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FevnRules

Input : model.f

Output : vertice
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UFO

¥Generator Independent output with full model
Information

¥ Contains the list of particles, parameters,
vertices, decays (1to 2), coupling orders

¥ vertices are split intd_orentz structurescolours
andcouplingsaand all are included in the model!

_igs T{;‘ ;v

¥ Used in MG5, Herwig, Gosam, Sherpa, E

C. Degrand:



Plan

¥ FeynRules in a nutshell
¥ New in FeynRules :

- ¥NLO - |

¥ AllYourBases (Liam Moore)

¥ Final remarks

C. Degrand:



Madgrapn5 aMC@NLO

Automated NLO computation

¥Computat|on of the born | ‘

y MadFKS (IR)

COmputatlon of the real ;‘
. ¥Computat|on of the v'|"

MadLoop

| ¥Match|ng with parton
shower O” laO MC@NLO
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MadLoop

Alloop - 4 Box;+ ¢ Triangle; + b Bubble,

+ a; Tadpole, + R

¥ Box, Triangle, Bubble and Tadpole are known
scalar integrals

¥ Loop computation = bnd the coefbcients
¥ Tensor reduction (OPP)

¥ UV counterterm vertices have to be provided
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To be provided : R

1 K (@)
dd ,
(2! )4 qlgo|g1 B

B =(g+p)°! m?

R(q)=

, 1
Ry ! |h|m 7 q
O(2|) DoD1...Dmi1 1

Finite set of vertices that can be computed once
for all
C. Degrand:



Computed in MadLoop R

Due to the! dimensional parts of the denominators

Like for the 4 dimensional part but with a different set ¢
Integrals

! q2 ”2" 2 2 (pi_pj)z#
e - 2 M TO0
|
B - R | .
Y% em, - 2 OV
I
- & _ e .
" eEE, = 6 OV

Only R = R+R: is gauge invariant. >
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Relations Pxed by the Lagrangian (Pnite l

Finite set of vertices that can be computed once
for all
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Renormalization

External paramete]
Xo ! X+ "X,

1
#o ! (1+ EHZ” )# + QAT

Same for the conjugate ID]

Internal parameters are renormalised by replacing th
external parameters in their expressions

g9 (1+ 1Zg9) TL "
ggg 1+ 2" g+ 31Z4g TL '> Fixed by
gggg (1+ " s+21Z49) TL

NI

C. Degrandk



Renormalization condition:

On-shell scheme (ocomplex masscheme):

Renormalized mass = Physical mass

Two-point function vanishes on-shell (No external
bubbles)

)
N #

: t t
iy (p! mi)+ i fi p Pt o+ 7 PP P f 0 o+ R PP

- fL p2 m +fSR 2’”’573 - 0
I [1]
q-fR pZ#m +fSL 2#$(§) = 0
& 1
| "ot 4 " HH " #$ " H # o/
N Zmi#ip2 fi p2 + i p2 mi+fPt p2+fSRp + £y pz"'fR p2 & , = 0
pZ=m;

Similar for the vectors and scalars
C. Degrand:



Renormalization condition:

On-shell scheme (ocomplex masscheme):

Renormalized mass = Physical mass

Two-point function vanishes on-shell (No external
bubbles)

. -: H-II -H-II L -H-ll SR n
iy (p! mi)+a fy pPp o+ Y DT e+ fE o+ Rty

/fL p? m; + SR ZWE?O = 0

/.I:R pz#m +fSL 2#$§) = 0
Y # " " # .- "# #$ i #lo/
/Zmi#pz (IR m S g SR e g R (f/pé v =0

Similar for the vectors and scalars
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E Charged Higgs production at the LHC
. 13 TeV, NLO total cross-section

MadGraph5_aMC @NB®
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BSM@NLO

¥Goal :Automate the one-loop computation
for BSM models

¥ Required ingredients :

¥ Tree-level vertices | Done(Feyn Rule]

¥ R2 vertices (OPP)

Y UV counterterm vertices

¥ Solution : UFO at NLO I
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How does It work?

