g → bb̄ at NLOPS

NLOPS based on 4F pp→ tt̄bb̄ MEs with mb > 0

describe full b-quark phase space at NLO with 20–30% scale uncertainties

effect of matching/shower can be sizeable and need to be understood!

default scales: µR,def =
(
ET,tET,t̄ ET,bET,b̄

)1/4
and µF = µsh = hdamp = HT /2
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NLOPS MC comparisons within HXSWG

5 MC tools, 2 NLOPS methods, 3 showers, 10 contributing authors

Tool M
C

@
N

L
O

P
ow

h
eg

P
yt

h
ia

8
.2

H
er

w
ig

7
.1

.2

S
h

er
p

a2
.2

.4

tt̄
bb̄

N
N

L
O

MC contacts

Sherpa2.2+OpenLoops x x F. Siegert, J. Krause

MG5 aMC@NLO x x x M. Zaro

MatchBox+OpenLoops x x C. Reuschle, R. Posdkubka

Powheg+Helac x x x M.V. Garzelli, A. Kardos

PowhegBox+OpenLoops x x x T. Jezo, J. Lindert

tt̄bb̄j NLO (OpenLoops+Sherpa) (x) F. Buccioni

3 2 3 4 1

⇒ possible to to disentangle mathching/shower dependence
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NLOPS tt̄bb̄ discrepancies (since YR4)

stable ttbb

SHERPA YR4
NLO
SHERPA NEW
MG5 YR4
MG5 NEW
POWHEGBOX

10−3

10−2

pT of 1st light-jet (ttbb cuts)

d
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/

dσ
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f

Phase space with Nb ≥ 1

good agreement (although one b unresolved)

Phase space with Nb ≥ 2

NLOPS/NLO effect and MC spread up to 40% (beyond NLO uncertainty)

related to NLOPS enhancements in light-jet pT spectrum

understanding this excess crucial for uncertainty modelling

19 / 27



Interpretation of MC discrepancies (physical effect or not?)

Hypothesis on origin enhacement of jet-pT spectrum

large NLO K-factor, σNLO/σLO ∼ 1.9

and usage of shower approx. (Rsoft) in regions where Rsoft � R

dσNLOPS

dΦtt̄bb̄j
= R︸︷︷︸
tt̄bb̄j ME

+ Rsoft︸ ︷︷ ︸
shower

×
[
B̄soft

B
∆− 1

]

︸ ︷︷ ︸
>∼ 100% instead of O(αS)

b̄

b

t

t̄

Possible remedies

reduction of shower starting scale µsh

reduces NLOPS/NLO differences but not supported by any TH motivation

we need coherent prescription for choice of µsh in different MCs

reduction of large tt̄bb̄ K-factor?

possible through 0.5 rescaling of µR (together with µF and µsh)

motivated by pp→ tt̄bb̄j at NLO [Buccioni etal, arXiv:1907.13624]
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tt̄bb̄ scale tuning using tt̄bb̄j at NLO [F. Buccioni et al]

Sherpa+OpenLoops

tt̄bb̄j NLO µtt̄bb̄j
tt̄bb̄ NLO µtt̄bb̄
tt̄bb̄ NLO µtt̄bb̄/1.6
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NLO multi-leg benchmark: dσ/dpT,j with <∼ 25% scale uncertainty

optimal tt̄bb̄ NLO normalisation if µR,def rescaled by <∼ 0.5

Note also: stable pT -shape above 100 GeV ⇒ sizeble NLOPS distortions excluded
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0.5 rescaling of µR, µF , µsh (good news) pT,j (ttbb cuts)

NLOPS YR4 scales NLOPS 0.5 rescaling

µR = 〈ET〉geom, µF = HT/2
stable ttbb
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scale reduction significantly reduces NLOPS/NLO and MC spread (form 2.5 to 1.5)
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0.5 rescaling of µR, µF , µsh (not so good news) Nb

NLOPS YR4 scales NLOPS 0.5 rescaling

µR = 〈ET〉geom, µF = HT/2
stable ttbb

NLO
POWHEG+PY8
Sherpa 2.2.5
Sherpa YR4
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No significant change of NLOPS/NLO effects and MC spread

for Nb ≥ 2 they remain between 15–40%

what is the origin of a so large uncertainty in σ(Nb ≥ 2)/σ(Nb ≥ 1) ratio?

