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Priorities in SM TH precision – preliminary considerations

Significance of precision for SM and BSM

(A) no direct BSM ⇒ search for small anomalies wrt SM predictions

(B) BSM signals ⇒ precision for signal and SM backgrounds to characterise discoveries

Interdependence (importance of broad precision program)

state-of-the art precision techniques always developped/tested in the SM and then
applied to BSM

lessons learned for one particular process often applicable to many others

This talk (disclaimer)

no attempt to cover precision topics and/or CH contributions in a balanced way

just few examples of possible directions (Higgs and top physics)

focus on perturbation theory and Monte Carlo precision

Main aim is to start discussion and receive input (TH/EXP interaction crucial)
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Outline

1 Precision in general

2 Leading Higgs channels (gg → H and VBF)

3 tt̄H with H → bb̄

4 tt̄ production and decay



Huge progress in perturbative calculations

dσ = dσLO + αS dσNLO + αEW dσEW
NLO + α2

S dσNNLO + α3
S dσN3LO

Perturbative calculations for hard scattering processes

more general, automated and widely applicable methods

⇒ drastic improvements for vast range of LHC processes

when order automation availability precision

2009–now NLO QCD+EW full 2→ 2, 3, 4(5) processes O (10%)

2011–now NNLO QCD partial 15 2→ 2 processes few %

2015–now N3LO QCD – gg → H ∼ 1%

Prominent role of CH community

methodological innovations, state-of-the art applications and tools

NNLO calculations for 12 processes and N3LO gg → H made in CH!

⇒ crucial to reach present Higgs sensitivity and for future improvements
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Higgs measurements [Run1 combination ATLAS-CONF-2015-044]

Theory predictions mostly NNLO QCD+NLO EW

few to 10% uncertainty (already outdated)

backgrounds typically less precise

Theory Inputs III: Production Modes 
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Channels established over 5σ (15%–25% unc.)

ggH+VBF production and H → γγ, ZZ,WW, ττ

Some tensions driven by tt̄H(WW ) and ZH(WW )

µttH = 2.3+0.7
−0.6 and µbb = 0.69+0.29
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“High-precision frontier” [talk by G. Salam, indico.cern.ch/event/536274]

Idea: 1% precision for (some) Higgs observables in 10–20 years

NAIVELY EXTRAPOLATE 7+8 TEV RESULTS (based on lumi and σ)
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AT
LA

S

today’s  
TH syst

CM
S

no TH syst.
50% TH syst.

Extrapolation suggests that 
we get value from full lumi 
only if we aim for O(1%) 

or better precision

uncertainties from αS+PDFs (reducible) and hadronisation (fundamental)

perturbative accuracy beyond N3LO might take very long ⇒ ratios can help

S. Pozzorini (Zurich University) Precision theory tools SWHEPPS 2016 4 / 20



“High-exclusivity” frontier

Idea: ∼ 10% precision for many exclusive observables in 0-10 years

rich physics information in kinematic distributions

high-energy regions

multi-particle final states

reduction and better TH description of backgrounds

Benefits of precision in Monte Carlo

NNLO+PS (UN2LOPS, MINLO,. . . )

⇒ high precision for few processes

NLO merging (MEPS@NLO, FxFx,. . . )

⇒ good precision for many processes
⇒ shape of distributions can be very

accurate

Born
+

Virt
Real Shower 0 jets @NLO

Born
+

Virt
Real Shower 1 jet @NLO

(many EXP analyses still rely on LO Monte Carlo. . . )

S. Pozzorini (Zurich University) Precision theory tools SWHEPPS 2016 5 / 20



Outline

1 Precision in general

2 Leading Higgs channels (gg → H and VBF)

3 tt̄H with H → bb̄

4 tt̄ production and decay



Inclusive Higgs production

N3LO gg → H cross section (13 TeV) [Anastasiou etal, 1602.00695]

σN3LO = 48.58 pb+4.56%
−6.72%(theory)± 3.2%(PDF + αS)

Thorough assessment of TH uncertainties and linear combination (in quadrature +2.1%
−3.1%)

