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FOREWORD

University of Wisconsin - Madison MAD/PH/813
January 1994

Automatic Generation of Tree Level
Helicity Amplitudes

Attempting Process: e- e~ -> e- e-
Enter the number of QCD vertices between 0 and 0 (0):

The number of QFD vertices is 2
Would you like to include the Weak sector (n)?

Enter a name to identify process (emem_emem):

Generating diagrams for 4 external legs

There are 2 graphs.

Writing Feynman graphs in file emem_emem.ps
Reduced color matrix 1 2

Writing function emem_emem in file emem_emem.f.

Standard Model particles include:
Quarks: duscbtd u s” ¢ b t7
Leptons: e- mu- ta- e+ mu+ ta+ ve vm vt ve™ vm™ vt~
Bosons: gazwtrw-h

Enter process you would like calculated in the form e+ e- -> a.
(<return> to exit MadGraph.)

Thank you for using MadGraph

Valentin Hirschi, SLAC MBI, Madison 25.08.2016 2



FOREWORD

University of Wisconsin - MaM MAD/PH/813

G‘ra Pt;nrm 1994

Automatic Generation of Tree Level
Helicity Amplitudes

Attempting Process: e- e~ -> e- e-
Enter the number of QCD vertices between 0 and 0 (0):

The number of QFD vertices is 2
Would you like to include the Weak sector (n)?

Enter a name to identify process (emem_emem):

Generating diagrams for 4 external legs

There are 2 graphs.

Writing Feynman graphs in file emem_emem.ps
Reduced color matrix 1 2

Writing function emem_emem in file emem_emem.f.

Standard Model particles include:
Quarks: duscbtd u s” ¢ b t7
Leptons: e- mu- ta- e+ mu+ ta+ ve vm vt ve™ vm™ vt~
Bosons: gazwtrw-h

Enter process you would like calculated in the form e+ e- -> a.
(<return> to exit MadGraph.)

Thank you for using MadGraph

Valentin Hirschi, SLAC MBI, Madison 25.08.2016 2



FOREWORD

University of Wisconsin - MaM MAD/PH/813

G‘ra Pt;nrm 1994

Automatic Generation of Tree Level
Helicity Amplitudes

SMCC-Q-QAi“g: gecenperg Process: e-

Enter the number of QCD vertices between 0 and 0 (0):

e- -> e- e-

The number of QFD vertices is 2
Would you like to include the Weak sector (n)?

Enter a name to identify process (emem_emem):

Generating diagrams for 4 external legs

There are 2 graphs.

Writing Feynman graphs in file emem_emem.ps
Reduced color matrix 1 2

Writing function emem_emem in file emem_emem.f.

Standard Model particles include:
Quarks: duscbtd u s” ¢ b t7
Leptons: e- mu- ta- e+ mu+ ta+ ve vm vt ve™ vm™ vt~
Bosons: gazwtw-h
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OUTLINE

4+ THE TOOLCHAIN AT NLO
+ BSME@NLO : TWO PHYSICS CASE

4+ LATEST DEVELOPMENTS IN MG5AMC

Valentin Hirschi, SLAC MBI, Madison 25.08.2016



PREDICTION CHAIN

theor (ies)j

[Exp. dataj
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PREDICTION CHAIN

SU(3) x SU(2) x U(1) SYMMETRIES G"'Gu +1quDuy"qe + -+
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PREDICTION CHAIN

SU(3) x SU(2) x U(1) SYMMETRIES G"Gu, +1wquyDuy qu) + -

GGy +1a D e + 1 MODEL >m = 't
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PREDICTION CHAIN

SU(3) x SU(2) x U(1) SYMMETRIES G"Gu, +1wquyDuy qu) + -
GGy +1qu) Dy qey + [+ MODEL >m = Mty
o o 2
pp— 77 QCD =2 MATRIX ELEMENT M ad >
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PREDICTION CHAIN
SU(3) x SU(2) x U(1) SYMMETRIES G"Gu, +1wquyDuy qu) + -
G* Gy + 195D gy + 1+ MODEL >®® = 'y,

pp— jj QCD =2 MATRIX ELEMENT M ad s

“events
S L 190607 0 S3L485003 0. L0 011728195500
11 * o 9 10 Rled «00 0.855080
1-1 ® o o0 -tC «00 - 900740
D 1 b 2 R 0 0. 2585200110 25450568402 0. 80201
» 1 2 Q 0 - NI MSNIAIEL01 - 200
hd -1 2 P 0 0. TAXSARSE 0 TMMAME02 - . %8460
620 40 - - 0 9.300000005 401 #
° T
GIATSITEDD S L1ATSXEN 3 0
CIEOTSSSE00 & A3SI5285E+00 0. M 1L2150E-00
A109TISS5+00 . 430502858+00 0. 399120508~
4100755000 0. 435302855400 0. 390121508~
«/rgts
«/event>
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PREDICTION CHAIN

SU(3) x SU(2) x U(1) SYMMETRIES G"Gu, +1wquyDuy qu) + -

G"' Gy + Gy Dy quy + |-+ MODEL >m = "

o —iji QCD=2 MATRIX ELEMENT M?

event
S L 0. 553534485003 0. 095TTCTIE 00 0.117241955 00
1.1 9 Mo 000 00 0.855080.
1-1 ® 0 3 o0 000 00 .. 90074
a1 1 2 0 0 0. 055020010 +02 0.295410508+02 0. 50201
M 1 b 2 3 0 - NQSALN00 - 2ESNELNIEA01 - 200N
® -1 b 2 3 0 0. TORSARSER] - 2TIMMINEA02 - %4
23 6 2 0 40 0 0B 0 0 2.300000005+405 0
° T
CIBHTSITEDD . L1ATSXMEN 3 0
CIEOTSESE00 § 45352856400 0. M9L2150E
SI0OTISSE00 0. 435502555+ 00 0. 9120500
4100755000 0. 435302855400 0. 390121508~
Jrwgts
Jevent>

events.lhe HADRON LEVEL {m
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PREDICTION CHAIN

SU(3) x SU(2) x U(1) SYMMETRIES G"Gu, +1wquyDuy qu) + -

G’UJVG,LLI/ + Zg(z)D,u’y'LLQ(z) T [ ) ] MODEL — nylut?j g v

o —iji QCD=2 MATRIX ELEMENT M?