FeynRules
Renormallze the Lagranglan

‘model.mo
model.gen ﬁmodel nla

FeynArts
‘Write the amplitudes

NLOCT.m

" . CD, Comput.Phys.Commun. 197
_ COmpUte theNLO Ve (2015) 239-262
C. Degrandk



R2 :Validation

¥ tested* on the SM (QCD:P. Draggiotis et al.
+QED:M.V. Garzelli et al)

¥ tested* on MSSM (QCD:H.-S. Shao, Y.-J.
Zhang) : test the Majorana

*Analytic comparison of the expressions
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UV Validation

¥ SM QCD :tested* (W. Beenakker, S. Dittmaier,
M. Kramer, B. Plumper)

¥ SM EW :tested* (expressions given by H.-S.
Shao from A. Denner)

*Analytic comparison of the expressions
C. Degrand:



Tests In event generators

¥ aMC@NLO

¥ The SM QCD has been tested by V. Hirschi
(Comparison with the built-in version)

¥ SM EW (MZ scheme): comparison to published
results for ME by H.-S. Shao and V. Hirschi

¥ Various BSM
¥ gauge Invariance

¥ pole cancelation
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==—aa>tt~[QED] =

==—aa>tt~a[QED

==aa>w+w-[QED'] ==

==ab>tw-[QED] ==

==d~d>w+w-[QCD'] ==
==d~d>w+w-[QED'] ==

==d~d>zz[QCD

==d~d>zz[QED] ==

==e+e->tt~a[QED] ==
==e+e->tt~g[QED] ==

==gb>tw-[QED'] ==
==09g>hh[QCD]==

==gg>tt~[QED]=

==gg>tt-g[QED]
==gg>tt~h[QCD’
==gg>tt~h[QED
==hh>hh[QED]=

==hh>hhh[QED"

==tt~>w+w-['QED'] ==

Test EW

==ub>td[QED] ==
==ud~>tb~[QED] ==
==ug>tdb~[QED'] ==
==uu~>aal[QED]==
==uu~>e+e-[QED'] ==
==uu~>galQCD QED] ==

==uu~>uu~[QCD QED’] ==
==uu~>uu~a[QCD QED] =
==uu~>uu~g[QCD QED] =

==uu~>w+w-[QED']| ==
==uu~>za[QED]==
==uu~>zz[QED]==
==u~d>w-z[QCD'] ==
==u~d>w-z[QED'] ==
== Uu~u>w+w-[QCD'] ==
== Uu~u>w+w-[QED']| ==
==u~u>zz[QCD]==
==u~u>zz[QED]==
==ve ve~ > e+ e-[[QED'] ==
==w+w->hh[QED]==

Massive and massless b
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Restrictions/Assumptions

¥ Renormalizable Lagrangian, maximum dimension c
the operators is 4

¥ Feynman Gauge
¥ {wsr=0
¥ Ot Hooft-Veltman scheme

¥ On-shell scheme for the masses and wave
functions

¥I\/I—S by default for everything else (zero-momentum
possible for fermion gauge boson interaction)
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EFT at NLO

'/ Intheloop: (¥ ©)X(Bu-b)
@\ same as SM (11D, 1 )(g,&,)

A Av .
FAPEGIYGP G More momenta: higher rank
1 G G of the integral numerator

Additional gamma algebra (g$* TAu,)! G}
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EFT at NLO
0-0-0

! "l )
Evanescent operators: 0oy = @ “T"u @,T"t

pI

p2

!H!V!pPR ! ' lpPR = E+(16| 4&#)'“PR UPR
HIVIPRR Ll P = L B[4 (12'/4@)#_|'“PR | Pr
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EFT at NLO

¥ UV counterterms :

¥ Basis reduction needed for the anomalous
matrix (By Liam Moore)

¥ Check (R.Alonso, E. E. Jenkins,A.V. Manoha
M. Trott, JHEP 1404 (2014) 159)

