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Precision for discovery



Particle Discoveries

• around 1950: “particle zoo”
new developments were driven by experiment 
led to the development of the quark model  [Gell-Mann, Zweig 1964]

• 1960’s: beginning of a theory-driven era 
development of the Standard Model, concept of gauge theories 
[Glashow, Salam, Weinberg 1967; Higgs 1964; t’Hooft, Veltman 1972, …]
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 Perspectives
“There is nothing new to be discovered in physics now. 

All that remains is more and more precise measurement.” 
Lord Kelvin 1900

“In this field, almost everything is already discovered, 
and all that remains is to fill a few unimportant holes.” 

J.P.G. von Jolly, 1809-1884, Professor of Physics, 
to Max Planck (considering to study physics)

(Planck replied that he did not wish to discover new things, 
but only to understand the known fundamentals of the field) 



• too many “ad hoc” parameters in the SM
• hierarchy problem
• dark matter
• baryon asymmetry in the Universe
• what drove inflation
• quantum theory of gravitation

the Standard Model is “complete”, but leaves many 
puzzling questions!

 Standard Model
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LEP EW working group 2009

precision measurements cornered the Higgs  boson mass



top quark mass enters electroweak precision observables 
indirectly via loop effects

top quark: importance of precision measurements/calculations
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importance of precision 

Buttazzo,Degrassi, Giardino, Giudice, 
Sala, Salvio, Strumia ’13 Heinemeyer, Hollik, Stöckinger, 

Weiglein, Zeune ’13 

there is a lot we can learn without immediate discoveries of new particles



precision measurements: W boson mass

A. Vicini, LHCP 2017

extraction of MW plTfrom shape of distribution

) control of radiative corrections distorting the shape extremely important! 

distortion of shape at permil level leads to    shift in massO(10MeV)
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Higgs boson self coupling(s)?
see later; triple Higgs coupling can be measured at HL-LHC

profile of the Higgs boson

2023

2033



importance of precision 

we need to be able to identify small deviations from the SM

P. Meridiani, EPS2017



Quiz: what could these (freely invented) data tell us?



artwork by G.Luisoni

fixed order calculations
NLO (QCD+EW), NNLO, …

quark mass effects

parametric uncertainties
(e.g. couplings, masses)

resummationparton shower

non-perturbative effects
(hadronisation, MPI, pile-up, …) 

PDFs

The precision frontier



• renormalisability 

• perturbative expansions,  e.g. 

• local gauge invariance SU(2)⇥ U(1)⇥ SU(3)c

important principles of QCD:

• asymptotic freedom 

• factorisation 

S.Bethke

theorist’s basic toolbox

1412.1633 [hep-ex]



example 2 to 2 scattering
LO: usually tree level diagrams

NLO: one loop (virtual) + extra real radiation + subtraction terms 

QCD corrections: building blocks

corrections

real infrared

subtractions

virtual

corrections

tree

level

• need a good subtraction method for 
singularities of individual contributions

individual contributions are divergent
• requires the isolation of the singularities  

D = 4� 2✏dimensional regularisation:



NNLO:  example 2-jet final state 

double real 1-loop virtual
 single real⌦

2-loop virtual

implicit IR poles (PS integration) explicit poles 1/✏2Lexplicit and implicit poles

QCD corrections: building blocks

bottlenecks: IR subtraction two-loop integrals



NNLO:  example 2-jet final state 

double real 1-loop virtual
 single real⌦

2-loop virtual

implicit IR poles (PS integration) explicit poles 1/✏2Lexplicit and implicit poles

QCD corrections: building blocks

bottlenecks: IR subtraction

harder with more massless particles
(intricate IR singularity structure)

two-loop integrals



NNLO:  example 2-jet final state 

double real 1-loop virtual
 single real⌦

2-loop virtual

implicit IR poles (PS integration) explicit poles 1/✏2Lexplicit and implicit poles

QCD corrections: building blocks

bottlenecks: IR subtraction

harder with more massless particles
(intricate IR singularity structure)

two-loop integrals

harder with more massive/off-shell particles
(more scales      more complicated 

analytic structure)



(analytic) results for two-loop integrals

2-loop 4-point: (black lines are massless, red lines massive)

• one massive leg: Gehrmann and Remiddi ’00-‘02

Gehrmann, Tancredi, Weihs ’13
Gehrmann, von Manteuffel, Tancredi, Weihs ‘14
Caola, Henn, Melnikov, Smirnov ‘14
Papadopoulos, Tommasini, Wever ‘14

• massive propagators (also massive on-shell legs)
Czakon et al ’07-‘13 (numerically)

