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The precision frontier

- LHC Run 2 and beyond:

high statistics — high experimental precision
needs to be matched by theory predictions !

°* mMeans preaictons at (at least) NexX
In the strong (and electro-weak) coupling

o-leading order (NLC

* there are cases where predictions at NNLO
(or even beyond, and/or resummation)
are required to match the experimental precision



- LHC Run 2 and beyond:

high statistics — high experimental precision
needs to be matched by theory predictions !

* means predictions at (at least) next-to-leading order (NLO)
In the strong (and electro-weak) coupling

* there are cases where predictions at NNLO
(or even beyond, and/or resummation)
are required to match the experimental precision

tedious calculations, automation desired !






current status:

e NLO automation:

pretty advanced
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current status:

e NLO automation:

pretty advanced

NLO matched to Dz




status about 10 years ago:

Les Houches 05: NLO wishlist for LHC

process
(V e{Z,W,~v})

background to

.pp — V Vet

. pp — H + 2]ets

. pp — tt bb

. pp — tt + 2jets
.pp — V'V bb

.pp — V'V 4+ 2]ets
.pp — V 4 3jets
.pp— VVV

O~NOOOTP,A~,WN =

ttH, new physics

H production by VBF

ttH

ttH

VBF— H — V'V, ttH, new physics
VBF— H - VV

various new physics signatures
SUSY trilepton




Les Houches wishlist 2007

Process
(Ve{Z, W~}

Comments

Calculations completed since Les Houches 2005

1. pp — VVijet

2. pp — Higgs+2jets

WW et completed by Dittmaier/Kallweit/Uwer [3];
Campbell/Ellis/Zanderighi [4]

and Binoth/Karg/Kauer/Sanguinett: (in progress)

NLO QCD to the gg channel

completed by Campbell/Ellis/Zanderigh: [5];

NLO QCD+EW to the VBF channel

completed by Ciccolin/Denner/Dittmaier [6,7]

Z Z Z completed by Lazopoulos/Melnikov/Petriello [8]
and WW Z by Hankele/Zeppenfeld [9]

Calculations remaining from Les Houches 2005

5. pp — ti+2)ets
6. pp — VV bb,
7. pp — VV42jets

relevant for ttH

relevant for ttH

relevant for VBF — H — VV ttH
relevant for VBF — H — V'V

VBF contnibutions calculated by
(Bozzv/)Jager/Olear/Zeppenfeld [10-12]

various new physics signatures

NLO calculations added to list 1n 2007

Higgs and new physics signatures

Calculations beyond NLO added 1n 2007

10. gg — W*W* O(a?a?l)
11. NNLO pp — tt
12. NNLO to VBF and Z/~+jet

backgrounds to Higgs

normalization of a benchmark process
Higgs couplings and SM benchmark

Calculations including electroweak effects

13. NNLO QCD+NLO EW for W/Z

precision calculation of a SM benchmark




Process (V € {Z,W,7})
Calculations completed since Les Houches 2005

1.pp — VVijet W Wjet completed by Dittmaier/Kallweit/Uwer [4,5];
CampbelVEllis/Zanderighi [6].

Z Z et completed by
Bmoth/Gleisberg/Karg/Kauer/Sanguinetti [7]

2. pp — Higgs+2jets NLO QCD to the gg channel

completed by Campbell/Ellis/Zanderighi [8];

NLO QCD+EW to the VBF channel

completed by Ciccolini/Denner/Dittmaier [9,10]

Z Z Z completed by Lazopoulos/Melnkov/Petriello [11]
and WW Z by Hankele/Zeppenfeld [12]

(see also Binoth/Ossola/Papadopoulos/Pittau [13])

4. pp — ttbhb relevant for £ H computed by
Bredenstem/Denner/Dittmaier/Pozzonm [14,15]
and Bevilacqua/Czakon/Papadopoulos/Pittau/Worek [16]

Les Houches " e y e D 17
wishlist 2009 mmmama:

D e .