Idea: bin migrations?
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Bin migrations and recoil observables

Hypothesis of bin migrations and recoil effects

Enhancement of XS with Nb ≥ 2 due shower-induced migrations of events from
bins with Nb = 0, 1.

It was found that Nb migrations are dominated by kinematic shifts in pT,b (rather

than ηb or ∆Rb1,b2) ⇒ they most likely arise from shower recoil effects

NLOPS recoil/migration effects can be studies through recoil observables

∆φrec,X = ∆φ (~prec, ~pX) , ~prec = −
∑

t,t̄,b1,b2

~pi,

pT,rec > 15 GeV

When recoil of the QCD radiation absorbed by object X ⇒ peak at ∆φrec,X = ±π
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MC comparison of recoil observables ∆Φ15 GeV

rec,b1
(ttbb cuts)

YR4 scales

µR = 〈ET〉geom, µF = HT/2

ttbb NLO (resc)
ttbbj NLO
PWG+PY8 NLO
PWG+PY8 LO
SHRP NLO
SHRP LO
MG5+PY8 NLO
MG5+PY8 LO

10−1

1

Azimuthal correlation ∆φrec,b1 between recoil and 1st b-jet

d
σ

/
d

∆
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b]

-2 0 2 4 6 8
0

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

∆φ

dσ
/

dσ
re

f

-2 0 2 4 6 8

0.6

0.8

1

1.2

1.4
1.6
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f

Leading b-jet gets strong recoil in LO+PY8

unphysical since no evidence of such recoil in ttbb and ttbbj at NLO

suppressed by Powheg / only attenuated by MG5+PY8 and Sherpa

Solution of longstanding puzzle?
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Status and outlook of tt̄bb̄ studies

Recoil/migration effects seem to explain σ(Nb ≥ 2) excess

0.5 rescaling improves consistency of recoil observables (see backup)

but σ(Nb ≥ 2) excess persists and remains unexplained

Move to MC comparison with different scale setting philosophy

same perturbative scales µR, µF in all MCs

adopt MC specific µsh choices tuned to ttbbj@NLO spectrum of jet radiation,

i.e. tune MC to higher-order TH (and subsequently tune to data)

⇒ removes MC differences that are inconsistent with state-of-the art TH

⇒ residual MC differences = irreducible MC uncertainties

Work in progress . . .
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Summary

Theory precision for backgrounds

potential of reducing background TH systematics up to few percent

requires TH uncertainty model with correlations (shapes etc.)

Important prerequisites

clear quantitative picture of most relevant TH ingredients for EXP sensitivity

clear understanding of dominant sources of TH corrections

Challenges

interpretation of MC differences ⇒ can be constrained using multi-leg NLO

close+efficient collaboration between experts in MC, NNLO and EXP analysis
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Backup slides



Fit to data in control regions [ATLAS-CONF-2017-060]

few percent EXP systematics up to very high pT!

postfit W (`ν)+ jet and Z(``)+ jet SM predictions as precise as data

. . . or more thanks to TH correlations
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Z+jet at NNLO QCD [Gehrmann-De Ridder,Gehrmann, Glover, Huss,

Morgan ’15–’16; Boughezal, Campbell, Ellis, Focke, Giele, Liu, Petriello ’16–’16]

O (1%) scale uncertainty and 5–10% NNLO correction (µ = EZT )
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−5% normalisation wrt data good consistency for (dσ/dpT )/σtot
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Uncertainties of σtot(Z) [Courtesy R.Gauld (NNLOJET)]

Normalisation issue may be due to luminosity+PDF uncertainties, in particular
charm-quark mass (threshold) in PDF fit

(m
ea

s.
)

fi
d.