Smirnov ’99planar: Tausk ’99non-planar:

• all massless:

Moch, Uwer, Weinzierl ‘02

• two massive legs:

e.g. tt̄

Bonciani, Ferroglia, Gehrmann, von Manteuffel, Studerus ’10, ‘13 (analytic, partial, tT)
Henn, Smirnov ’13 (analytic, partial, Bhabha)

Bonciani, Di Vita, Mastrolia, Schubert ’16;
von Manteuffel, Schabinger ’17 

e.g. mixed QCD-EW corrections to 
Drell-Yan, analytic, partial

• massive propagators (one mass) 

e.g. pp to V+jet 

e.g. pp to VV 

 Mastrolia, Passera, Primo, Schubert ’17 (analytic, partial,        )µ e



results for two-loop integrals
• massive propagators + massive legs with different mass 

(two additional mass scales) gg ! HHe.g.

g

g
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graphics by S.Jones

4 independent scales 
s12, s23, mH, mt

analytic results for master integrals 
mostly unknown 
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Borowka, Greiner, GH, Jones, Kerner, Schlenk, Schubert, Zirke ‘16

• all integrals calculated numerically with SecDec 

• total number of integrals: before reduction: ~10000, after reduction ~330, 
after sector decomposition 11244 (3086 non-planar) 

• NLO calculation with full top mass dependence



S.Borowka, GH, S.Jones, M.Kerner,  
J.Schlenk, T.Zirke  ‘15

version 3.0:

algorithm:

http://secdec.hepforge.org

T. Binoth, GH ‘00
version 1.0:
version 2.0: S.Borowka, J. Carter, GH ‘12

J. Carter, GH ‘10

pySecDec: S.Borowka, GH, S.Jahn, S.Jones, 
M.Kerner, J.Schlenk, T.Zirke  ‘17

numerical evaluation of multi-loop integrals 
https://github.com/mppmu/secdec/releases

http://secdec.hepforge.org
https://github.com/mppmu/secdec/releases
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M.Kerner, J.Schlenk, T.Zirke  ‘17

numerical evaluation of multi-loop integrals 

can be used as 
an integral library

New!

https://github.com/mppmu/secdec/releases

http://secdec.hepforge.org
https://github.com/mppmu/secdec/releases


(analytic) results for two-loop integrals

2-loop 4-point: (black lines: massless, red: massive/off-shell)

• one massive leg: Gehrmann and Remiddi ’00-‘02

Gehrmann, Tancredi, Weihs ’13
Gehrmann, von Manteuffel, Tancredi, Weihs ‘14
Caola, Henn, Melnikov, Smirnov ‘14
Papadopoulos, Tommasini, Wever ‘14

• massive propagators (also massive on-shell legs)
Czakon et al ’07-‘13 (numerically)

Smirnov ’99planar: Tausk ’99non-planar:

• all massless:

Moch, Uwer, Weinzierl ‘02

• two massive legs:

e.g. tt̄

Bonciani, Ferroglia, Gehrmann, von Manteuffel, Studerus ’10, ‘13 (analytic, partial, tT)
Henn, Smirnov ’13 (analytic, planar, Bhabha)

Bonciani, Di Vita, Mastrolia, Schubert ’16;
von Manteuffel, Schabinger ’17 

• massive propagators (one mass) 

e.g. pp to V+jet 

e.g. pp to VV 

 Mastrolia, Passera, Primo, Schubert ’17 (analytic, partial)



(analytic) results for two-loop integrals

2-loop 4-point: (black lines: massless, red: massive/off-shell)

• one massive leg: Gehrmann and Remiddi ’00-‘02

Gehrmann, Tancredi, Weihs ’13
Gehrmann, von Manteuffel, Tancredi, Weihs ‘14
Caola, Henn, Melnikov, Smirnov ‘14
Papadopoulos, Tommasini, Wever ‘14

• massive propagators (also massive on-shell legs)
Czakon et al ’07-‘13 (numerically)

Smirnov ’99planar: Tausk ’99non-planar:

• all massless:

Moch, Uwer, Weinzierl ‘02

• two massive legs:

e.g. tt̄

Bonciani, Ferroglia, Gehrmann, von Manteuffel, Studerus ’10, ‘13 (analytic, partial, tT)
Henn, Smirnov ’13 (analytic, planar, Bhabha)

Bonciani, Di Vita, Mastrolia, Schubert ’16;
von Manteuffel, Schabinger ’17 

• massive propagators (one mass) 

e.g. pp to V+jet 

e.g. pp to VV 

checked numerically with 
sector decomposition

 Mastrolia, Passera, Primo, Schubert ’17 (analytic, partial)



