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FEYNRULES STRUCTURE

[Alloul, Christensen, Degrande, Duhr, Fuks]

Model-file

— Lagrangian
Particles, parameters, ... shahs

FeynRules
|

I
Interfaces or UFO

| | | |
FeynArts CalcHep Sherpa Golem

VWhizard MadGraph 5 HERWIG
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FEYNRULES: THE BASICS

e Start with the definition of the abstract objects entering the Lagrangian

(Frrrremmeeeeeer* This is a template model file for FeynRules ***********)
(e |ndex definition ******)

IndexRange[ Index[Generation] ] = Range[3]
IndexFormat[Generation, f]

(***** Parameter list ******)

M$Parameters = | Fields, Lagrangian and other

} | variables defined in the model.fr
(***** Gauge group list ******)

file using Mathematica syntax.
M$GaugeGroups = {

}

(***** Particle classes list ******)

M$ClassesDescription = {

|
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FEYNRULES: THE BASICS

Loading Feynrules

$FeynRulesPath = SetDirectory[ <the address of the package> 1];
<< FeynRules"

Loadingth The UFO format has become the

LoadModel[ <

standard, as 1t 1s now being used by

Extracting MG5_aMC, Sherpa, GoSam

LQCD U2 L 7|11ields

vertsQCD = Fe&ygnmanRules

Checking the bagrangian

CheckKineticTermNorinali
CheckMassSpectrum|[ L

WriteCHOuput[ L ]
WriteFeynArtsOutp
WriteSHOutput[
WriteWOOutput

WriteUFO[ L ]

Valentin Hirschi, SLAC MadGraph5_aMC@NLO SUSY 2015 08.28.2015



THE UFO STANDARD

[ C. Degrande, C. Duhr, B. Fuks, D. Grellscheid, O. Mattelaer, T.Reiter in |108.2040v ]

e A python module containing the full model information, consisting of the files...

coupling_orders.py

In the SM: QCD, QED
name

hierarchy

V_37

vertices.py

Vertex(name = 'V_37"',
particles = [ P.g, P.g, P.g, P
color = | 'f(-1,1,2)xf(3,4,-1)"
'f(-1,1,3)%f(2,4,-1)"'
'f(-1,1,4)%f(2,3,-1)"
lorentz = [ L.VVVV1, L.VVV
couplings = {(0,0):C.GC_12,
(3. 3)2C.6C. 12,
(2,2):C.GC_12})

10rentz¢gy
ATATATA Lorentz(name = 'VVVV1',
spins =[5, 3, 8;: 31,

structure = 'Metric(1,4)xMetric(2,3) '+
'~ Metric(1,3)xMetric(2,4)"')
Couphngs.py

GC_12 = Coupling(name = 'GC_12"',

"‘complex(0,1)*xGxx2"',
})

value =

order {'QCD"':

parameters.py

aS = Parameter(name = 'aS’',
nature = 'external’,
type = 'real’,
value = 0. :
texname = '\\alpha _s',
lhablock = 'SMINPUTS',
lhacode = [ 3 ])

pi)’,
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FR+UFO: BIG SUCCESS AT LO

Available models

Standard Model

Simple extensions of the SM (18)

Extra-din

Strongly
theories

Miscellan

Supersymmetric Models (5)

Model

Axigluon model

DY SM extension

FCNC Higgs interactions

Fourth generation model

General 2HDM

Hidden Abelian Higgs
Model

HiggsCharacterisation
Higgs effective theory

Higgs Effective
Lagrangian

Hill Mode|

Inert Doublet Model

Minimal £p models
Monotops
Sextet diquarks

Standard model +
Scalars

Triplet diguarks

Type 111 See-Saw Mode|

VLG

The SM implementation of FeynRules, included into the distribution of the FeynRules package.

doublet or additional colored scalars.

Several models tased-anthe SM that include one or more additional particles, like a 4th generation, a second Higgs

Various supersymmetric extensions of the SM, including the MSSM, the NMS5SM and mManmy Trresae—

Short Description
The SM plus a scalar gluon field.

The SM plus new spin-0, -1, and -2 bosons that contribute to Drell-Yan production of leptons
at the LHC.

The SM plus higher-dimensional flavor changing Higgs interactions.
A fourth generation model including a t' and a b’
The most general 2HDM, including all flavor violation and mixing terms.

A Z' model where the Z2' interacts with the SM through mixings, leading to very small non-5M
like Z' couplings.