Zσ
(t

h.
) 

/ 
fi

d.
Zσ

0.9

0.95
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1.05
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Total Uncertainty

ATLAS Data

| < 2.5
lep

|y

 > 25 [GeV]lep

T
p

 [GeV] < 116ll66 < m

7 TeV 8 TeV 13 TeV

Scale Uncertainty
 0.0012±(mz) = 0.1182 sα

68% CL PDF Uncertainty
0.15) GeV± = (1.40pole

cm
Quadrature sumMMHT14 NNLO

 [GeV]pole
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1.2 1.4 1.6
 [

nb
]

fi
d.

Zσ
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T
p
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Lumi Uncertainty

Total Uncertainty

Scale uncertainty

Note MMHT14 PDFs here vs NNPDF3.0 in previous slide
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New NNPDF3.1 fit

NNLO QCD vs data for inclusive W± and Z production

15

inclusive      spectrum
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Absolute cross section Normalised cross section

Scale variation:  
Input PDFs:
EW scheme:

pZ
T

NNPDF3.0 NNLO ↵s(mZ) = 0.118, mem. 0

µ0 = EZ
T , 1/2 < µF /µR < 2

↵�GF scheme

24 Juan Rojo                                                                                                                  LHCP2017, Shanghai, 16/05/2017

PDFs and precision physics at the LHC Run II

Compare recent PDF fits with fiducial W,Z cross-sections at 
13 TeV from ATLAS!

Theory calculations with FEWZ and Horace: NNLO QCD + 
NLO EW. The latter improves agreement with data!

Qualitative agreement between theory and data for most 
cases - now looking forward to differential measurements!

• NNPDF3.0     NNPDF3.1, fit non-perturbative charm  

• NNPDF3.0     NNPDF3.1,           = 1.275     1.51 GeV      

J. Rojo - LHCP Conference

minp.
c

minp.
c = 1.275 GeV

minp.
c = 1.3 GeV

minp.
c = 1.4 GeV

!

!!

pT,Z data included in NNPDF3.1 fit [Boughezal at al, arXiv:1705.00343]
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Caveat: fragmentation effects in γ+ jet and Z/W+ jet

Assumption (to justify estimate of process-correlation uncertainty)

similar QCD dynamics for all V+ jet processes ⇔
∣∣∣κ(V )

NLO − κ
(Z)
NLO

∣∣∣� ∣∣∣κ(Z)
NLO

∣∣∣
Violated by q → qV fragmentation effects

γ+ jet: isolation cone of radius R0 ⇒ ln(R0)

W/Z+ jet: mass cut-off MV j ≥MV ⇒ ln(M/pT)

Adopt dynamic γ-isolation with Rdyn(pT,γ) = min {MZ/pT,γ , 1.0}

pT,V [GeV]

dσNLOQCD
V+j /dσLO

V+j

3000100050020010050

2.2

2

1.8

1.6

1.4

1.2

γ(dyn)+j

γ(fix)+j

W+j

Z+j

pT,V [GeV]

dσNLOQCD
V+j /dσLO

V+j

3000100050020010050

2.2

2

1.8

1.6

1.4

1.2

γdyn behaves like W/Z at pT > MZ

⇒ justifies process-correlation estimate δ(3)K

remnant part γfix − γdyn uncorrelated
(uncertainty through extra reweighting and MC)
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NLO QCD uncertainties: scale variations

δ(1)KNLO

δ(2)KNLO

δ(3)KNLO

Z(ℓ+ℓ−)+ jet
W(ℓν)+ jet
γ+ jet
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NLO QCD for V+jet @ 13 TeV
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/
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O

Scale uncertainty δ(1)K

independent factor-2 variations around

µR,F =
HT
2

=
1

2

ET,V +
∑

i∈{q,g,γ}

pT,i


⇒ 5–10% with minor impact on shapes

Shape uncertainty δ(2)K = tanh[ln( pT
650GeV )] δ(1)K

max shape distortion within scale variation band

100 200 500 1000 3000
pT [GeV]