19008 SSIS3LLEE03 0. 09STTETIE 0L 011726195500
11 ’ 0 9 Mo =000 £+00 0. 85080
1-3 ® . 0 0.00000000C«00 0.00000000C-00 - 90074,
2 1 b 2 R D 0.358020010-00 0. 29542050L8+00 0. 80202
2 3 ) 2 Q 0 - 00QNAL50-00 - . 2ESNELNILEA01 - 20000
® - 1 3 2 P P 0. OTORSARSES0] - 2TMMAMNME-02 - %8
23 6 2 0 0 0. 000000005+00 000000000500 B 0 0 2.3000000085+45 0
° <rwgt>
CIBTSITE D & L10ATSEM 3 0
CIOOTSESE 00 § 43535285800 0. 39912150¢
SI0OTISSE00 0 430502550400 0. 0121508
4109T358500 0 SI2EE00 0.2~
Jrwgts
Jevent>

events.lhe HADRON LEVEL

events.hep DETECTOR LEVEL
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PREDICTION CHAIN

[ ?2?27? j SYMMETRIES

G" Gy +1q@y Dy q@y + [ MODEL
pp — 77 QCD =2 MATRIX ELEMENT

matrix.f PARTONIC EVENTS

events.lhe HADRON LEVEL

events.hep DETECTOR LEVEL

Valentin Hirschi, SLAC MBI, Madison

_ Hpa
= Yl e

wevenls
S w0 e 0.553534485003 0. 0957T0 117261955400
11 Mo t«00 0 £+00 0.835080
1-1 » L =00 0.0 00 .. 90074
a1 0 D 0.35802001L0-02 0.2904 JE«02 0. 80201
M 1 3 D - . NQALN0T - E«01 - . 20000
-1 3 P 0. TORSARSE-0] - £00 - %460
16 2 0 0 0. 000000005 +00 0. 00000000500 & MOO00005 +0. ¢
<regt>
CIBHTSITEDD . L1ATSXMEN 3 0
L169T5555400 § SED0 0. 399120506
410973555400 0 S2E5E00 0. 399120508~
41097355500 0 o090 0. 399120508~
«/regts
«/evenis
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PREDICTION CHAIN

[ ?2?27? j SYMMETRIES

[ FEYNRULES j MODEL

pp—jji QCD=2 MATRIX ELEMENT M ad s

L] 19eess MLl 0 195500
: ’ 0 12 ] 00 0835080
-3 ’ L 0 0 00 .. 90074
a1 2 0.335842001L 0. 295420568+00 0.8024
M 1 b} 2 IS0 - 2ESNELNILL01 - 200
o -1 b 2 3 0 0. TORSARSER] - 2TIMMINEA02 - %4
23 6 2 0 0 0. 000000005+00 0.00000000E-00 B 0 0 0300000005401 0
° <regt>
S AIATSITED S L1ATSXMEN 3 O
G AIEATIESE0 § 435352858400 0. 39L2150E
SI0OTISSE00 0. 435502555+ 00 0. 9120500
4100TISS0.00 0. 435300855400 0. 00121508~
Jrwgtis
Jevent>

events.lhe HADRON LEVEL

events.hep DETECTOR LEVEL
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PREDICTION CHAIN

[ ?2?27? j SYMMETRIES

[ FEYNRULES j MODEL

[ MADGRAPH 5 ] MATRIX ELEMENT

L] 19eess JALSE03 0.0 195500
’ 0 00 00 0835080
-3 ’ 0w -0 00 -.90074
a1 0.35842601L -0 JOBAL05%6L402 0. 80201
M 1 3 2 < IRRNALIS0T - 2ESNELNIEA0L - 200N
o -1 b 2 3 0 0. TORSARSER] - 2TIMMINEA02 - %4
23 6 2 0 0 0. 000000005+00 0.00000000E-00 B 0 0 0300000005401 0
° <regt>
S AIATSITED S L1ATSXMEN 3 O
G AIEATIESE00 § 43535285800 0. 312150600
A10OTISSE00 0. 435502558+ 00 0. M L20500 00
41007355000 0. 430302855400 0. 01210500
Jrwgtis
Jevent>

events.lhe HADRON LEVEL

events.hep DETECTOR LEVEL
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PREDICTION CHAIN

[ 2?27 j SYMMETRIES

[ FEYNRULES J MODEL

[ MADGRAPH 5 j MATRIX ELEMENT

[ MADEVENT S ] PARTONIC EVENTS
events.lhe HADRON LEVEL {r", KT et p, -}

events.hep DETECTOR LEVEL
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PREDICTION CHAIN

[ 2?27 j SYMMETRIES

[ FEYNRULES J MODEL

[ MADGRAPH 5 j MATRIX ELEMENT
[ MADEVENT 5 ] PARTONIC EVENTS
[F’YTHIA / HERWIGJ HADRON LEVEL

events.hep DETECTOR LEVEL
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PREDICTION CHAIN

MADEVENT S

PYTHIA / HERWIC

Valentin Hirschi, SLAC

MBI, Madison

SYMMETRIES

MODEL

MATRIX ELEMENT

PARTONIC EVENTS

HADRON LEVEL

DETECTOR LEVEL

25.08.2016



PREDICTION CHAIN

SYMMETRIES
MODEL
MADGRAPH & MATRIX ELEMENT
MADEVENT 5 > | PARTONIC EVENTS

HADRON LEVEL

DETECTOR LEVEL
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PREDICTION CHAIN