The model file for the spin/parity characterisation of a 125 GeV resonance.

An add-on for the SM implementation containing the dimension 5 gluon fusion operator.
Higgs effective Lagrangian including operators up-to dimension 6.

A model with an unusual extension of the SM Higgs sector.

A model with an additional complex scalar SU(2)L doublet and an unbroken Z2 symmetry
under which all SM particles are even while the extra doublet is odd.

The minimal 2" extension of the SM.
The SM plus monotop effective Lagrangian.
The SM plus sextet diguark scalars.

The SM, together with a set of singlet scalar particles coupling only to the SM Higgs, and
allowing it to decay invisibly into this new scalar sector.

The SM plus triplet diquark scalars.

The SM, including neutrino masses coming from a type III See-Saw mechanism.

The SM, plus vector-like guarks, in a model-independent framework.

C

5

N.

J.

C

M. Buchkremer, G. Cacciapaglia, A.

D

ontact

. Krastanov
Christensen

. Krastanov
. Duhr

. Duhr, M. Herquet

. Duhr

. de Aguino, K. Mawatari

. Duhr

. Alloul, B. Fuks and V. Sanz

. de Aguino, C. Duhr

. Goudelis, B. Herrmann, Q. Stal

. Basso

. Fuks

. Alwall, C. Duhr

. Duhr

Alwall, C. Duhr

. Biggio, F. Bonnet

eandrea, L. Panizzi

Status

Available

Available

Available
Available

Available

Available

Available

Available

Available

Available

Available

Available
Available

Available

Available

Available

Available

Available .
D



TWO MISSING INGREDIENTS FOR NLO

e UV counterterms:

A) Renormalize the Lagrangian

. 1 1
Fields Po — (1+ §5Z¢¢) +y 50ZexX

X
ext. params xo — T+ ox £() — L oL

Int. params g(x) — g(x + ox)

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

D) Derive and output the corresponding UV counterterms.
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EX.: RENORMALIZING THE TwO HiIGGS DOUBLET MODEL

., 1 e‘cs, o 4 Mzmy 1 2 2
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NLOCT: MISSING INGREDIENTS FOR NLO

e R? counterterms:

1 ~ N(g) -~
Loop amplitude: (27)3 /ddQDODl D, D; = (q T pi)Q - 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){—l—{\f (q;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 = lim dg—=——="""2
{ el—>0 (27’(’)4 / qD()Dl s Dm—l J
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EX: 4-GLUON VERTEX R2 IN THE SM

R2 COUNTERTERMS TYPICALLY EXHIBIT A SIMPLER
FORM, BUT CAN ALSO BECOME MORE COMPLICATED.

f1.a; ~ H2,a2
.“» " A
o4 '.‘t\' . ‘l ' T o~ - - - - -
L’\ P4 ) ZQ -*\ col E : OG 14 éu;;a,1 + Oal a3 OQ.;(I;: + éa 1424 Ou- a3
f*‘fu 9672 g -'\rt:'of
"4_2 .‘\".v P 12 1“‘1 ;
g
.0y Hi3,az

+ 4 Tr(t9 9449245 4 £91494¢924%) (3 4+ Agy)
— Tr({t"t* H{t™t"}) (5 + QAHL---')] G pzGpapis

, Ny 401 32 305 40 3
+12',\.~J 'TT‘(t B2 ‘) (.;gmu:sgu:u; = GuypaGusps — g;f:uzsguw:)}

+¥eol

ONCE AGAIN AUTOMATION IS WELCOME.
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FEYNRULES @ NLO (VERSION 2.1)

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

Model-file -
Particles, parameters, ... Lagrangan
Z,
NLOCT g
FeynRul k >
n «—>
cyNRUIES FeynArts | 2
| Needed for the E
TeX — computation of UV |
| and R2 counterterms EIT‘
Interfaces or UFO [C. Degrande, 1406.3030] “~
I | I I
FeynArts CalcHep Sherpa Golem
Whizard MadGraph 5 HERWIG
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UFO @ NLO

e A couple modifications to the tree-level UFO Standard.