0

1

± ωshape(pT)

correlation across across γ/W/Z pocesses?
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Uncertainties from NLO to NNLO QCD

δ(1)KNNLO

δ(2)KNNLO

δ(3)KNNLO

Z(ℓ+ℓ−)+ jet
W(ℓν)+ jet
γ+ jet
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NNLO QCD for V+jet @ 13 TeV
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Scale and shape variations δK(1,2)

reduced from 5–15% to 2–6%

Process-correlation uncertainties δK(3)

reduced from 6% to 1–2%

confirm quasi universality of QCD corrections!
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QCD corrections+uncertainties for Z/W and Z/γ ratios
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NLO QCD
NNLO QCD
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1–2% NNLO corrections and residual uncertainty up to 1 TeV

NNLO confirms NLO uncertainty model! (QCD corrections “quasi universal”)
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NLO EW corrections

Essential for O (1%) precision and sensitive to EW charges of W,Z, γ

qi

q̄j

W,Z, γ qi

q̄j

W,Z, γ

O (αS) QCD correction

qi

q̄j

W,Z, γ

γ, Z,W

qi

q̄j

W,Z, γ

γ

O (α) EW corrections

First automated tools and multi-particle applications (2014–15)

Tools first results

Recola+Collier pp→ `+`−jj [arXiv:1411.0916]
∗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+ V [arXiv:1504.03446]

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

∗ used in this study for pp→ ``/`ν/νν/γ + 1, 2 jets

⇒ exact O (α) and approximate O (ααS) corrections

ui

d̄i

W+

γ, Z
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EW corrections: key features

W+p

p

ν

ℓ+
W±p

p

ν

ℓ+
W+p

p

ν

ℓ+

etc.

Corrections to V → ``/ν` at scale Q2 ∼M2
V

dominated by γ radiation off leptons

significant impact on lepton kinematics (e.g. distortion of Z → `` resonance)

Corrections to pp→ V j at scales Q2 ∼ ŝ�M2
W

dominated by EW Sudakov logarithms

α ln2

(
Q2

M2
W

)
> αS

significant impact (more than NNLO QCD) on σZ/σV ratios and dσ/dpT shape
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EW Sudakov logarithms at Q2 �M 2
W

γ,Z, W± γ,Z, W± γ,Z, W±, H, t, . . .

Universal effects from soft/collinear virtual gauge bosons [Denner,S.P. ’01]

δM1−loop
LL+NLL =

α

4π

n∑
k=1

1

2

∑
l 6=k

∑
a=γ,Z,W±

Ia(k)I ā(l) ln2

(
ŝkl
M2
W

)
+ γew(k) ln

(
ŝ

M2
W

)M0

⇒ large negative corrections to any process at high pT , ET,miss, HT ,Minv, . . .

Typical size at 1 TeV(
δσ1

σ0

)
LL

' − 4α

πs2
w

ln2

(
1TeV

MW

)
' −26.4%

⇒ actual size strongly dependent on external EW charges, subleading terms, . . .
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NLO EW and NNLO Sudakov corrections to V+ jet

EW corrections ∼ −25% for V+ jet at 1 TeV

NLO EW + NNLO Sudakov logs [Kühn, Kulesza,

S.P.,Schulze ’04–’07; Becher, Garcia i Tormo ’13]

NLO QCD+EW with off-shell Z/W decays
[Denner,Dittmaier,Kasprzik,Muck ’09–’11]

NLO QCD+EW for Z/W + 1, 2 jets with off-shell
decays [Denner, Hofer, Scharf, Uccirati ’14; Kallweit,

Lindert, Maierhöfer, S.P., Schönherr’15]
NLO/LO − 1

NNLO/LO − 1
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Leading effects beyond 1-loop through resummation [Becher, Ciafaloni, Comelli,

Denner, Fadin, Jantzen, Kühn, Lipatov, Manohar, Melles, Penin, Pozzorini, Smirnov, . . . ]