SYMMETRIES
FR + NLOCT MODEL
MADGRAPH E MATRIX ELEMENT
MADEVENT 5 > | PARTONIC EVENTS

HADRON LEVEL

DETECTOR LEVEL
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PREDICTION CHAIN

SYMMETRIES
FR + NLOCT MODEL
MG5AMC INC. MADLOOF MATRIX ELEMENT
MADEVENT 5 > | PARTONIC EVENTS

HADRON LEVEL

DETECTOR LEVEL
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PREDICTION CHAIN

FR + NLOCT

MGSAMC INC. MADLOOF

SYMMETRIES

MODEL

MATRIX ELEMENT

Valentin Hirschi, SLAC

PARTONIC EVENTS

HADRON LEVEL

DETECTOR LEVEL

MBI, Madison

25.08.2016




BSM @ NLO WITH FEYNRULES

MODEL

| Qutput : vertices I
Artwork by C. Degrande
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FEYNRULES STRUCTURE

[Alloul, Christensen, Degrande, Duhr, Fuks]

- ‘ -

X RIS

' Interfaces or UFO
FemArs | CacHep | Shepa | Golem
 Whizard  MadGraph5  HERWIG

Valentin Hirschi, SLAC MBI, Madison 25.08.2016




FEYNRULES: THE BASICS

Loading Feynrules

$FeynRulesPath = SetDirectory[ <the address of the package> ];
<< FeynRules"

Loading the model
LoadModel[ < file.fr >, < file2.fr >, ... ]

Extracting the Feynman rules
vertsQCD = FeynmanRules[ LQCD ]; gy < O|7,[,I‘ﬁelds >

Checking the Lagrangian

CheckKineticTermNormalisation[ L ]

CheckMassSpectrum/[ L ]
WriteCHOuput[ L ]
WriteFeynArtsOutput[ L ]
output ﬁ WriteSHOutput[ L ]
WriteWOOutput[ L ]
WriteUFO[ L ]

Valentin Hirschi, SLAC MBI, Madison 25.08.2016



FEYNRULES: THE BASICS

Loading Feynrules

$FeynRulesPath = SetDirectory[ <the address of the package> ];
<< FeynRules"

Loadingt}  The UFO format has become the

LoadModel[ <

standard, as 1t 1s now being used by
Extractingl MG5_aMC, Sherpa, GoSam, Whizard, HW7
vertsQCD = FdynmanRules[ LQCD ]; == << (J[2 7|nelas >

Checking the bagrangian

CheckKineticTermNorinali
CheckMassSpectrum|[ L

WriteCHOuput[ L ]
WriteFeynArtsOutp
WriteSHOutput[
WriteWOOutput

WriteUFO[ L ]

Valentin Hirschi, SLAC MBI, Madison 25.08.2016



TWO MISSING INGREDIENTS FOR NLO

e UV counterterms:

Valentin Hirschi, SLAC MBI, Madison 25.08.2016



TWO MISSING INGREDIENTS FOR NLO

e UV counterterms:

A) Renormalize the Lagrangian

1 1
Fields $o — (1 + §5Z¢¢) + Z §5Z¢><X
X
ext. params rog — * + 0T Lo— L+0L

Int. params g(x) — g(x + dx)
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TWO MISSING INGREDIENTS FOR NLO

e UV counterterms:

A) Renormalize the Lagrangian

1 1
Fields $o — (1 + §5Z¢¢) + Z §5Z¢><X
X
ext. params rog — * + 0T Lo— L+0L

Int. params g(x) — g(x + dx)

B) Compute the defining loops
=¥ Done in FeynArts. Notice that for M.S, only poles are needed.
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TWO MISSING INGREDIENTS FOR NLO

e UV counterterms:

A) Renormalize the Lagrangian

, | |
Fields $o — (1 + §5Z¢¢) + Z §5Z¢><X
X

ext. params rog — * + 0T Lo— L+0L

Int. params g(x) — g(x + dx)

B) Compute the defining loops
=¥ Done in FeynArts. Notice that for M.S, only poles are needed.

C) Solve for the counterterms by applying renormalization conditions

'—Q'—z—’—+—’+’—+ :/',\;
i J
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TWO MISSING INGREDIENTS FOR NLO

e UV counterterms:

A) Renormalize the Lagrangian

1 1
Fields $o — (1 + §5Z¢¢) + Z §5Z¢><X
X
ext. params rog — * + 0T Lo— L+0L

Int. params g(x) — g(x + dx)

B) Compute the defining loops
=¥ Done in FeynArts. Notice that for M.S, only poles are needed.

C) Solve for the counterterms by applying renormalization conditions

'—Q'—z—’—+—’+’—+ :/i\;
i J

D) Derive and output the corresponding UV counterterms.
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TWO MISSING INGREDIENTS FOR NLO

e UV counterterms:

A) Renormalize the Lagrangian

1 1
Fields ¢o — (1 + §5Z¢¢) + Z §5Z¢><X
X
ext. params rog — * + 0T Lo— L+0L

Int. params g(x) — g(x + dx)

B) Compute the defining loops
=¥ Done in FeynArts. Notice that for M.S, only poles are needed.

C) Solve for the counterterms by applying renormalization conditions

— e = =X=+:m;
i j

D) Derive and output the corresponding UV counterterms.

* R2 counterterms, what are they?