6. pp — ti+2jets relevant for t¢ H computed by
Bevilacqua/Czakon/Papadopoulos/Worek [19]
7.pp— VV bb, relevant for VBF -+ H — V'V tiH

8. pp — VV+2ets relevant for VBF - H — V'V

VBF contmbutions calculated by
(Bozzi/)Jager/Oleari/Zeppenfeld [20-22]

NLO calculations added to list n 2007

9.pp— bbb qq channel calculated by Golem collaboration [23]

NLO calculations added fo list in 2000,

10. pp — V4 jets ' top pair production, various new physics signatures
11. pp — Whbj top, new physics signatures
iy ttt - various new physics signatures

NEREIED added in 2007

13. gg = W*W* O(a’a?) backgrounds to Higgs
14. NNLO pp — tt normalization of a benchmark process
15. NNLO to VBF and Z /y+jet Higgs couplings and SM benchmark

Calculations including electroweak effects

16. NNLO QCD+NLO EW for W/Z precision calculation of a SM benchmark




Les Houches
2011:

Process (V € {Z. W, +D)

Comments

Calculations completed since Les Houches 2005

Lpp—VVjet

2. pp — Higgs+2jets

3.ppsVVV

4. pp —» ttbb

5. pp — V43jets

W W jet completed by Dittmaier/Kallweit/Uwer [27, 28];
CampbelV/Ellis/Zanderighi [29].

Z Zjet completed by
Binoth/Gleisberg/Karg/Kauer/Sanguinetti [30]

NLO QCD to the gg channel

completed by CampbelV/Ellis/Zanderighi [31];

NLO QCD+EW to the VBF channel

completed by Ciccolini/Denner/Dittmaier [32, 33]
Interference QCD-EW in VBF channel [34, 35]

7 77 completed by Lazopoulos/Melnikov/Petriello [36]
and WW Z by Hankele/Zeppenfeld [37],

see also Binoth/Ossola/Papadopoulos/Pittau [38]
VBFNLO [39, 40] meanwhile also contains

WWW, ZZWWW~r, ZZ~ry W Zy Wy, Zyy, vy
WZ3,Wnivis. Wi

relevant for ¢t H , computed by
Bredenstein/Denner/Dittmaier/Pozzorm [41,42]

and Bevilacqua/Czakon/Papadopoulos/Pittaw/Worek [43]
W 43jets calculated by the Blackhat/Sherpa [44]

and Rocket [45] collaborations

7 +3jets by Blackhat/Sherpa [46]

Calculations remaining from Les Houches 2005

6. pp — ti+2jets

7.pp —= VV bb,
8. pp — VV+2ets

relevant for ¢{ H , computed by
Bevilacqua/Czakon/Papadopoulos/Worek [47, 48]
Pozzorim et al.[25] Bevilacqua et al.[23]
WHW+42jets [49], W+ W —+2jets [50],

VBF contributions calculated by
(Bozzi/)Jager/Oleari/Zeppenfeld [51,52, 53]

NLO calculations added to hist in 2007

9. pp —» bbbb

Binoth et al. [54, 55]

NLO calculations added to list in 2009

10.pp = V +4 jets

11. pp — Whbj
12_pp — titt

also: pp — 4 jets

top pair production, vanous new physics signatures
Blackhat/Sherpa: W +4jets [22], Z+4jets [20]

see also HEJ [56] for W + njets

top, new physics signatures, Reina/Schutzmeier [11]
vanous new physxcs signatures Bevilacqua, Worek 2012

Blackhat/Sherpa [19]




Les Houches
2011:

“NLO revolution”

Process (V € {Z. W, +D)

Comments

Calculations completed since Les Houches 2005

Lpp—VVjet

2. pp — Higgs+2jets

3.ppsVVV

4. pp —» ttbb

5. pp — V43jets

W W jet completed by Dittmaier/Kallweit/Uwer [27, 28];
CampbelV/Ellis/Zanderighi [29].

Z Zjet completed by
Binoth/Gleisberg/Karg/Kauer/Sanguinetti [30]

NLO QCD to the gg channel

completed by CampbelV/Ellis/Zanderighi [31];

NLO QCD+EW to the VBF channel

completed by Ciccolini/Denner/Dittmaier [32, 33]
Interference QCD-EW in VBF channel [34, 35]

7 77 completed by Lazopoulos/Melnikov/Petriello [36]
and WW Z by Hankele/Zeppenfeld [37],

see also Binoth/Ossola/Papadopoulos/Pittau [38]
VBFNLO [39, 40] meanwhile also contains

WWW, ZZWWW~r, ZZ~ry W Zy Wy, Zyy, vy
WZ3,Wnivis. Wi

relevant for ¢t H , computed by
Bredenstein/Denner/Dittmaier/Pozzorm [41,42]

and Bevilacqua/Czakon/Papadopoulos/Pittaw/Worek [43]
W 43jets calculated by the Blackhat/Sherpa [44]

and Rocket [45] collaborations

7 +3jets by Blackhat/Sherpa [46]