- CT _vertices.py
coupling_orders.py
V_R2GUU = CTVertex(name = 'V_R2GUU',

e perturbative expansion particles = [ P.u__tilde__, P.u, P.G ],
cotorc=] *T43.2,1}" .1,

Specifies the kind of loops lorentz = [ L.FFV1 ],

supported by the model loop_particles =[[[P.u,P.G]]],
couplings = {(9,0,0):C.R2_GQQ},
type = 'R2')
V_UVGUU = CTVertex(name = 'V_UVGUU"',
particles = [ P.u__tilde__, P.u, P.G ],
CT_parameters.py tcr = | T ST T
ST , lorentz = [ L.FFV1 ],
i FTﬁ?'Z”?Eggﬂ?ﬁf? i ot loop_particles = [[[P.u],[P.d], [P.s]],
A gl LR (tP.c1i, [TP.bI1, [[P.t11, [[P.G11],
s'finitePart'}, couplings = {
texname = 'MadRules') (0,2,2):C.UV_GQQq, ( ) : C.UV_GQQc,

(2.9,2):C.UV_GQQb, (2,0,3):C.UV_GQQt, (2,8,4) :C.UV_GQQg},
type = 'UV')

¢ The one-to-one correspondence between a loop and its “corresponding counterterms”
1s kept as far as possible, guaranteeing consistency for any process definition.

[See sect. 2.4.2 of MGS5_aMC ref paper for detalls, i.e. 1405.0301v2 ]
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r v

LIMITATIONS / ASSUMPTION

[C. Degrande, 1406.3030]

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

* Feynman gauge

t'Hooft-Veltman scheme

Onshell renormalization condition for wavefunctions and masses

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

e The generalization of the renormalization conditions
considered is an important ongoing effort as it is necessary for:

EW corrections,

full MSSM,

complex-mass scheme (partially supported already),

Valentin Hirschi, SLAC MadGraph5_aMC@NLO SUSY 2015 08.28.2015



A LOOP MODEL DATABASE

Available models

Standard Model The SM implementation of FeynRules, included into the distribution of the FeynRules package.

o , Several models based on the SM that include one or more additional particles, like a 4th generation, a second Higgs
Simple extensions of the SM (18) .
doublet or additional colored scalars.
Supersymmetric Models (5) Various supersymmetric extensions of the SM, including the M55M, the NMS5SM and many more.
Extra-dimensional Models (4) Extensions of the SM including KK excitations of the SM particles.

Strongly coupled and effective field
—"1em'i§e:-'aj P I : Including Technicolor, Little Higgs, as well as 5M higher-dimensional operators, wector-like guarks.

Miscellaneous (0)

http://teynrules.armp.ucl.ac.be/wiki/NLOModels

Dark matter simplified models (more details) K. Mawatari -

DMsimp_UFO.2.zip

Higgs characterisation (more details) K. Mawatari arXiv:1311.1829 , =»arXiv:1407.5089 HC_NLO_X0 UFO.zip
Inclusive sgluon pair production B. Fuks arXiv:1412.5589 sgluons_ufo.tgz
Stop pair -> t tbar + missing energy B. Fuks arXiv:1412.5589 stop_ttmet_ufo.tgz
Two-Higgs-Doublet Model (more detalls) C. Degrande arXiv:1406.3030 2HDM_UFO.tar.qgz

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

¢ Now, how to use these models in practice for producing NLO-accurate simulations?

Valentin Hirschi, SLAC MadGraph5_aMC@NLO SUSY 2015 08.28.2015
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MADGRAPHS AMCREGNLO

[J. Alwall, R. Frederix, S. Frixione,V.H., F. Maltoni, O. Mattelaer, H.S. Shao, T. Stelzer, P. Torrielli, M. Zaro, 1405.0301]

EVENT GENERATION FOLLOWS AT NLO LIKE AT LO

* 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 blank MGb interface.

+ Very simple one:
> generate p p > t t~(—- The only difference between LO and NLO

> output from the user perspective!
> launch

+ With some options specified:

import model stop ttmet NLO

>

> generate p p > sig3 sig3~ / t
>

>

output MyProc
launch -f

Valentin Hirschi, SLAC MadGraph5_aMC@NLO SUSY 2015 08.28.2015
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BEGINNING OF A
PARENTHESIS

THE LO MEANING OF [QCD]:

LOOP-INDUCED SIMULATION
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LOOP-INDUCED PARENTHESIS

[V.H., O. Mattelaer 1507.00020]

® Can you compute this loop-induced process with MG5_aMC?

®* Well... no, but MadLoop can give you the loop ME's!

®* How does that help me?

® [t... does not.

There 1s a wide range of interest for loop-induced processes, but no

automated efhcient way of integrating them.