3

n

1

2

tree +
∑

i,j

1

2

i

j

V1 +
∑

i,j,k,l

1

2

[ i

j

V1V2 +

i

j

V1
V2

]
+
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+
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∆γ


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3

n
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relevant for percent precision and uncertainty estimates at the TeV scale
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nNLO EW corrections and uncertainties: Sudakov logs

General form of EW corrections at Q2 �M2
W [Kühn et al ’05; Manohar et al ’07;. . . ]

dσEW = exp

{∫ Q2

M2
W

dt

t

[∫ t

M2
W

dτ
γ(α(τ))

τ
+ χ(α(t)) + ξ

(
α(M2

W )
)]}

dσhard,

Exponentiation of Sudakov logs (universal anomalous dimensions γ, χ, ξ)

exp

{
. . .

}
= 1 +

α

π
δ

(1)
Sud +

(α
π

)2

δ
(2)
Sud + . . . .

Results for pp→ V+ jet at NLL accuracy [Kühn, Kulesza, Schulze, S.P. ’04-’07; Becher,

Garcia i Tormo ’13]

δ
(1)
Sud =

∑
i,j

C
(1)
2,ij ln2

(
Q2
ij

M2

)
+ C

(1)
1 ln1

(
Q2

M2

)
,

δ
(2)
Sud =

∑
i,j

C
(2)
4,ij ln4

(
Q2
ij

M2

)
+ C

(2)
3 ln3

(
Q2

M2

)
+O

[
ln2

(
Q2

M2

)]
,

Hard contributions known exactly at NLO (free from ln(Q2/M2))

dσhard =

[
1 +

α

π
δ

(1)
hard +

(α
π

)2

δ
(2)
hard + . . .

]
dσBorn,
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EW uncertainties at NLO

δ(1)κNLO EW

δ(2)κNLO EW

NLO EW

δ(3)κNLO EW
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Estimate of missing Sudakov logs

δ(1)κNLO EW ' 2× 1

2

[(α
π

)
δ

(1)
Sud

]2
2× inflated naive exponentiation

⇒ 5–10% uncertainties around 1 TeV

consistent with rigorous δ
(2)
Sud calculation (∼ 5%)

Correlation across V+ jet processes

δ(1)κEW known effect ⇒ correlated

δ(2,3)κEW unknown effects ⇒ uncorrelated
(see later)
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EW uncertainties at nNLO

δ(1)κnNLO EW

δ(2)κnNLO EW

nNLO EW
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Sudakov logs beyond NNLO

δ(1)κnNLO EW ' 2× 1

3!

[(α
π

)
δ

(1)
Sud

]3
NNLO subleading logs and hard effects

δ(2)κEW ' 0.05× α

π

(
δ

(1)
Sud + δ

(1)
hard

)
⇒ δ

(1)
hard × δ

(1)
Sud terms with 5% hard NLO effects

⇒ δ
(2)
hard terms with δ

(2)
hard/δ

(1)
hard ∼ 0.05(π/α) ∼ 20

Difference δ
(2)
Sud vs naive expotentiation

δ(3)κEW =
(α
π

)2
[
δ

(2)
Sud −

1

2

(
δ

(1)
Sud + δ

(1)
hard

)2
]

⇒ further δ
(1)
hard × δ

(1)
Sud and

(
δ

(1)
hard

)2

terms

⇒ nNLO EW uncertainties <∼ 1-2% up to 1 TeV

42 / 27



EW corrections and uncertainties for Z/W and Z/γ ratios
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up to 20% NLO EW and 5% nNLO EW effects at TeV scale (� QCD corrections)

nNLO EW results support uncertainty correlation scheme

NNLO Sudakov logs needed for percent precision at TeV scale
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Estimator of non-factorising NNLO mixing effects