Calculations remaining from Les Houches 2005

6. pp — ti+2jets

7.pp —= VV bb,
8. pp — VV+2ets

relevant for ¢{ H , computed by
Bevilacqua/Czakon/Papadopoulos/Worek [47, 48]
Pozzorim et al.[25] Bevilacqua et al.[23]
WHW+42jets [49], W+ W —+2jets [50],

VBF contributions calculated by
(Bozzi/)Jager/Oleari/Zeppenfeld [51,52, 53]

NLO calculations added to hist in 2007

9. pp —» bbbb

Binoth et al. [54, 55]

NLO calculations added to list in 2009

10.pp = V +4 jets

11. pp — Whbj
12_pp — titt

also: pp — 4 jets

top pair production, vanous new physics signatures
Blackhat/Sherpa: W +4jets [22], Z+4jets [20]

see also HEJ [56] for W + njets

top, new physics signatures, Reina/Schutzmeier [11]
vanous new physxcs signatures Bevilacqua, Worek 2012

Blackhat/Sherpa [19]




what caused the “NLO revolution”?

gauge dependent off-shell states introduce “spurious” terms

/ on-shell physical

Unitarity method

Bern. Dixon. Dunbar and Kosower

(BDDK) 1994

* numerical reduction at integrand level

» D-dimensional unitarity



one-loop N-point amplitude:

master integrals”: boxes, triangles, bubbles
most complicated functions are dilogarithms

can be obtained by numerical reduction at integrand level

automated tools: CutTools Ossola, Papadopoulos, Pittau

Samurai Mastrolia, Ossola, Reiter, Tramontano, van Deurzen

Ninja Mastrolia, Mirabella, Peraro



... fulfilled wishes create more wishes ...



Les Houches 2013: Higgs

Process

State of the Art

Desired

H

do @ NNLO QCD (expansion in 1/my)
full m¢/my, dependence @ NLO QCD
and @ NLO EW

NNLO+PS, in the my — oo limit

do @ NNNLO QCD (infinite-my limit)

full mg/myp dependence @ NNLO QCD

and @ NNLO QCD+EW

NNLO+PS with finite top quark mass effects

do @ NNLO QCD (g only)
and finite-quark-mass effects
a LO QCD and LO EW

do @ NNLO QCD (infinite-m, limit)
and finite-quark-mass effects
a NLO QCD and NLO EW

oot (VBEF) @ NNLO(DIS) QCD
do(VBF) @ NLO EW

do(gg) @ NLO QCD (infinite-my limit)
and finite-quark-mass effects @ LO QCD

do(VBF) @ NNLO QCD + NLO EW

do(gg) @ NNLO QCD (infinite-my limit)
and finite-quark-mass effects

a NLO QCD and NLO EW

do @ NNLO QCD
do @ NLO EW
Orot(gg) @ NLO QCD (infinite-myg limit)

with H — bb @ same accuracy
do(gg) @ NLO QCD
with full m¢/my, dependence

do(stable top) @ LO QCD

do(top decays)
a NLO QCD and NLO EW

do(stable tops) @ NLO QCD

do(top decays)

a NLO QCD and NLO EW

do @ NLO QCD (leading my dependence)
do @ NNLO QCD (infinite-my limit)

do @ NLO QCD
with full m¢/my, dependence




Les Houches 2013: heavy quarks and jets

Process

State of the Art

Desired

tt

Tt (stable tops) @ NNLO QCD
do(top decays) @ NLO QCD
do(stable tops) @ NLO EW

do(top decays)

@ NNLO QCD + NLO EW

tt + j(j)

do(NWA top decays) @ NLO QCD

do(NWA top decays)
@ NNLO QCD + NLO EW

tt + Z

do(stable tops) @ NLO QCD

do(top decays) @ NLO QCD
+ NLO EW

single-top

do(NWA top decays) @ NLO QCD

do(NWA top decays)
@ NNLO QCD + NLO EW

dijet

do @ NNLO QCD (g only)
do @ NLO EW (weak)

do @ NNLO QCD + NLO EW

3]