Valentin Hirschi, SLAC MBI, Madison 25.08.2016



Loop amplitude:

Valentin Hirschi, SLAC

MBI, Madison

25.08.2016
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R>

! ___N@ 5 (-
Loop amplitude: (27) /dqu0D1 N Di = (74 pi)* —m;

Problem : numerical technique can only evaluate the numerator in 4 dimensions
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R

1 _ N@ = -
Loop amplitude: (27) /ddq DoDy Do, Di = (74 pi)* —m;

Problem : numerical technique can only evaluate the numerator in 4 dimensions

Solution : 1solate the e-dim part of the numerator: \N(Q), - \N(Q),_I_{V (Ci’rq’ EZ

d-dim 4-dim e—dim

Valentin Hirschi, SLAC MBI, Madison 25.08.2016 10



R

1 _ N@ = -
Loop amplitude: (27) /ddq DoDy Do, Di = (74 pi)* —m;

Problem : numerical technique can only evaluate the numerator in 4 dimensions

Solution : 1solate the e-dim part of the numerator: \N(Q), - \N(Q),_I_{V (Ci’rq’ EZ

d-dim 4-dim e—dim

Then : compute analytically the finite set of loops for which its contribution
does not vanish, and re-express it in terms of an R2 Feynman rules.

1 _ N(G,q,¢)
R2 =1 deG——
{ el—I>I(l) (27’(’)4 / qD()Dl © o Dm—l J
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R

1 _ N@ = -
Loop amplitude: (27) /ddq DoDy Do, Di = (74 pi)* —m;

Problem : numerical technique can only evaluate the numerator in 4 dimensions

Solution : 1solate the e-dim part of the numerator: \N(Q), - \N(Q),_I_{V (Ci’rq’ EZ

d-dim 4-dim e—dim

Then : compute analytically the finite set of loops for which its contribution
does not vanish, and re-express it in terms of an R2 Feynman rules.

~

1 _ N(q,¢:¢9)
R2=1 dig——"1
el—I>I(l) (27’(’)4 / qD()Dl s Dm—l

Ex. :

Valentin Hirschi, SLAC MBI, Madison 25.08.2016 10



FEYNRULES @ NLO (VERSION 2.1)

[Alloul, N. Christensen, C. Degrande, C. Duhr, B.Fuks, in [310.1921]

X RIS

' Interfaces or UFO
FemArs | Cacdep | Shepa | Golem
~ Whizard  MadGraphS  HERWIG

Valentin Hirschi, SLAC MBI, Madison 25.08.2016
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FEYNRULES @ NLO (VERSION 2.1)

[Alloul, N. Christensen, C. Degrande, C. Duhr, B.Fuks, in [310.1921]

-+

Needed for the

computation of UV

and R2 counterterms
[C. Degrande, 1406.3030]

Valentin Hirschi, SLAC MBI, Madison 25.08.2016 11




LOOP MODELS DATABASE

http://teynrules.irmp.ucl.ac.be/wiki/NLLO Models

Description

Dark matter simplified models (more
details)

Gluino pair production (SUSY-QCD)
Higgs characterisation (more details)
Inclusive sgluon pair production

Stop pair -> t tbar + missing energy

Two-Higgs-Doublet Model (more details)
Top FCNC Model (more details)
GM (more details)

Heavy Neutrino (more detalls)

NLO MODELS (10) 10 MODELS FOR NOW

Spin-2 (more detalls)

Contact Reference :7::“"'“ model UFO libraries

K. rarXiv:1508.00564 , = arXiv: 1508.05327 , @ arXiv: ) : :
Mawatari  1509.05785 DMSimp,UFO.2.20p
B. Fuks »arXiv:1510.00391 - susyqcd_ufo.tgz

K. rarXiv:1311.1829 , = arXiv:1407.5089 , = arXiv: ) )
Mawatari  1504.00611 HC_NLO_X0_UFO.zip
B. Fuks rarXiv:1412.5589 sgluons.fr sgluons_ufo.tgz

B. Fuks rarXiv:1412.5589 stop_ttmet.fr stop_ttmet_ufo.tgz
Degrande rarXiv:1406.3030 - 2HDM_NLO

C. Zhang rarXiv:1412.5594 TopEFTFCNC.fr TopFCNC UFO

A. .

Peterson arXiv:1512.01243 GM_NLO UFO

R. Ruiz - heavyN.fr HeavyN NLO UFO
C. ) .

Degrande http://arxiv.org/abs/1605.09359 dm_s_spin2.fr SMspin2 NLO UFO

¢ Many more BSM models in development and to be added to this list.

e What can do with these loop-models? NLLO-accurate simulations and loop-induced

phenomenology.

Valentin Hirschi, SLAC

MBI, Madison 25.08.2016


http://feynrules.irmp.ucl.ac.be/wiki/NLOModels
http://feynrules.irmp.ucl.ac.be/wiki/NLOModels

H* PROD. @ NLO, My ~ My

[1607.05291]
* Charged Higgs production at the LHC
o = | 13 TeV, NLO total cross-section
10°F " ~~o ) :
10! :
8 [To-. s
o | :
E 12
(a) (b) : %
&
107 §
. 18 o , ]
a> domlnates for MH < 145 Gev 10 EhiLc.’lto.K.'a.df‘. \ s-mlllm-“;
japesaaaas .Fﬁ-"k'———_——"-i" 1
b) dominates for mpy > 200 GeV

a)+b) For 145 GeV< mi1 < 200 GeV

-> Requires to honestly compute:

pp>H*"W-bb

Valentin Hirschi, SLAC MBI, Madison

130 140 150 160 170 180 190 200 210 220
My [GeV]

25.08.2016 13



SPIN-2 PRODUCTION @ NLO

[1605.09359]

Simplified model: L2 =

V.t

* (Kq,%5)=(1,1)

= (kq,%5)=(1,0)

KV.f 2 Vof v
—-fZIJTLV Y} .

e (K4,K5)=(0,1)

I

1

’I

®
13 TeV LHC.A=1 TeV

I

'Um :

MadGraph5_aMCE@NLO

e fhb

I

t

s, b, 3,
o33 o0& 038 oo

3 [Pb]
107 Fo
010° F  ° .
my_ =750 GeV
10" k -
o 2.5
o 2 o
Q15 ¢F,,
| Yo o Yot

Large K-factors, unrehiable uncertainties at LO.