Need to bring a definitive solution to this.
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http://inspirehep.net/author/profile/Mattelaer%2C%20O.?recid=1293923&ln=en
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[V.H., O. Mattelaer 1507.00020]

(User Input )
e generate g g > h [QCD]

* output
* launch
\_
() Loop Induced %%

Cloop = 15.74(2)pb > ------ s

N A

("HEFT

7\ (No bottom loop

Oheft = 17.63(2)pb Otoploop = 17.65(2)pb

AN

Valentin Hirschi, SLAC MadGraph5_aMC@NLO SUSY 2015 08.28.2015


http://inspirehep.net/author/profile/Mattelaer%2C%20O.?recid=1293923&ln=en
http://inspirehep.net/author/profile/Mattelaer%2C%20O.?recid=1293923&ln=en
http://arxiv.org/abs/arXiv:1507.00020
http://arxiv.org/abs/arXiv:1507.00020

[V.H., O. Mattelaer 1507.00020]

'MadEvent

e|teration 1

*Grid Refinement

e|teration 2

*Grid Refinement

elteration 1

*Grid Refinement

e|teration 2

*Grid Refinement

Valentin Hirschi, SLAC
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http://inspirehep.net/author/profile/Mattelaer%2C%20O.?recid=1293923&ln=en
http://inspirehep.net/author/profile/Mattelaer%2C%20O.?recid=1293923&ln=en
http://arxiv.org/abs/arXiv:1507.00020
http://arxiv.org/abs/arXiv:1507.00020

[V.H., O. Mattelaer 1507.00020]

New MadEvent

M|
M| + | Ma|?

M|*

elteration 1 e|teration 1

*Grid Refinement *Grid Refinement

e|teration 2 e|teration 2

*Grid Refinement *Grid Refinement
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AUTOMATE AND CONQUER

[V.H., O. Mattelaer 1507.00020]

® Extract from a semi-exhaustive list of all loop-induced SM processes

\

Process Syntax Cross section (pb) Ap Appr
Triple bosons Vs =13 TeV

*cl pp—> HHH pp>hhh [QCD] 3.968 4+ 0.010 - 10~° fgg;gg f}j;}f
= +31.2% +1.3%

fc2 g9g—HHZ gg>hh z [QCD] 5.260 £ 0.009 - 10~° ~22.2% —1.3%
te.3 g9 HZZ gg>hzz [QCD] 1144 £0.004 - 10 550 *1-32
fcd  gg— HZy g g >hza [QCD] 6.190 & 0.020 - 10~ igﬁ-gf F10%
i 3% 13%

fe5  pp— Hyy pp>haa [QCD] 6.058 +0.004 - 107°  To)or T e
“c6 ppoHW*W~ gg>hwtw- [QCD]  2.670+0.007 -10~4 +31.0% +1.2%
te7 99— Z2ZZ gg>zzz QD] 69640009107 *+30.9% +1.2%
tc.8 gg— ZZ~ gg>zza [QCD] 3.454£0.010 - 107°  *55:58 F37%
*c.9  gg— Zvy gg>zaa [QCD] 3.079 £ 0.005 - 104 igg;gg; fg;gz};
fc.10 gg—ZWHW~ g g >z w+w- [QCD]  8.595+0.020 -10~3 +700% 1022
fc12 gg—AW*W~- gg > a w+ w- [QCD]  1.822+0.005 -10~2 F28.7% +0.9%

\Z

—1.1%/

% : Published but not publicly available.
"' : Computed here for the first time.
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BACK TO BSM AT NLO:

THE WHOLE AUTOMATED CHAIN
APPLIED TO SUSY.

WARM-UP ROUND:
COLORED SCALARS PAIR-PRODUCTION
IN A SIMPLIFIED MODEL
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COLORED SCALAR OCTET PAIR PRODUCTION
[C. Degrande, B. Fuks,V.H., |. Proudom, H.5.5hao in 1412.5589 ]

* sgluon pair production M -
"y [ 1 g v
Lg = EDMUSD g — §m8080'8 g XUSGMVG D ”e ® wiwinad o ..
v g Z [08(1 “Pp, + gRPR)q ik h.c.] : Mw
qg=u,d 6

* Counterterms derived by FR+NLOCT :

g2 : ,
5878 = 329 250102 [3m§ —p2] :

79,
Rgasas = ﬁfﬂlazas (p2 _p3)‘“
P |
R9998%8 _ J’gLTumz [72((1 d +d d )
2 ~ 38472 ] ayjaselagzaze ayaze@agzage