Parametrisation of non-fact QCD–EW effects

dσNNLO mix =
(
κEW + δκNNLO mix

)
κQCD dσLO

Restriction to real–virtual contribution with 2nd jet

dσ
(V+2j)
NLO EW(τcut) =

[
κ

(V+1j)
NLO EW + δκ

(V )
NNLO mix(τcut)

]
dσ

(V+2j)
LO (τcut)

with N -jettiness resolution cut on 2nd jet

τ1 =
∑
k

mini
(pi · qk
Ei
√
ŝ

)
> τcut

ui

d̄i

W+

γ, Z

yields δκNNLO mix estimator given by NLO EW K-factor difference

δκ
(V )
NNLO mix(τcut) = κ

(V+2j)
NLO EW(τcut)− κ(V+1j)

NLO EW

Finite in IR limit τcut → 0, i.e. reasonably stable wrt τcut variations
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Variations of IR cut
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pp → V+jets @ 13 TeV
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Variations of τcut by 1.5 orders of magnitude avoiding

avoiding σV+2j/σV+1j � 1 = deep IR regime ⇒ “excessive” factorisation

avoiding σV+2j/σV+1j � 1 = hard regime ⇒ non representative of σ
(V+1j)
incl
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Summary of EW and EW×QCD effects

Z(ℓ+ℓ−)+ jet

W(ℓν)+ jet

γ+ jet

Z(ℓ+ℓ−)+ jet

10 x W(ℓν)+ jet

100 x γ+ jet

NNLO QCD
NNLO QCD⊕nNLO EW
NNLO QCD⊗nNLO EW
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O (20%) EW and O (10%) mixed QCD×EW effects at 1 TeV!
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Option 1: inclusive NLOPS tt̄ 5F (e.g. Powheg)

tt̄bb̄ described through tt̄j tree MEs plus g → bb̄ shower splittings

b̄

b

t

t̄
gg → tt̄g + FS splittings

b
b̄

t

t̄

b̄g → tt̄b̄ + IS splittings

Precision vs accuracy

precision lower than LO but parton shower allows for accurate tuning to data

residual uncertainties difficult to quantify

Calls for improved description based on tt̄bb̄ MEs

⇒ testable prediction with higher precision and more realistic uncertainties

⇒ possible tensions with data more instructive than tuning a non predictive MC!
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Option 2: (N)LO merging tt̄+ 0, 1, 2 jets 5F
softer b-quarks

⇐=
harder b-quarks

=⇒b̄

b

t

t̄

tt̄+ PS

b̄

b

t

t̄

tt̄g + PS

b̄

b

t

t̄

tt̄bb̄

tt̄bb̄ described through tt̄+ 0, 1, 2 jet MEs and g → bb̄ shower splittings

kT -resolution cut separates MEs (with mb = 0)
from shower (collinear approx.)

g → bb̄ splittings dominated by parton shower
up to mbb̄

>∼ 100 GeV due to competition with
harder light jets

b̄

b

t

t̄

mbb with ttbb cuts

Sherpa

MEPS@LO tt+0,1,2j
tt+0b
tt+1b
tt+2b

10−5
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Option 3: NLOPS tt̄bb̄ in 4F scheme

b̄

b

t

t̄

b
b̄

t

t̄

∆Rbb with ttbb cuts

Sherpa+OpenLoops

ttbb
IS ttbb
FS ttbb
INT ttbb
IS⊗tt
FS⊗tt
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∆R of 1st and 2nd b-jets (ttbb cuts)
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f

4F pp→ tt̄bb̄ MEs with mb > 0 at NLOPS

MEs cover full b-quark phase space including IS and FS g → bb̄ collinear splittings

⇒ NLOPS accuracy for tt̄+ 2 b-jet and tt̄+ 1 b-jet observables! [Cascioli et al ’13]

Arguments in support of 4F scheme (see backup slides)

dominance of final-state g → bb̄ splittings (in ttbb and ttb phase space)

negligible g → bb̄ framentation logs beyond NLO at pT <∼ 50–100 GeV
[Mangano, Nason 1992]
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NLOPS vs NLO Powheg tt̄bb̄ predictions [1802.00426]
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Moderate NLOPS/NLO corrections

consistent with NLO scale-variation bands

10% for σtt+2b and 20–30% at mbb ∼ 100GeV (confirms double splittings)