Valentin Hirschi, SLAC

Yotj

Y2+ﬁ

MBI, Madison

Y2+Z

Y2+W+ Y2+W-

25.08.2016



SPIN-2 : NLO QCD MATCHED

10°
750 GeV spin-2 particle Y, production at 13 TeV LHC 750 GeV spin-2 particle Y, production at 13 TeV LHC
NLO+Pythia8 v, —  vui —  Ypw 10> f NLO+Pythia8 Y, — Yol — YaoW
Yo+H: loop-mduced+Pyth\%§‘ - YpoZ —— Yoy ' o%;- i;iduoed+Pythia8 Yoo —— YpoZ —— Yooy
Yol = YW Yo+H (x10%) —— 101 Yot —— YooW' ———  YoeH (x10%) ——

MadGraphS_aMCE@NLO
MadGraph5_aMCE@NLO

o per bin [pb]
o per bin [pb]
=

107

. . 4 universal couplings
(<A g1 1) e N (ky/AXN)=(1.1) eV

0O 100 200 300 400 500 600 700 800 9S00 1000
Pr(Y2) [GeV] n(Y2)
(a) Transverse momentum distribution (b) Pseudorapidity distribution

Valentin Hirschi, SLAC MBI, Madison 25.08.2016 15



SPIN-2 : UNITARITY VIOLATION

116056.09359]

3
10
10° 750 GeV spin-2_ particle Y, production at 13 TeV LHC 750 GeV spin-2 Y, NLO production at 13 TeV
Yz(':hz())-zﬁ)whlasvvxuo;.(r,.w-u.t) — Y2y pde(1,1) —— 2 Yoh=2)sh(xp)(1,1) ——Yalhel)e) Xy X)=(1,1) ——Vo(heO)+l.(ky.i)(1.1) ——
, VoK k)o(10) ==mm Yol HOMK e (10) =mmm  YyoZikyXg)ol(10) =mmm 10 YaM=2)ok (1 )=(1,0) === Yplh=1)o} (1. )=(1.0) === = YolheO)oi(y p)=(1.0) === 3
107 B R Vo= - Yook 100 0) Vo2 (k1 k)e(0,1) - (e SRSl S ian At sess
by S ] Q
10’ E 10 {=
g : g 1%
g 0 e e 2' g 2’
:g 10 B --"‘--‘___. ‘‘‘‘‘‘ — g- :g 100 g
b = &) — ] &
- A e S8 g
© 10 bF T T T e o = © 1%
' 107
10'2 R e .
Rt T L Tttt s S 2
an 10
10° i
A=1TeV I A=1TeV
10-4 : 10-3 ......... [P [PPPPTTTN [PPPPPPPP [T [ FPPPPPT Liisaas [ PPPPPPTT [PPPPPPPPN [PPPPTTTT
0O 100 200 300 400 500 600 700 800 900 1000 0O 100 200 300 400 500 600 700 800 900 1000
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* In pp—~Yy : Unitary violation for helicity modes 0 and 1, and Kq#K

e Already present at LO . How to restore 1t? Stay for Marco Sekulla’s talk.
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LATEST DEVELOPMENTS IN MG5AMC

+ NINJA AND COLLIER INTERFACED TO MADLOOP

+ EVENT GENERATION FOR LOOP-INDUCED PROCESSES
+ REWEIGHTING FRAMEWORK (FOR BOTH LO AND NLO)
+ PYTHIA8 LO MLM, CKKW-L MERGING SYSTEMATICS
+ USER-DEFINED MGSAMC PLUGINS

+ NLO EW (+QCD) COMPUTATIONS

Valentin Hirschi, SLAC MBI, Madison 25.08.2016 17



NEW LOOP REDUCTIONS IN MADLOOP
[1604.01365] NINJA and COLILLIER interfaced to Madloop

Reduction accuracy for the process g g >ttg g (1 TeV c.0.m energy)

0
— 107 [ 7
> i
©
o2
o
C
©
<
(7))
(Vp)
Q@
>, »
§ Ninja —
3 107 | CutTools — .
S - L
e Samurai : 8
= Golem95 — 1=
2 I3}
_"é‘ IREGI 7 %
S COLLIER — . 2'
2 15
g g
L 10-2 — | | | | =

107 10* 1072 I 10‘10' 108 I 10°° I 107 I 1072 I 10"
Unmatched numerical stability with COLLIER
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NEW LOOP REDUCTIONS IN MADLOOP
[1604.01363]

Reduction accuracy for the processgg>Y ggg (1.2 TeV c.o.m energy)

—
o
o

Ninja —
Samurai —

COLLIER —

Fraction of points with accuracy less than target A [-]
S
I

MadGraph5 aMC@NLO

—h
ol
(\V)

107 10 10?2 1079 10

N

And 1t can be very relevant.
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NEW LOOP REDUCTIONS IN MADLOOP