— ldldalazclia:‘a4c T, 926(11(12603“4
-+ 50(501(13511204 17 5(110460203)] )

R2

* Analytical cross-checks and numerical comparison for local phase-
space points vs MadGolem.
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SCALAR COLOR OCTET PAIR PRODUCTION
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SCALAR COLOR TRIPLET PAIR PRODUCTION
[C. Degrande, B. Fuks,V.H., |. Proudom, H.S.5hao in [412.5589 ]

. . sgd~ .-
* Squark pair production M |

_ 2 1 ‘s L
Lg= D#UBD“UJ — M30303 + ixax — §mxXX D

=+ [O'gt_(gLPL + gRPR)X =1 h.C.J : Msm :

* Counterterms derived by FR+NLOCT :

;siga~ ® .......... ogs ..

(A
7zg 3 0eic2 [3’”3 "pQ] ’

: HR 53ig>
23 - - s T2 (ps —ps)™*
025, =0 and o&m3 lezmg [ + 7 —3log —- ] 57_67;2 :
w "I'R _ 19, nplp.g [350102 . 187{T01,T0'2}]
5 2 115272 C3cq
o _ 00 [y M) ol o
oy 21e|3 2] T 6n 2
a; [1 m3
8 i l _3
UV " iele e

* Analytical cross-checks and numerical comparison vs Prospino :
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SCALAR COLOR TRIPLET PAIR PRODUCTION

N..... (for 100 fb™)
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MADANALYSISS RECASTING

Recasting in MAS: Conte, Dumont, Fuks, VWymant [EPJC 74 (2014) 3103]
CMS-SUS-13-01 | implementation in MAS: Dumont, Fuks, Kraml et al [EPJC 75 (2015) 56]

400- 1 ) 1 ] | ] L 1 1 | 1 1 1 L] l Ll I ! L] l 1 || 1 | 1
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A LOOK AHEAD : GLUINO PAIR PRODUCTION
[C. Degrande, B. Fuks,V.H., |. Proudom, H.5.5hao in preparation]

* Gluinos pair production...
Lsqcp :DMQLDMQL + DMQRDMQR + ngQ

2 -t - 2 - 1

— Mg drdL — Mgr9r4IR — 2m§§§

+ \/_gs [ (QPLC]) =+ (chLé)chR + h.C.}
_ 9 (4t 1ap — i) 4T — 3 T
9 |1R 4R dr | |drL1 4R — 4L 4L

. ... including the squark decay. &
1
Edecay Xax — §mXXX ;‘;‘i/
2
V2 [ Yy (XPra) + (qPrx)Yqdr + h.c.] S

ni

Well underway; already full agreement with Prospino.
Majorana flow, top quark mixing matrix renorm, SUSY restoring CT: Solved.
Onshell subtraction : Work 1n progress...
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* Real-emission diagrams to the process pp — gg :

S 4

%

u 5
7 > -
T ur u
u
go
1
3 3

NO, this 1s simply the
process pp — gup In
disguise! Must be

removed!

BN

O.K, thisis a
legitimate QCD
correction to the

original Born process
detinition!

* Problematic for the MC integration since squark resonance 1s not mapped.

* Different solutions currently under investigation.
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THE NEXT STEP WILL THEN BE

FULL MSSM@(QCD)NLO!
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THE LONGED-FOR CONCLUSION

* Loop-induced simulation now streamlined in MG5_aMC.

« Automatic BSM@NLO 1s a thing! See already available models at:
http://teynrules.irmp.ucl.ac.be/wiki/NLOModels
...or build you own UFO NLO model with FeynRules if not already available.

« Full MSSM@(QCD)NLO soon available (as well as automated MA5 recasting).
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Generate processes online using MadGraph 5

To improve our web services we request that you register. Registration is quick and free. You may register for a password by clicking here.
Plcase note the comrect reference for MadGraph 5, JHEP 1106(2011)128, arXiv:1106.0522 [hep-phl.
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Code can be generated either by:

L. Fill the form:
Model: S MSSM Y
Input Process:

Model descriptions

Examples/format S O O n

Example: pp > w+ j jQED=3,W+> I+ vl
p and j definitions: | p=j=d us cd~u~s~c~g D
sum over leptons: | I+ = e+, mu+ ta+: I- = e-, Mu- ta=; vi = ve, vm, vt. vi~ = ve~, vm~, vt~ &
Submit
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