δ(scale) δ(trunc) δ(PDF-TH) δ(EW) δ(t, b, c) δ(1/mt)
+0.21%
−2.37%

±0.37% ±1.16% ±1% ±0.83% ±1%

pp→ H + j at NNLO [Chen, Gerhmann, Glover, Jaquier, 1604.04085]
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scale uncertainties ∼ 10%

TH/data illustrates relevance
of differential precision tests

What comes next?

great CH expertise for differential gg → H at N3LO. . . plus pp→ V and HV . . .
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Precision Monte Carlo simulations
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NNLO matching techniques

NNLOPS [Hamilton etal],
UN2LOPS [Höche etal],
GENEVA [Alioli etal]

NNLO precision + log resummation +
particle level

strong improvement wrt traditional
MC@NLO and Powheg

General questions

thorough comparisons and understanding of theory systematics

implications (or improvement) of limited log accuracy of parton showers

particle-level NkLO+PS more useful/preferable wrt parton-level NkLO?
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Higgs at high pT
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[Frederix etal, 1604.03017]

1/mQ dependence of heavy-quark loops

strong sensitivity to 1/mt at pT,H > mt

requires precision to probe SM interactions
and possible BSM inside ggH loop

but exact 1/mt dependence known only for
H+0 jets at NLO and H+1,2,3 jets at LO

“extrapolations recipes” at higher orders

Dominance of H + 2 jets at high pT

H + 0, 1, 2 jets merging at NLO attractive

can exploit exact H + 1, 2, 3 jet at LO

Questions

uncertainty of “1/mt recipes” and exact
H + 1 jet at NLO?

EW corrections to H+jets?
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Higgs+jets

pp → Hjj via gluon fusion

Barbara Jäger Zürich Pheno Workshop 2015p.20

VBF can be faked by double real corrections

to gg → H (“gluon fusion”)

complete LO calculation (including pentagons):
Del Duca, Kilgore, Oleari, Schmidt, Zeppenfeld (2001)

NLO QCD calculation in mt → ∞ limit:
Campbell, Ellis, Zanderighi (2006); Greiner et al. (2013)

need to understand phenomenology of both processes to
distinguish between them

Multi-jet emission and VBF selection

jet activity provides powerful discriminant
between gg → H and other Higgs signals

highly exclusive VBF cuts (ηjj , mjj , 3rd jet
veto) require precise H + 2, 3 jets predictions

Theory predictions and uncertainties

thorough Les Houches studies [1605.04692] with
NNLOPS, MEPS@NLO H + 0, 1, 2, 3 jets,. . .

consistent predictions and significant ∼20-30%
uncertainties

(N)NLO Monte Carlo uncertainties subtle!
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Higgs+2 jets via VBFTheory Inputs III: Production Modes 
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Very high precision at parton level

brand new N3LO result [Dreyer, Karlsberg, 1606.00840]

σ = 3.928 pb+0.1%
−0.03%(scale)±1% (PDFs) at 13 TeV

shapes of key VBF observables receive significant NNLO
corrections [Cacciari etal ’15] wrt NLO and NLO+PS

calls for VBF Monte Carlo with H + 3j at NLO
⇒ NNLO+PS or NLO merging (might be tricky)
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Theory precision: priorities in realistic analysis frameworks?

pp→ (Hjj)→WWjj VBF channel (benchmark process for detector upgrades)

[ATLAS-CONF-2015-044]

up to S/B ∼ 0.5 and ∆µ/µ ∼ 0.14
(comparable to H → ZZ)

limited by assumed background
systematics of 10%

TH uncertainty of tt̄+jets background?

Monte Carlo statistics problematic due to
highly exclusive signal region

off-shell effects and signal-background
interference (vector-boson scattering)?