Add. scales and larg mult. gg — tt gg — ttg gg — ttgg  uu — ttbbdd
Max. loop num. rank 3 4 ) 4
Integrand computation time 0.26 ms 4.8 ms 170 ms 99 ms
NINJA reduction time 0.40 ms 5.3 ms 78 ms 104 ms
COLI and (DD) 0.83 (0.72) 13.6 (16.4) 220 (322) 1120 (N/A)
CurTooLs reduction time 1.3 ms 23.2 ms 330 ms 301 ms
COLLIER/ NINJA 2.1 2.6 2.8 10.8
Saturated rank (LI) g9 —2-7Z g9 —3-Z g9 —4-7Z
Max. loop num. rank 4 5 6
Integrand computation time 0.60 ms 7.2 ms 81 ms
NINJA reduction time 1.6 ms 21 ms 310 ms
COLI and (DD) 1.6 (1.6) 25 (46) 590 (661)
CurTooLs reduction time 4.1 ms 59 ms 1080 ms
COLLIER/ NINJA 1.0 1.2 1.9
Eff. theory, Y=spin-2 gg—>Yg g9 = Ygg g9 — Y ggg
Max. loop num. rank 5 6 7
Integrand computation time 2.2 ms 33 ms 14s
NINJA reduction time 1.5 ms 20 ms 0.32s
COLI reduction time 1.9 ms 57 ms 18s
COLLIER/ NINJA 1.3 2.9 5.6

Table 1: All timings refer to the computation of the colour-summed loop amplitude for a single
helicity and kinematic configuration . The test machine is using a single core of an Intel Core
i7 CPU (2.7 GHz) and the MapLoor is compiled with GNU gfortran -02 (v4.8.2).

NINJA slightly faster (ratio > 2) for large multiplicity processes.

Valentin Hirschi, SLAC MBI, Madison 25.08.2016



MADLOOP IN MG5AMC

* Process generation
* import model <model name>-<restrictions>
> generate <process> <amp_orders_and option> [<mode>=<pert orders>] <squared_orders>

®  output <format> <folder_name>

* launch <options>

+ Examples, starting from a default MG5aMC interface
‘+ Very simple one (in this case, generates the tull code for NLO computations) :

[ 2.5s ] generate p p > t t~ [QCD]
[ 6.1s ] output
[ ~ mins*] launch

* timing for 10k unweighted events on a laptop
+ With options specified (in this case, generates the one-loop matrix element code only):
[ ©.01s ] import model loop sm-no hwidth
[ ©.01s ] set complex _mass_scheme
[ 5min ] generate g g > e+ ve mu- vm~ b b~ / h QED=2 [virt=QCD]
[ 2min ] output MyProc
[ ~1 s* ] launch -f
* time per phase-space point, summed over helicity configurations and colors.
Details on how to generate and use a MadlLoop standalone library available @

cp3.irmp.ucl.ac.be/projects/madgraph/wiki/MadLoopStandaloneLibrary
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LOOP-INDUCED (LI) EVENT GENERATION
[1507.00020]

-

o K-

_NLO _ / 4DV 4
K m
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LOOP-INDUCED (LI) EVENT GENERATION

[1507.00020]
: : : : |
/ AoV + dVeli4
m m—l—l y
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LOOP-INDUCED (LI) EVENT GENERATION

11507.00020]
/ AoV + dDof4 d<4> B
m m—|—1 m
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LOOP-INDUCED (LI) EVENT GENERATION

[1507.00020]
/ AoV + dDof4 d<4> B
m m—|—1 m y
(" )
2
ol = :/ 4(d) |¢4(1)|2
\ _J
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TWO DIFFICULTIES FOR LI

11607.00020]

e No approximation of the virtual 1s available and slow ME

L) AL must be evaluated for each PS point.
L) We improved parallelization of MadEvent.

 Reduction must be done at the amplitude level

L Loop red. must be performed for each helicity conhg.
L Using [TIR] or [MC over Helicity + OPP] helps.

Valentin Hirschi, SLAC MBI, Madison 25.08.2016 23



SIMPLEST EXAMPLE

(" User Input

e output

e launch

o

egenerate g g > h [QCD]

Loop Induced

Oloop — 15.74(2)pb

o

AN

(HEFT

\ Oheft — 17.63(2)pb

/
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SIMPLEST EXAMPLE

Loop Induced

Oloop — 15.74(2)pb

(" User Input h
egenerate g g > h [QCD]
e output
 launch
\ /
N

2 2
%%g%% %’%3%%
h 3 t

Oheft — 17.63(2)pb

o /

 Ttoploop = 17.65(2)pb ,
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VALIDATION PP > H J

/101- . __pp M . . \

1 SM
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10 L
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Qo | | | | | \
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SM TABLES ()

/ Process Ap Appr \

Syntax Cross section (pb)
Single boson + jets V8 =13 TeV
+31.3% +0.5%
al pp—oH p p>h [QCD] 17.79 + 0.060 31.3% +0.5%
a.2 pp— Hj pp>hj [QCD] 12.86 =+ 0.030 T Thon
a.3 pp— Hjj pp>hjj QED=1 [QCD] 6.175 +0.020 i poe J el
g +43.7% +0.7%
ad gg—Zg g g > z g [QCD] 43.05 £ 0.060 T08.4% —1.0
fa.5  gg— Zgg gg>zgg [QCD] 20.85 =+ 0.030 s Ii
73.8% +0.7%
Ta.6 gg—g g g > ag [QCD] 75.61 = 0.200 Talo% 11
k fa.7  gg—9g gg>agg [QCD] 14.50 % 0.030 0% 11.0%
* : Not publicly available.
"' : Computed here for the first time.
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SM TABLES (1)
/ Process Syntax Cross section (pb) Ap Appr \

Double bosons + jet Vs =13 TeV

bl  pp—HH pp >hh [QCD] 1.641 £ 0.002 - 102 fg‘;ﬁ? j}:;?
b2  pp— HHj pp>hhj [QCD] 175840003 102 *i5:7% +12%
*b.3  pp— H~j pp>haj [QCD]  4.225+0.006 - 1073 F33-8% +0-1%
*bd g9 HZ g g > h z [QCD] 6.537 £ 0.030 - 102 fgf;;gg; fiiﬁ’g"
"b.5 g9 HZg gg>hzg [QCD]  5.465+0.020 -1072 +3005 12
b6 9922 g g >z z [QCD] 1.313 + 0.004 127.1% +0.1%
*b.7 99— 229 gg>zzg [QCD]  0.6361 % 0.002 e 110
b8 g9 2y g g >z a [QCD] 1.265 =+ 0.0007 +20.2% +0.6%
.9 g9 Zvg gg>zag [QCD]  0.4604 +0.001 +43.7% +0.8%
b.10 gg—y g g >a a [QCD] 5.182 +0.010 - 102 *72.3% +1.0%
*b.11 gg—7vg gg>aag [QCD] 19.22 + 0.030 +0.T% +0.7%
b.12  gg—»W W~ g g > w+ w- [QCD]  4.099 +0.010 jfg;g? j?:g?