(analytic) results for two-loop integrals

2-loop 4-point: (black lines: massless, red: massive/off-shell)

• one massive leg: Gehrmann and Remiddi ’00-‘02

Gehrmann, Tancredi, Weihs ’13
Gehrmann, von Manteuffel, Tancredi, Weihs ‘14
Caola, Henn, Melnikov, Smirnov ‘14
Papadopoulos, Tommasini, Wever ‘14

• massive propagators (also massive on-shell legs)
Czakon et al ’07-‘13 (numerically)

Smirnov ’99planar: Tausk ’99non-planar:

• all massless:

Moch, Uwer, Weinzierl ‘02

• two massive legs:

e.g. tt̄

Bonciani, Ferroglia, Gehrmann, von Manteuffel, Studerus ’10, ‘13 (analytic, partial, tT)
Henn, Smirnov ’13 (analytic, planar, Bhabha)

Bonciani, Di Vita, Mastrolia, Schubert ’16;
von Manteuffel, Schabinger ’17 

• massive propagators (one mass) 

e.g. pp to V+jet 

e.g. pp to VV 

checked numerically with 
sector decomposition

checked numerically with 
sector decomposition

 Mastrolia, Passera, Primo, Schubert ’17 (analytic, partial)



(analytic) results for two-loop integrals

2-loop 4-point: (black lines: massless, red: massive/off-shell)

• one massive leg: Gehrmann and Remiddi ’00-‘02

Gehrmann, Tancredi, Weihs ’13
Gehrmann, von Manteuffel, Tancredi, Weihs ‘14
Caola, Henn, Melnikov, Smirnov ‘14
Papadopoulos, Tommasini, Wever ‘14

• massive propagators (also massive on-shell legs)
Czakon et al ’07-‘13 (numerically)

Smirnov ’99planar: Tausk ’99non-planar:

• all massless:

Moch, Uwer, Weinzierl ‘02

• two massive legs:

e.g. tt̄

Bonciani, Ferroglia, Gehrmann, von Manteuffel, Studerus ’10, ‘13 (analytic, partial, tT)
Henn, Smirnov ’13 (analytic, planar, Bhabha)

Bonciani, Di Vita, Mastrolia, Schubert ’16;
von Manteuffel, Schabinger ’17 

• massive propagators (one mass) 

e.g. pp to V+jet 

e.g. pp to VV 

checked numerically with 
sector decomposition

checked numerically with 
sector decomposition

checked numerically with 
sector decomposition

 Mastrolia, Passera, Primo, Schubert ’17 (analytic, partial)



(analytic) results for two-loop integrals

2-loop 4-point: (black lines: massless, red: massive/off-shell)

• one massive leg: Gehrmann and Remiddi ’00-‘02

Gehrmann, Tancredi, Weihs ’13
Gehrmann, von Manteuffel, Tancredi, Weihs ‘14
Caola, Henn, Melnikov, Smirnov ‘14
Papadopoulos, Tommasini, Wever ‘14

• massive propagators (also massive on-shell legs)
Czakon et al ’07-‘13 (numerically)

Smirnov ’99planar: Tausk ’99non-planar:

• all massless:

Moch, Uwer, Weinzierl ‘02

• two massive legs:

e.g. tt̄

Bonciani, Ferroglia, Gehrmann, von Manteuffel, Studerus ’10, ‘13 (analytic, partial, tT)
Henn, Smirnov ’13 (analytic, planar, Bhabha)

Bonciani, Di Vita, Mastrolia, Schubert ’16;
von Manteuffel, Schabinger ’17 

• massive propagators (one mass) 

e.g. pp to V+jet 

e.g. pp to VV 

checked numerically with 
sector decomposition

checked numerically with 
sector decomposition

checked numerically with 
sector decomposition

checked numerically with 
sector decomposition

 Mastrolia, Passera, Primo, Schubert ’17 (analytic, partial)



Exploring the Higgs sector

can be measured e.g. in Higgs boson pair production

measurement of        only at HL-LHC�3h

EW symmetry breaking
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2v
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h

8v2
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completely 
determined 
in the SM

�3h

SM:

current best limit �HH  19�SM
HH channel) (bb̄��



Baglio, Djouadi, Gröber, Mühlleitner, 
Quevillon, Spira ‘12 

�ggHH ⇠ 10�3 �ggH

largest cross section from gluon fusion, but still

Higgs boson pair production mechanisms
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Note: 
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HH production threshold:  2mH <
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 NLO in Born-improved HEFT  Dawson, Dittmaier, Spira ’98 (HPAIR) 