. . .
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Outline

1 Precision in general

2 Leading Higgs channels (gg → H and VBF)

3 tt̄H with H → bb̄

4 tt̄ production and decay



ttH(bb̄) crucial to test fermion mass generation at Run2Theory Inputs III: Production Modes 



April	
  2016	
   Eilam	
  Gross,	
  KITP,	
  2016	
   5	
  

ggH	
   VBF	
   VH	
   WH	
  

Pp	
  collisions	
  

SM	
  ggF,	
  3H,	
  bbH	
  theory	
  uncertainty:	
  ~10%	
  	
  
VBF,	
  VH,	
  ZH:	
  2-­‐3%	
  

 [GeV] HM
80 100 120 140 160 180 200

 H
+X

) [
pb

]  
  

A
(p

p 
m

-210

-110

1

10

210
= 8 TeVs

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
2

 H (NNLO+NNLL QCD + NLO EW)

App 

 qqH (NNLO QCD + NLO EW)
App 

 WH (NNLO QCD + NLO EW)

App 

 ZH (NNLO QCD +NLO EW)

App 

 ttH (NLO QCD)

App 

Combined 7+8 TeV results (Moriond 2016)

σtt̄H/σ
SM
tt̄H = 1.7+0.8

−0.8 (ATLAS) 2.9+1.0
−0.9 (CMS)

NLO QCD+EW prediction for signal sufficient (13 TeV)

σtt̄H [fb] = 507+5.8%
−9.2% (scale) +3.6%

−3.6%(αS+PDFs)

H → bb̄ most sensitive channel at Run1 but plagued by
very large tt̄+jets background

S/B <∼ 0.1 and systematics dominated by ∆Btheory

⇒ exploitation of high luminosity will require background
TH uncertainties of O (10%) in normalisation and
few-percent in shape
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NLO+PS simulations of irreducible tt̄bb̄ background

pp → tt̄bb̄@ 13TeV

L
H
C
H
IG

G
S
X
S
W

G
20

16

Sherpa+OpenLoops

MG5aMC@NLO

PowHel+PY8
NLO

0 50 100 150 200 250 300 350 400

10−3

10−2

10−1
Invariant mass of the 1st and 2nd b-jets system (ttbb cuts)

m [GeV]

d
σ
/
d
m

[p
b
/
G
eV

]

0 50 100 150 200 250 300 350 400
0.6
0.8

1
1.2
1.4
1.6
1.8

2

m [GeV]

σ
/

σ
S
h
er
p
a
+
O
p
en

L
o
o
p
s

pp → tt̄bb̄@ 13TeV

L
H
C
H
IG

G
S
X
S
W

G
20

16

Sherpa+OpenLoops

MG5aMC@NLO

PowHel+PY8
NLO

0 50 100 150 200 250 300 350 400

10−4

10−3

10−2

10−1

pT of 1st light-jet (ttbb cuts)

pT [GeV]

d
σ
/
d
p
T
[p
b
/
G
eV

]

0 50 100 150 200 250 300 350 400
0.6
0.8

1
1.2
1.4
1.6
1.8

2

pT [GeV]

σ
/

σ
S
h
er
p
a
+
O
p
en

L
o
o
p
s

tt̄+X background dominated by tt̄bb̄

NLO+PS mandatory and possible
with NLO automation

complex multi-particle, multi-scale
QCD dynamics

NLO+PS tuned comparisons [LHC HXSWG YR4]

different matching methods (MC@NLO vs Powheg)
and showers (Pythia vs Sherpa)

20%–50% shower effects (from g → bb̄ splittings) in
signal region

dramatic discrepancies in modelling of first emission
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Nature of problems and challenges

pp → tt̄bb̄@ 13TeV
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General problems

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
for 1st emission?

relevant for several BSM searches and Hcc̄ and Hbb̄
production

What to do (challenging)

tt̄bb̄+ 1 jet at NLO

consider NLO merging for tt̄+ 0, 1, 2 jets (possible
with mb = 0)

add 3rd jet at NLO and mb,mc effects
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tt̄H(bb̄) and irred. backg. beyond narrow width approx.
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pp→ `ν + 2j + 4b at LO [Denner, Feger, Scharf, 1412.5290]

LO MEs of order α0
S , α1

S , α2
S , α3

S with interferences and non-resonant effects

48 partonic channels and up to 78’000 diagrams/channel at LO

Significant corrections of order 10% to leading tt̄bb̄ QCD bckg.

interference between tt̄bb̄ QCD and EW matrix elements (t-channel W -exchange)

off-shell contributions with ≤ 1 top resonance (Wbb+jets?)