Shape of light-jet pT
NLOPS quite similar to fixed-order NLO

LOPS/NLOPS indicates that PY8 can strongly overestimate radiation at
pT ∼ 200 GeV (see YR4) but Powheg+PY8 spectrum is NLO-like
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Matching+shower uncertainties of Powheg tt̄bb̄ [1802.00426] I

Dependence on matching scales (hdamp = HT /4, HT /2, HT , 1.5mt and hbzd = 2, 5, 10)
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MC uncertainties << QCD scale dependence: percent level for inclusive tt̄+ b-jet
observables and 10–20% level in jet-pT spectrum

High stability thanks to hbzd restriction and independence of 1st Powheg
emission wrt parton shower
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Matching+shower uncertainties of Powheg tt̄bb̄ [1802.00426] II

Variations of g → bb̄ splittings + choice of αS + scalup in PY8
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tt̄bb̄ Powheg+PY8 vs Sherpa (only Powheg matching+shower uncertainties)
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double-splitting effects stable wrt variations of g → bb̄ in PY8

less than 10% NLOPS difference using different showers and matching methods∗

∗slightly more significant differences using Sherpa 2.2 recoil scheme
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Bin migrations vs recoil pattern ∆Φ15 GeV
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(ttbb cuts)

YR4 scales 0.5 rescaling

µR = 〈ET〉geom, µF = HT/2
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b1 gets strong recoil in LO+PY8 (a bit less with 0.5 rescaling)

dominated by 1st emission and strongly correlated to migrations and excess in pT,j

spectrum (see backup)

recoil unphysical since no evidence in ttbb and ttbbj at NLO
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Same with normalised distributions ∆Φ15 GeV
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YR4 scales: unphysical recoil stronlgy suppressed only by Powheg / attenuated by
MC@NLO matching (MG and Sherpa)

0.5 rescaling: shapes look more similar (high-stat shape analysis needed. . . )

Note: unphysical LOPS recoil milder with Sherpa and Herwig
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Missing large logarithms from g → bb̄ fragmentation? I
Probability of g → bb̄ in a hard gluon jet [Mangano and Nason, PLB 285 (1992)]

ρ(Q2,K2) =

∫ Q

2mb

dK Pg→bb̄(K)× ng(Q2,K2)

g → bb̄ splitting probability at virtuality K2 = m2
bb̄

Pg→bb̄(K) =
αS(K2)

3πK

(
1 +

2m2
b

K2

)√
1−

4m2
b

K2

Multiplicity of gluons with virtuality K2 in hard-gluon jet with pT = Q

ng(Q
2,K2) =

[
ln(Q2/Λ2)

ln(K2/Λ2)

]a
cosh

[√
2CA
πb

(√
ln(Q2/Λ2)−

√
ln(K2/Λ2)

)]

Perturbative expansion in αS = αS(Q2) =
[
b ln(Q2/Λ2)

]−1

dρ(Q2,K2)

dK
=

dρ(Q2,K2)

dK

∣∣∣∣
LO

×

[
1 + αS

(
C1L

2 + . . .
)

+ α2
S

(
C2L

4 + . . .
)

+ . . .

]

with double logarithms L = ln(K2/Q2)
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Missing large logarithms from g → bb̄ fragmentation? II

Distribution dρ(Q2,K2)/dK at LO, NLO and NNLO for Q = 50 GeV
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higher-order effects well
approximated by NLO

peak close to threshold
(K >∼ 2mb) but long tail

Total g → bb̄ probability

Q[GeV] LO NLO NNLO NLO/LO NNLO/NLO

50 2.08% 2.44% 2.51% 1.17 1.03
100 2.73% 3.50% 3.71% 1.28 1.06
500 3.84% 6.06% 7.05% 1.59 1.16
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