Frederix, Hirschi, Mattelaer, Maltoni, Torrielli, Vryonidou, Zaro ’14; 
 Maltoni, Vryonidou, Zaro ’14  
 

-10%• full mass dependence in NLO     
real radiation (“FTapprox”)

Grigo, Hoff, Melnikov, Steinhauser  ’13, ’15 ; Degrassi, Giardino, Gröber  ’16 
(±10%)• supplemented with   expansion:  1/mt

“Born-improved NLO HEFT”: rescale by  MLO(mt)/MLO
HEFT

K ' 2



•  soft gluon resummation NNLL  matched to NNLO  
Shao, Li, Li, Wang ’13, De Florian, Mazzitelli ‘15

 NNLO in  mt ! 1  limit:  

De Florian, Mazzitelli ’13 

•  including all matching coefficients  Grigo, Melnikov, Steinhauser ’14 

+20%

Grigo, Hoff, Steinhauser  ’15 • supplemented with   expansion:  1/mt

Higgs boson pair production in gluon fusion

•  differential  NNLO  De Florian, Grazzini, Hanga, Kallweit, Lindert, Maierhöfer, Mazzitelli, Rathlev ‘16

• total xs  NNLO  

• NLO calculation with full top mass dependence

Ferrera, Pires  ‘16•        resummation NLL+NLOqT

+9%

Borowka, Greiner, GH, Jones, Kerner, Schlenk, Schubert, Zirke ‘16

g

g

t

H

H



GH, S.Jones, M.Kerner, G.Luisoni, E.Vryonidou  1703.09252

mass effects versus parton shower effects
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data here would
point to New Physics!



GH, S.Jones, M.Kerner, G.Luisoni, E.Vryonidou  1703.09252

mass effects versus parton shower effects

g
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had we only the Born-improved HEFT results, 
we wouldn’t be able to tell

data here would
point to New Physics!
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due to • deeper insights into the structure of scattering amplitudes
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• new ideas for the calculation of master integrals, 
 both analytically and numerically

Summary and outlook

mathematics
physics

high performance 
computing



precision calculations/measurements 
may uncover the unexpected !

The Standard Model is unlikely to be the full picture 





BACKUP SLIDES
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Higgs boson pair invariant mass
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Born-improved NLO HEFT overestimates by about 50%, FTapprox by about 40% 
(at 14 TeV, worse at 100 TeV)  

 for large invariant masses:   

top quark loops resolved        HEFT has wrong scaling behaviour at high energies
full mass dependence at NLO more important for shape than 

NNLO in an approximate theory (HEFT)



top mass effects
total cross sections at 14 TeV

HXSWG:



variation of triple Higgs coupling
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cross section has a minimum around 
due to destructive interference  

between diagrams containing   �
and box-type diagrams   



variation of triple Higgs coupling
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 other operators, e.g. tt̄hh coupling



P.Meridiani, EPS 2017



limits on di-Higgs production
(July 2017)



hdamp = 1

hdamp=h limits amount of 
exponentiated hard radiation  

dependence on shower parameters



MG5_aMC@NLO:

shower starting scale picked with some 
 probability distribution in  

Pythia8

Pythia8

Qdef : default shower starting scale

dependence on shower parameters

and MG5_aMC@NLO

Powheg with hdamp = 250

with  Q = Qdef/2

show similar behaviour 



thanks: G.Luisoni

comparison Pythia6 vs. Pythia8



hdamp = 1

Powheg
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results for two-loop integrals

Tancredi, Remiddi ’16; Adams, Bogner, Weinzierl ’15,’16

2-loop 5-point:

• all massless, planar: Gehrmann, Henn, Lo Presti ‘15

• one off-shell leg, planar: Papadopoulos, Tomassini, Wever ’15

e.g. pp to 3jets 

• non-planar still unknown

• massive propagators + massive legs with different mass 
(two additional mass scales)

Borowka, Greiner, GH, Jones, Kerner, Schlenk, Schubert, Zirke ‘16

gg ! HHe.g.
numerically

• same number of scales e.g. H+jet:

Bonciani, Del Duca, Henn, Frellesvig, Moriello, Smirnov ’16

Tancredi, Primo  ’16,’17;
Melnikov,  Tancredi, Wever ’16,’17

lots of work on elliptic functions, some integrals still unknown

b-mass dependence:

e.g. pp to H+2jets 

Abreu, Britto, Duhr, Gardi ’17



pp to WW including dimension 8 operators
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