Realistic and reliable treatment of decay chains possible but challenging
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tt̄ production
!
Generate pseudo-data for the invariant mass distribution in the leptonic final state!
 Statistical uncertainties determined from number of events per bin, after a binning optimisation!
Added a 3% systematic uncertainty to the statistical uncertainty

Juan Rojo                                                                                                                      HL-LHC workshop, CERN, 13/05/2015

Generation of pseudo-data: top quark pair
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PRELIMINARY

IN THE FUTURE?
➤ high-pt W, Z 
➤ high-mass Drell-Yan 
➤ high-mass ttbar 

Will all be at ~1% statistical level up to and even 
beyond the TeV scale.  

With leptonic final states, there’s a chance 
systematic errors may also be < 1%. 

At HL-LHC, Statistical errors on 
ttbar production will be < 1% up to 

Mtt ~ 2 TeV 29
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Powerful “laboratory” for precision

huge dataset (1% stat. precision at TeV scale!)

⇒ QCD and tool validation, PDF determination

⇒ search for anomalies

⇒ omnipresent background

Theory precision at parton level

NNLO QCD+NLO EW for inclusive tt̄

NLO QCD for tt̄+ 1, 2 jets

Aspects requiring improved precision

top decays (often based on LO+PS)

highly exclusive regions (multi-jet radiation,
large HT ,. . . )

Monte Carlo simulations

S. Pozzorini (Zurich University) Precision theory tools SWHEPPS 2016 16 / 20



Monte Carlo simulations of tt̄+multijets

Introduction Current setups Future plans General Data/MC agreement Additional studies Summary Backup

Symmetric and a bit larger for Powheg+Pythia8 CMS-PAS-TOP-15-011
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Symmetric and a bit larger for Powheg+Pythia8 CMS-PAS-TOP-15-011
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State-of-the art Monte Carlo (MC) precision

tt̄+0,1,2 jets NLO merging (soon also NNLO+PS?)

powerful for backg. to tt̄H, VBF, WH(bb̄), BSM

MC usage within experiments

less precise NLO+PS tools more tunable to data are
still preferred: a good idea?

exploitation of MC precision could strongly benefit
from more manpower and TH–EXP coordination

CPU cost of event generation ∼ 25% simulation

algorithmic
efficiency and
computing resources
crucial

Josh McFayden    |   MC Workshop   |   11/1/2016 

! The majority of MC production resources is taken by simulation 

! But a significant fraction is event generation.

6

ProdSys | Resources - MC

Simulation
Event gen.

Reconstruction
Reco w/o pileup 

150k

CPU cores in use for MC production

Jan 2015 Jan 2016
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Precision mt determination

Instability
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Instability

Stability

Meta-stability

 [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

Vacuum stability

strongly sensitive to mt, which lies in narrow
meta-stability window

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

Non-perturbative ambiguity (renormalon)

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

t ∼ 70 MeV [Beneke etal, 1605.03609]

kinematic measurements of mpole
t much more

attractive but require higher precision in MC
simulations of pp→ tt̄→ `νjjbb̄
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Off-shell & non-resonant effects in pp→ (tt̄)→ W+W−bb̄

g
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b̄

µ−
ν̄µ

b

νe
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W+

W−

t̄

t

t

g

g

b̄

µ−
ν̄µ

b

νe

e+

W+

t

b

t

W−

WWbb and WWbbj at NLO QCD

Off-shell tt̄ and tW̄ single-top channels with
interference (large in BSM backgrounds!)