\ *b.13 g9 W' Wg g g > wt w- g [QCD]  1.837 £ 0.004 +8.2% +0.9% /

* : Not publicly available.
"' : Computed here for the first time.
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SM TABLES (III)

(- -\

Process Syntax Cross section (pb) Ap Appp
Triple bosons Vs =13 TeV
fcl1 pp— HHH pp>hhh [QCD] 3.968 + 0.010 - 105 131.8% t};j?
fc.2 g9 HHZ gg>hh z [QCD] 5.260 £ 0.009 - 1075 ig;;gzg t};gé
fe3 g9g—HZZ g g >h z z [QCD] 1344 :50:004 <10~% 15128 F1.48
fcd gg— HZy g g>hza [QCD] 6190 £0:020:-30-9 T ea FS
fe.5  pp— Hyy pp>haa [QCD] 6:058 £ 0.004510~% T2 to ol
fc6 pp—oHWTW~ gg>hw+w- [QCD]  2.670+0.007 -10~4 *37.0% +1.2%
te7 99— 222 gg>zzz [QCD] 6.964 £ 0.009 - 105 *55.9% *}-5%
tc.8 gg—Z2Z~ gg>zza [QCD] 3.454 + 0.010 - 10~© ;ggg’o :_:23;
—4 0% A7

fc9 gg— Zvy g g >z aa [QCD] 3.079 £ 0.005 - 10 a0 G, a0
fc10 gg—ZW+W~- g g >z w+ w- [QCD]  8.59540.020 - 10~3 1259% +0.57

!c.12 gg—yW*W~ gg>awtw- [QCD]  1.82240.005 -10~2 *+27% f?ﬁ%ﬁ/

* : Not publicly available.

"‘ : Computed here for the first time.
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SM TABLES (1V)

/ Process Syntax

Cross section (pb) Ay APDF\

Selected 2 — 4 Vs =13 TeV
'd1 pp—Hjjj pp>hjjjaED-i[geD] 2519+ 0.005 +75.1% +0.6%
‘2 pp—HHjj pp>hhjjQED=t [qco]l  1.085+£0.002 -102 F52.1% +1.2%
'd.3  pp—HHHj PP>hhh j [QCD) 4.981+0.008 - 1075 +16.3% +14%
fd3  pp—o>HHHH pp>hhhh [GCD] 1.080 +0.003 - 10-7 +33:3% +1.7%
d.4 g9 —>ete putu” g g > e+ e- mu+ mu- [QcD]  2.022 +0.003 - 1072 jfg;jg; jgjzo
fd5  pp—HZvj gg>hzag [4CD] 4.950 +0.008 - 10-6  +45.8% +1.2%
Non-hadronic processes vs = 500 GeV, no PDF
fel efe” —ggg e+ e- > g g g [QED] 2.526 +0.004 - 1076 +31.2%
fe2 efe”—>HH e+ e- > h h [QED] 1.567 +0.003 - 10~5  *0-0%
fe3 efe” —HHgg e+ e- >h h g g [QED]  6.629+0.010-10711 +192%
* — +0.0%
ed  yy—HH a a>hh [QED] 3.198 +£0.005 - 10~* T
Miscellaneous Vs =13 TeV
\*f-l pp—tt pp>tt [QED] 4.045 £ 0.007 - 10715 F02% jg;gz;;/

% : Not publicly available.
"‘ : Computed here for the first time.
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SM TABLES (V)

~

Process Syntax Partial width (GeV)

Bosonic decays
gl H-—jj h > j j [QCD] 1.740 4 0.0006 - 104
*¢2 H-—3j39 h > 3j j j [QCD] 3.413 +0.010 - 10~
tg3 H—jjjj h >3 jjjQED=1 [QCD] 1.654+0.004 -10~*4
g4 H-—oyy h > a a [QED] 9.882 4+0.002 - 10~°
fg5 H—vvjj hiS ada 5 9 TeeDl 7.448 £0.030 - 10713
*e 7T  Z—qqq z > g g g [QCD] 3.986 +0.010 - 10~

* : Not publicly available.

“‘ : Computed here for the first time.
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REWEIGHTING FRAMEWORK (LO AND NLO)

[O. Mattelaer, 1607.00763]

https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/Reweight

At LO: simple

new |Momg |2

Worig

At NLO: more involved

but conceptuaﬂy the same

A non-trivial example:

Valentin Hirschi, SLAC

10° pp—H.J in the SM and HEFT model (infinite top mass)
% — HEFT (NLO) —  SM (LO)
rel — Loop Improved —  SM (LO/RWGT)
8.100 ——  HEFT (LO)
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Reweighting HEFT@NLO with exact loop-induced MEs.
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PYTHIA8 MERGING SYSTEMATICS AT LO
[S. Prestel, V. H, O.Mattelaer, to appear]

e Streamlined PYTHIAS installation and steering

MG5_ aMC> install pythia8
MG5 aMC> generate p p > z > e+ e-; launch;

The following switches determine which programs are run:

1 Choose the shower/hadronization program: shower = PYTHIAS8
2 Choose the detector simulation program: detector = OFF
3 Decay particles with the MadSpin module: madspin = OFF
4 Add weights to the events based on changing model parameters: reweight = OFF

[0,shower=PYTHIA6, shower=PYTHIA8, detector=0FF, detector=PGS,... ][60s to answer]

>

e Support for MLM and CKKW-L merging

* Merging scale variation systematics form a single run.