do @ NLO QCD

do @ NNLO QCD + NLO EW

Y+

do @ NLO QCD
do @ NLO EW

do @ NNLO QCD + NLO EW




Les Houches 2013: vector bosons

Process

State of the Art

Desired

do(lept. V decay) @ NNLO QCD
do(lept. V decay) @ NLO EW

do(lept. V decay) @ NNNLO QCD
and @ NNLO QCD+EW
NNLO+PS

do(lept. V decay) @ NLO QCD
do(lept. V decay) @ NLO EW

do(lept. V decay)
@ NNLO QCD + NLO EW

do(V decays) @ NLO QCD

do(on-shell V decays) @ NLO EW

do(decaying off-shell V)
a NNLO QCD + NLO EW

do(V decays) @ LO QCD

do(V decays) @ NLO QCD

do(V decay) @ NLO QCD
do(PA, V decay) @ NLO EW

do(V decay)
a NNLO QCD + NLO EW

do(lept. V decay) @ NLO QCD

massive b

do(lept. V decay) @ NNLO QCD
+ NLO EW, massless b

do(V decays) @ NLO QCD

do(V decays)
@ NLO QCD + NLO EW

do(V decays) @ NLO QCD

do(V decays)
a NLO QCD + NLO EW

do(V decays) @ NLO QCD

do(V decays)
@ NLO QCD + NLO EW

do(V decays) @ NLO QCD

do(V decays)
@ NLO QCD + NLO EW

do @ NNLO QCD + NLO EW

gr resummation at NNLL matched to NNLO




measure of complexity

#loops + #legs + #scales (masses, off-shellness)

(refers to physical results, not individual integrals)



NLO automation

infrared

corrections subtractions

NLO R S 74 S
o = do” — do —l—/ do 4+ /dO'
/m+1 [ ]e: m e S

numerically analytically | g
ﬁ

numerically




NLO automation

infrared

<€+— automated tools exist at NLO

corrections subtractions

NLO R S 74 S
o = do"™ — do —l—/ do 4+ /dO'
[n+1 [ ]ezo m N~ S

numerically analytically | g
W

numerically




- Monte Carlo program

<—>

BLHA or
custom made

- Powheg A IEORES

» Herwig7/Matchbox | * Helac-NLO
o Geneva * Grace
*Vincia

* Madloop

* NJet

» OpenLoops
* Recola

collection of pre-computed processes:

*MCFM
*VBF_NLO




NLO automation

unitarity-based:

° ‘ . .
INJa  Mastrolia, Mirabella, Peraro -PJ Fry Fleischer, Riemann, Yundin

- C()”ier Denner, Dittmaier, Hofer
scalar integrals:

° OneLOOp van Hameren
- QCDLoop Elis, Zanderigh

o FF van Oldenborgh, Vermaseren



GoSam @ 1-loop

user input file process.in

GoSam GoSam
gosam.py process.in
diagram drawing an
QGraf | FORM

d code generation:
| Spinney

reduction: Ninja | Golem95C | Samurai | ...

integral libraries: OneLOop | Golem95C | QCDLoop | ...

virtual one-loop amplitude



http://gosam.hepforge.org

Monte Carlo | OLP
pre-runtime phase
write order file —_— read order file
read contract file . —_—_— = write contract file
run initialisation phase
call OLP_Start ‘
call OLP_Info
call OLP_PrintParameter
call OLP_SetParameter (static parameters)
runtime phase
call OLP_SetParameter (dynamic parameters)
. - >
call OLP_EvalSubProcess2 &V phuse space pomt, scale | compute virtual part

|

compute Born, real
radiation, IR subtraction

MAX-PLANCK-GESELLSCHAFT

T

S COIMI

— full NLO result

bination with

ifferent MC programs




s 2.

al Binoth-Les-Houches-Accord
ed standards [CPC 185 (2014)]

terface to Monte Carlo prograi

Monte Carlo | OLP
pre-runtime phase

write order file —_— read order file

read contract file . —_—_— = ; write contract file

run initialisation phase
call OLP_Start
call OLP_lnfo
call OLP_PrintParameter
call OLP_SetParameter (static parameters)

important BLHA?2 feature

runtime phase

call OLP_SetParameter (dynamic parameters)

'
Las
el
e |

compute Born, real |
radlad::.lk subtraction » full NLO result

gve phase space point, scale | compute virtual part

important BLHA?2 feature

allows combination with
different MC programs

MAX-PLANCK-GESELLSCHAFT



Interface to Monte Carlo programs

both original Binoth-Les-Houches-Accord
and extended standards [CPC 185 (2014)]