NLO+PS matching

crucial for experiments, but longstanding problem of
uncontrolled shower recoil in off-shell top decays

first solutions [Jezo, Nason, 1509.09071; Frederix etal,

1603.01178]

⇒ up to ∆mt ' 1 GeV off-shell corrections in pp→ tj

⇒ implications for mt measurements in tt̄ to be studied

Introduction Current setups Future plans General Data/MC agreement Additional studies Summary Backup

Single top and tt̄ interference ATL-PHYS-PUB-2016-004
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ATLAS Simulation Preliminary
 = 13 TeV, 1-lepton selections

 [GeV]miss
TE

200 300 400 500

+
W

t(
D

R
)

t
W

W
bb

/t

0

1

2

Ô up to 80% difference for DR vs. DS

Ô up to 40% for WWbb vs. tt̄ (LO vs. NLO ME)

Ô need further studies with multileg event generator and proper merging
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Summary

Huge advances in TH precision (key role of swiss theory community)

for countless signal and background processes

at parton level and in Monte Carlo

increasingly important for physics potential of LHC

More exclusive/differential measurements at O (10%) precision

good TH and EXP prospects for sensitivity improvements in 0–10 years

Cross-talk between TH and EXP crucial

to deal with increasingly sophisticated measurements and theory tools

to identify the right priorities
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Higgs measurements [Run1 combination ATLAS-CONF-2015-044]

Production process ATLAS+CMS ATLAS CMS

µggF 1.03+0.17
−0.15 1.25+0.24

−0.21 0.84+0.19
−0.16

µVBF 1.18+0.25
−0.23 1.21+0.33

−0.30 1.13+0.37
−0.34

µWH 0.88+0.40
−0.38 1.25+0.56

−0.52 0.46+0.57
−0.54

µZH 0.80+0.39
−0.36 0.30+0.51

−0.46 1.35+0.58
−0.54

µttH 2.3+0.7
−0.6 1.9+0.8

−0.7 2.9+1.0
−0.9

Decay channel ATLAS+CMS ATLAS CMS

µγγ 1.16+0.20
−0.18 1.15+0.27

−0.25 1.12+0.25
−0.23

µZZ 1.31+0.27
−0.24 1.51+0.39

−0.34 1.05+0.32
−0.27

µWW 1.11+0.18
−0.17 1.23+0.23

−0.21 0.91+0.24
−0.21

µττ 1.12+0.25
−0.23 1.41+0.40

−0.35 0.89+0.31
−0.28

µbb 0.69+0.29
−0.27 0.62+0.37

−0.36 0.81+0.45
−0.42 ggF+ttH

fµ
1− 0.5− 0 0.5 1 1.5 2 2.5 3 3.5 4

V
B

F
+

V
H

f µ

2−

1−

0

1

2

3

4
ATLAS and CMS
LHC Run 1
Preliminary

γγ →H 
 ZZ→H 
 WW→H 

ττ →H 
 bb→H 

SM 68% CL
Best fit
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mt measurements

 [GeV]topm
165 170 175 180 185

1

15

 0.64±     174.34 
(arXiv:1407.2682)Tevatron Comb.  Jul. 2014 

 0.76±     173.34 
(arXiv:1403.4427)World Comb.  Mar. 2014 

 0.91±     172.99 
(arXiv:1503.05427)ATLAS Comb. Mar. 2015 

 

-1 =4.6 fbintL
CONF-2014-053+1-jet)* t(tσ   2.1     

 2.3 ±173.7   

-1 =4.6-20.3 fbintL

Eur. Phys. J. C74 (2014) 3109) dilepton t(tσ   2.6     
 2.5 ±172.9   

 

-1 = 4.7 fbintL
arXiv:1503.05427 dilepton →  1.30 )± ( 0.54                           1.41 ±173.79 

-1 = 4.7 fbintL
arXiv:1503.05427 l+jets →  1.02 )± 0.67 ± 0.25 ± ( 0.23  1.27 ±172.33 

-1 =20.3 fbintL
CONF-2014-055single top*   2.0   )± (  0.7                              2.1  ±172.2   

-1 = 4.6 fbintL
arXiv:1409.0832all jets   1.2   )± (  1.4                              1.8  ±175.1   

 

-1 - 20.3 fb-1 = 4.6 fb
int

 summary - Mar. 2015, Ltopm

 syst.)± bJSF ± JSF ±    tot.    (stat. ±      top   m

σ 1 ±World Comb. 
stat. uncertainty

 bJSF uncertainty⊕ JSF ⊕stat. 
total uncertainty

Input to ATLAS comb.→Preliminary, *

ATLAS Preliminary
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