Valentin Hirschi, SLAC MBI, Madison 25.08.2016
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USER-DEFINED PLUGIN

https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/Plugin

Allows for:

e Custom commands in MG5aMC interface

e Customized format for the matrix element output at LO

e Custom cluster job submission implementation

Useftul for robust tweaks of MG5_aMC

Valentin Hirschi, SLAC MBI, Madison 25.08.2016 33
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NLO QCD @ EW CORRECTIONS

Valentin Hirschi, SLAC MBI, Madison 25.08.2016
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STRUCTURE OF NLO EW-QCD CORRECTIONS: TTH CASE

C¥£C¥1/2 o3/2
q t q t
Z
S ~H S ~H
q t q t

LO
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STRUCTURE OF NLO EW-QCD CORRECTIONS: TTH CASE

Cygcyl/Q o3/2
q t q t
Z
S ~H S ~H
q t q t

LO
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STRUCTURE OF NLO EW-QCD CORRECTIONS: TTH CASE

agal/Q o3/2
q t q t
Z
S ~H S ~H
q t q t

oo o, o o’
® 0 ©
oco /N / N\ / \ mw
NLO ® 6 0 ¢
oo oo’ oL, o

LO
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STRUCTURE OF NLO EW-QCD CORRECTIONS: TTH CASE

C¥£C¥1/2 o3/2
q t q t
Z
S ~H S ~H
q t q t

LO

NLO

q t q



STRUCTURE OF NLO EW-QCD CORRECTIONS: TTH CASE

o172
oo o, o a’

oco / N\ / N\ / \ mw
NLO ® © 6 o
oo oo oL, o

LO

20 1/2 aia?’ﬂ



o per bin [pb]

TOP PAIR + HEAVY

[1504.03446]

107

—
OI
W

—_ -l
e A I N VI A RN N

— — —, )

NN
o v A

ttH production at the 13 TeV LHC

LO+NLO QCD+EW, noy

LOoQCD ---
LO+NLOQCD ——
LO+NLO QCD+EW —

MadGraph5 aMC@NLO

________________________________ .______._____'I______._____T_____.______-

L L L T L
ratio over LO QCD; PDF unc.

relative contributions

NLOQCD —
LO+NLOEW —

LO+NLOEW,foy

g . PR P 1 1 -

Valentin Hirschi, SLAC

600

BOSON ARQCD+EW NLO

ttH = 5(%) 8 TeV 13 TeV 100 TeV
NLO QCD 259707, [ 29.7707 (24.2F15%) 40.879%
LO EW 1.8+1.3  1.2+409(2.8+20)  0.0+0.2
LOEWnoy | 03400 —0440.0(-0240.0) —0.6+0.0
NLOEW | 06401 -1.240.1 (-8240.3) |—2.7+0.0
NLOEW noy | =0.740.0 —1.4+0.0 (-85+0.2) —2.740.0
HBR 0.88 0.89 (1.87) 0.91

(Boosted regime 1n brackets)

pr(t) > 200 GeV,  pr(t) > 200 GeV,  pr(H)>200 GeV

ttH

MBI, Madison 25.08.2016

40



COMPARISON BETWEEN DIFFERENT
RENORMALIZATION SCHEMES

mwyw — 80.385 GeV, myg — 91.188 GeV

a(mz) scheme = 128.93
( Z) a(my)
1
G, scheme G,=116639-107° — = =132.23
«
ttH ttZ (W W~
oLo qcp(pb) | 3.617-1071  5.282-1071 24961071 1.265-107!
G 1 —1 ~1 —1
% b) | 3.527-10"1 5.152-10"! 2.433-10"! 1.234-10 G
Lé)MQCD(p ) AG _ OLO QCD — 0L QCD
Arh QCD(%) 2.5 2.5 2.9 2.5 LO QCD 1O QCD
sro Ew (%) 1.2 0.0 0 0
578 v (%) 1.2 0.0 0 0
AT o (%) 2.5 2.5 2.5 2.5
ONLO Ew(%) —1.2 —3.8 —7.7 —6.7 5 OxX
G —
N— 1.8 —0.7 —4.5 —-3.5 X OLO OCD
A
o gw (%) —0.5 —0.7 —0.9 —0.9

Table 11: Comparison between results in the a(mz) and G, scheme, at 13 TeV.
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THE MIDTERM GOAL

Valentin Hirschi, SLAC
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THE MIDTERM GOAL

Additional difficulties appear when computing all the blobs and other processes:

> complex mass scheme currently under development using
> 1solated photon definition dijet
> book-keeping of Born topologies as a case-study
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THANK YOU
FOR USING MADGRAPH.
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ADDITIONAL SLIDES

Valentin Hirschi, SLAC MBI, Madison 25.08.2016
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NLOCT LIMITATIONS/ASSUMPTIONS
[C. Degrande, 1406.3030]

* Renormalizable Lagrangian, 1.e. maximum operator dimension 1s 4.
* Feynman gauge

t' Hooft-Veltman scheme

e Onshell renormalization condition for wavefunctions and masses

* M S everywhere else (zero momentum subtraction possible for
couplings of massive fermions to gauge bosons).

Valentin Hirschi, SLAC MBI, Madison 25.08.2016
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PP>TT, THE ANSWER

u/c d/s/b t

u/c d/s/b t
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