~ are supported

Monte Carlo OLP

pre-runtime phase

read order file

I write contract file

important BLHA?2 feature

write order file g —————————

read contract file

run initialisation phase

call OLP_Start
call OLP_Info
call OLP_PrintParameter

call OLP_SetParameter (static parameters)

runtime phase

call OLP_SetParameter (dynamic parameters)

give phase space point, scale compute virtual part

return result, accuracy

call OLP_EvalSubProcess2

|

compute Born, real
radiation, IR subtraction

— full NLO result
important BLHA?2 feature

dination with
C programs

OWS COM
fferent ™

al
@

[user input (MC runcard)]

'GoSam |

{ read order file

(write order file

BLHA

read contract file .——— write contract file

set parameters

r{make source)

generate amplitudes

prepare runtime phase ,——-[ make compile]

phase space points
[ J

|

compute Born, ]

real radiation, compute one-loop amplitude]

IR subtraction /

|

integration

|

full NLO result |

MAX-PLANCK-GESELLSCHAFT




Installation and usage of GoSam

installation: installation script downloads GoSam and
reduction libraries and installs everything

wget http://gosam.hepforge.org/gosam-installer/gosam_installer.py

chmod +x gosam_installer.py

Jgosam_installer.py [--prefix=installation_path]

installation script will also install FORM [J.Vermaseren et al.]
and QGraf [P. Nogueira] if not present already


http://gosam.hepforge.org

Installation and usage of GoSam

installation: installation script downloads GoSam and
reduction libraries and installs everything

wget http://gosam.hepforge.org/gosam-installer/gosam_installer.py

chmod +x gosam_installer.py

Jgosam_installer.py [--prefix=installation_path]

installation script will also install FORM [J.Vermaseren et al.]
and QGraf [P. Nogueira] if not present already

usage: create template for input file process.in: example input file:
2 process_name=eett
gosam°py "templa'te process.in process_path=eett
Bk - ) in= e+, e-
edit input file process.in L
to generate amplitude (standalone): model= smdiag
model . options=ewchoose
gosam.py process.in order= gs, 0, 2
Zero=me

one=gs,e
within BLHA: regularisation_scheme=dred

gosam.py --o|p order.lh many more options available, will take defaults if not set



http://gosam.hepforge.org

Examples of processes calculated with GoSam
* GoSam + MadDipole/MadGraph/MadEvent

pp — WTW— + 2 qets (Greiner, GH, Mastrolia, Ossola, Reiter, Tramontano '12]
PP — XoxX; + jet Cullen, Greiner, GH '12]

pp — (G — v7v) + 1 jet  [Greiner, GH, Reichel, von Soden-Fraunhofen '13]

i o+ 1,2 jets Gehrmann, Greiner, GH '13]

pp — HH + 2 jets [Dolan, Englert, Greiner, Spannowsky '13]

e GoSam + Sherpa
pp — WTWT +2 q1ets [Greiner, GH, Luisoni, Mastrolia, Ossola, Reiter, Tramontano "12]

pp — il =) ] ets [van Deurzen, Greiner, Luisoni, Mastrolia, Mirabella, Ossola, Peraro,
a von Soden-Fraunhofen, Tramontano '13]
pp — WTW ™ bb [GH, Maier, Nisius, Schlenk, Winter '13]

pp — tt + 0,1 jet (includes shower) [Hoche, Huang, Luisoni, Schonherr, Winter '13]
pp — Htt+0,15et [vanDeurzen, Luisoni, Mastrolia, Mirabella, Ossola, Peraro "13]

* GoSam + Powheg (includes shower)
pp — HW/HZ +0,1jet [Lyisoni, Nason, Oleari, Tramontano '13]
pp — Wbb+ 1 jet [Luisoni, Oleari, Tramontano '15]

e GoSam + Herwig++/Matchbox (includes shower)
pp — £ + jet [Bellm, Gieseke, Greiner, GH, Platzer, Reuschle, von Soden-Fraunhofen ‘13]
e GoSam + MadDipole/MadGraph/MadEvent + Sherpa

pp — AR 3jets [Cullen, v.Deurzen, Greiner, Luisoni, Mastrolia, Mirabella, Ossola, Peraro, Tramontano '13,'15



Examples of processes calculated with GoSam
* GoSam + MadDipole/MadGraph/MadEvent

pp —+ WTW ™ + 2jets Greiner, GH, Mastrolia, Ossola, Reiter, Tramontano '12]
PP — XoxX; + jet Cullen, Greiner, GH '12]
pp — (G — v7v) + 1 jet  [Greiner, GH, Reichel, von Soden-Fraunhofen '13]
e oy + 1,2 jets (Gehrmann, Greiner, GH '13] ‘a\‘\a\
pp — HH + 2 jets [Dolan, Englert, Greiner, Spannowal%é\'éqe
e GoSam + Sherpa w\c"
pp — ey -2 q1ets [Greiner, GH, Luisoni@&rolia, Ossola, Reiter, Tramontano '12]
(O K il =) ] ets [van Deur ' eP, Luisoni, Mastrolia, Mirabella, Ossola, Peraro,

i ‘eo von Soden-Fraunhofen, Tramontano '13]
pp — WTW ™ bb 0@‘4, Maier, Nisius, Schlenk, Winter '13]
pp — tt+0 1& iIncludes shower) [Hoche, Huang, Luisoni, Schonherr, Winter 1 3]
pp — H&ﬁo@: 1 jet  [vanDeurzen, Luisoni, Mastrolia, Mirabella, Ossola, Peraro "13]
* GoSam + Powheg (includes shower)

pp — HW/HZ +0,1jet [Lyisoni, Nason, Oleari, Tramontano '13]
pp — Wbb+ 1 jet [Luisoni, Oleari, Tramontano '15]

e GoSam + Herwig++/Matchbox (includes shower)
pp — £ + jet [Bellm, Gieseke, Greiner, GH, Platzer, Reuschle, von Soden-Fraunhofen ‘13]
e GoSam + MadDipole/MadGraph/MadEvent + Sherpa

pp — SR Sjets [Cullen, v.Deurzen, Greiner, Luisoni, Mastrolia, Mirabella, Ossola, Peraro, Tramontano '13,'15






building blocks of higher order calculations

usually tree level diagrams

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




heed efficient methods to

* generate the amplitudes
reduce the loop amplitudes to coefficients ©@ master integrals

- calculate the master integrals

individual contributions to an amplitude (virtual/real) are usuall
requires the isolation of the singularities in epsilon
(dimensional regularisation)

need a good subtraction method for
singularities of individual contributions



heed efficient methods to

* generate the amplitudes
reduce the loop amplitudes to coefficients ©@ master integrals

- calculate the master integrals
SecDec

individual contributions to an amplitude (virtual/real) are usuall
requires the isolation of the singularities in epsilon
(dimensional regularisation)

need a good subtraction method for
singularities of individual contributions



heed efficient methods to

* generate the amplitudes
reduce the loop amplitudes to coefficients ©@ master integrals

- calculate the master integrals
SecDec

individual contributions to an amplitude (virtual/real) are usuall

requires the isolation of the singularities in epsilon

(dimensional regularisation)

need a good subtraction method for
singularities of individual contributions



automated 2-loop amplitudes: GoSam @ 2 loops

projectors to form factors
D gosam.py process.rc | process definition |
integral families

Vo _

two-loop amplitude /



N.Greiner, GH, S.Jahn, S.Jones, M.Kerner,

P. Mastrolia, J.Schlenk, T.Zirke

P. Nogueira

see above

see later




NNLO automation

Five main methods:

+ Antenna subtraction Gehrmann, Gehrmann-De Ridder, NG (05)

gr subtraction Catani,Grazzini (07)
Colourful subtraction Del Duca, Somogyi, Tronsanyi

Stripper Czakon (10); Boughezal et al (11)

N-jettiness subtraction Boughezal, Focke, Liu, Petriello (15); Gaunt, Stahlhofen,
Tackmann, Walsh (15)

Each method has its advantages and disadvantages

Analytic  FS Colour IS Colour Local

Antenna v L v
aT / X v
Colourtful \/ \/ x
X v /
v

Stripper

N-jettiness V4 V4

N.Glover, Amplitudes 2015



* antenna subtraction
ete- — 3 jets [Gehrmann-DeRidder, Gehrmann, Glover, GH ’07; Weinzierl '08]
pPp — 2 jets [Currie, Gehrmann-DeRidder, Gehrmann, Glover, Pires ‘13,'14]
pp — H+jet [Chen, Gehrmann, Glover, Jaquier "14]

pp — t tbar [Abelof, Gehrmann-DeRidder, Maierhdfer, Pozzorini ‘13, ‘14]
pp —Z+jet [Gehrmann-DeRidder, Gehrmann, Glover, Huss, Morgan '15]

* gt subtraction (colourless final states)

[Catani, Cieri, De Florian, Ferrera, Grazzini, Tramontano '07 - '14]
PP —Z 7Y [Grazzini, Kallweit, Rathlev, Torre "13]

pp — Z Z, pp — W+W- [Cascioli, T.Gehrmann, Grazzini, Kallweit, Maierhéfer,
Py von Manteuffel, Pozzorini, Rathlev, Tancredi, Weihs '13,'14]
* N-jettiness

pp —H+jet [Boughezal, Focke, Giele, Liu, Petriello '15]
pp— WH+jet [Boughezal, Focke, Liu, Petriello '15]
pp— H+V  [Campbell, Ellis, Williams ’16]

* sector-improved residue subtraction

pp —t tbar [Czakon, Fiedler, Mitov 13,15]

pp —H+jet [Boughezal, Caola, Melnikov, Petriello, Schulze '14]
pp — t+jet [Brucherseifer, Caola, Melnikov "14]



¢ antenna subtraction
ete- — 3 jefs [Gehrmann-DeRidder, Gehrmann, Glover, GH '07; Weinzierl '08]

pp — 2 jets [Currie, Gehrmann-DeRidder, Gehrmann, Glover, Pires ‘13,"14]
pp — H+jet [Chen, Gehrmann, Glover, Jaquier '14]

pp — t tbar [Abelof, Gehrmann-DeRidder, Maierhéfer, Pozzorini ‘13, “14] \\l\
pp —Z+jet [Gehrmann-DeRidder, Gehrmann, Glover, Huss, Morgan 1‘ %Q\d

* gt subtraction (colourless final states) Q\“g

pp —H, pp—V, pp—HV, pp—77 et
[Catani, Cieri, De Florian, Ferrera, Grazzini, Tramoniar(ceo% "14]

Op —Z 7 [Grazzini, Kallweit, Rath|eé@oé\%]

Ppp— 22, pp — Ww C‘ascioli, T.Gehrmann, Grazzini, Kallweit, Maierhofer,
S “ von Manteuffel, Pozzorini, Rathlev, Tancredi, Weihs '13,'14]
* N-jettiness o %

pPp —>H+jet?B§ughezaI, Focke, Giele, Liu, Petriello 15]
pp — W+jet [Boughezal, Focke, Liu, Petriello '15]
pp— H+V  [Campbell, Ellis, Williams ’16]

* sector-improved residue subtraction

pp —t tbar [Czakon, Fiedler, Mitov 13,15]

pp —H+jet [Boughezal, Caola, Melnikov, Petriello, Schulze '14]
pp — t+jet [Brucherseifer, Caola, Melnikov "14]



NNLO automation

apart from double real radiation:

examples:

Hk3)

H(k3)

H(k4)




http://secdec.he

SecDec is hosted by Hepfoege, IPPP Durham

% m University of
A APp3) qny Zurich™
ap A,, T \—/

SecDec
Sophia Borowka, Gudrun Heinrich, Stephan Jahn, Stephen Jones, Matthias Kerner, Johannes Schlenk, Tom Zirke
A program to evaluate dimensionally regulated parameter integrals numerically
home download program user manual faq changelcg

NEW: Version 3.0 of the program can be downloaded as SecDec-3.0.8.tar.gz.

Version 2.1.6.1 of the program can be downloaded as SecDec-2.1.6.1 targz,

To install the program:

« tar xzvf SecDec-3.0.8.tar.gz
« cd SecDec-3.0.8
« make

J. Carter, GH ‘10
S.Borowka, J. Carter, GH ‘12

S.Borowka, GH, S.Jones, M.Kerner, J.Schlenk, T.Zirke 15
arXiv:1502.06595 (CPC 2015)


http://secdec.hepforge.org

other public programs based on sector decomposition:

® sector_decomposition (uses Ginac) (only Euclidean region)
[Bogner, Weinzierl '07]

supplemented with CSectors
for construction of integrand in terms of Feynman parameters

[A.Smirnov, V.Smirnov, Tentyukov, '08,'09,’13,15]



" _’
'v - :
N\ -
\Q ‘\‘ ~ b
> \\"‘M\
N \‘\$ 4”"7 ' ® e

A\ ab - ¢ .

based on method of sector decomposition
(Hepp 66; Denner & Roth 96; Binoth & GH 00)

- factorizes poles in dim. regulator epsilon from
N . .

¥

» produces Laurent series in epsilon, coefficients
will be finite parametric integrals

* integrates coefficients numerically

uses Cuba library (T.Hahn) or Nintegrate (woifram Research)
1-dim: cquad (Gonnet)



SecDec basic workflow

graph info Feynman integl‘é,l
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no y ves
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function
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graphics by S.Borowka
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uses (for triangulation)
— guaranteed to stop, produces less sectors than original strategy X

Strategy G1 | Strategy G2

282 sectors 266 sectors 166 sectors

27336 sectrs | 32063 sectrs | 27137 sectrs
5510s 11856s 443 s




MeWre

 Improved user interface

* propagators with zero or negative powers are possible

linear propagators can be treated

usage on a cluster facilitated

speed improvements

option to use numerical integrators from Mathematica

Ap-By=1t

Max-Planck-Institut fiir Physik
(Werner- Heisenberg-Institut)

MAX-PLANCK-GESELLSCHAFT



coming soon:

algebraic part in python

new IBP method

numerical part on GPU

speedup by sampling adjustment for (sub-)dominant sectors

SecDec as a library to be linked to any amplitude calculation




Multi-)Loop integral repository

Loopedla AN EASILY SEARCHABLE DATABASE OF FEYNMAN GRAPHS AND FEYNMAN INTEGRALS Search this site
vome _ indmap Cuistng dntabaces | Admin [ Wep |
Loopedia Join this site

Name proposed by Sophia Borowka I ]

P1 P2 e

Legal | About | Contact

Tags | Edit | Source | Print

Page tags
home
Watchers
P p3
B9 OliverDekkers
J:» FabianWissbrock
|dea B:) Epanzer
B:) cbogner
Have a database containing Feynman graphs that is easily searchable, provides links to literature, and ideally also explicit e-expansions l:) SBorowka
accessible in well-defined, uniform, customizable formats. §:) manteuffel
B tiuthe
. . . . Vikt P B:9 gudrunh
Here is the Online test version of Loopedia ( IKTOr apara) ;) wbkilgore
§:) Dirk Kreimer
Please contribute your thoughts to the Mindmap. B:9) Andrea Ferroglia
More detailed suggestions can be collected on the Ideas page. B9 mkompan

Watch: site | category | page
Join




application to loop integrals with several mass scales




application to loop integrals with several mass scales

NLO (= 2 loops):



examples of 2-loop box diagrams

H(kd)




results in the literature so far
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calculation of the 2-loop amplitude

S.Borowka, N.Greiner, GH, S.Jones, M.Kerner, J.Schlenk, U.Schubert, T.Zirke

- use GoSam-2loop to generate the amplitude
 reduction with Reduze?2 [C. Studerus, A. von Manteuffel]

(Fire5 [A.v. smimov] , LiteRed [R.N. Lee])

= partly finite basis

» produce input files for SecDec with GoSam-2loop

- independent implementation with Qgraf, Reduze2, Mathematica

- evaluate integrals (SecDec) & coefficients



2-loop amplitude

integrals 1-loop 2-loop

use IBP’s 8 ~300

# of sampling points determined by

target accuracy set at amplitude level



examples of master integrals

HHP1a, Re(P0) ——u

s23/mt2

s12imt2




(b) HHNP2B

| =22 4 P,

9

my = 125 GeV
my = 173 GeV

HHNP2b, Re(P0) ——

s12/mt2




Summary and Outlook

LHC Run Il and beyond

NNLO
— automation feasible !

» tools towards this aim presented here:

GoSam-1loop: public, 2-loop extension underway

v can do integrals with several mass scales numerically

v Is being made ready for large scale
phenomenological applications



try out the tools!

http://gosam.hepforge.org

http://secdec.hepforge.org


http://secdec.hepforge.org
http://gosam/hepforge.org

Seclec can also do

) ) \2
1.0 [dPp1 [dPp2 (p1 + k1)

NP2B = (p2 — m2)((p2 + k1 + k2)2 — m2)((p2 + k1 + k2 + k3)2 — m2)(p2 — p1)2(p2 — p1 + k1)2(p? — m2)((p1 + k2)2 — m?2)

* Integrals with numerators, e.g.

) . N
. dePl fdl‘ P2 (p1- k1) (p2 - k3)
INpap =

(p3 — m2)((p2 + k1 + k2)2 — m2)((p2 + k1 + k2 + k3)2 — m2)(p2 — p1)2(p2 — p1 + k1)2(p? — m?)((p1 + k2)2 — m2)

— Nno need for a scalar integral basis