¥ MSbar : 1¢ from the amplitudes not from the
renomalization

¥ Running (UFO 2.0
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FCNC

CD, F. Maltoni, J.Wang, C. Zhang, PRD91 (2015) 03:

Top

$ E pp" th atthe LHC13
Small when constraints fror-. LOHPYTHIAS
ug ! t are taken into : ,
107 ==
account : =
| "o > L
Of*3 =i 1 DLl (a""# Q) 8 L e
e g 10'E =5 e
o*¥ =i 1 Dy (4"HQ) N _ ==
| " 4 S = _NLO, Gy =855 >
O!(|J3) — I D 0! (;" “t) 5 10'55— _::_—= %
— = =
: . B =1 =
O[(JIB:%) - gY (q $IJ t)!:_Bl-l" ’ 2 I T N NI R AN N TN T S NN NN N R | = | _"‘C)I
_ ) _ (13 (13) Q.
OI(JIC?) _ gs(q $H TA t) !:—GA,. | sl NLO/LO, C ¢ NLO/LO, CuG g
i L e i SRy
O('B) — gW (q $U" #I t) I'_WI 1 oo e e e ey ey | CEU
uw ' 0 100 200 300 400 500
Priop [GEV]

oY = (! 1)@tk

LO NLO o[e | tB
Coel cient |! [fb]|Scale uncertainty|! [fb] |Scale uncertainty .

c{® =3.5|2603| +13.0% -11.0% |3858| +7.4% -6.7% i

ct?) =0.04/40.1| +16.5% -13.2% |50.7| +4.0% -5.2% B=1,Zh
c{?? =3.5|171| +9.7% -8.7% |310| +7.3% -6.3% e

c® =0.00/953] +11.0% -9.7% |16.6] +5.5% -5.1% Lerr = Lsmt+  50i + H.C.
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Spin-2

& (#1,4,)=(1,1) = (#,,%,)=(1,0)

o (#1,#2) (0,1)

|
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3 [Pb] [t 19
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V2 T ¥ S pp— Yo+ Z th = tyqt o = fewH
' pp— Yo+ W* H = Hyqt, o = FBWH
pp— Y2+ $ H = H#Hyqt, o = FBWH
_ _ _ pp— Yo+ H tH = Hyqt, T = #BWH
G. Das, CD,V. Hirschi, F. Maltoni, H.-S. Y. — jj # = iy, th = #Hy
ShaO, PhySLEtt B770 (2017) 507-513 Y2 > 10 =y, th = # C . Degrand(




Restrictions/Assumptions

¥Renormalizab!e Lagrangian, maximum dimension
the operators Is 4—pEFT with max 4F (Evanescent

¥ Feynman Gauge#any gauge (any rank for EF
¥ {wsr=0
¥ Ot Hooft-Veltman scheme

¥ On-shell scheme for the masses and wave
functions

¥I\/I—S by default for everything else (zero-momentum
possible for fermion gauge boson interaction)

—>MZ scheme for EW couplip pooana
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Operators bases In the SME|

Los{! svd X)) ! Lom(@! o)+ o O{! i) + ..

¥ Below heavy thresholds, UV statedecouple " local operators O;

¥ BSM model determines pattern of effective couplings!C—i2 = ffng§< ;

X

D # 6 operators exhibitnontrivial relationships Oi(G) = k; Oj(6):
e.g.: (@ T u)(d ,T) = Z(@! Ht)(e yu) $ <(a! Hu)(d ,it)

Redundancies eliminated by fixing an operator basis. Several options:

¥ Model-independent choice e.g. Warsaw [Grzadkowski++ 1008.4884]
¥ Choose for UV interpretatione.g. SILHGiudice++ 0703164]

¥ Simplicity ofrelationship to observablese.qg. Mass [Gupta++ 1405.0181]

C. Degrand:



The Warsaw procedure

Warsaw - tackle problem systematically atD = 6. In a nutshell:

¥ Divide operators into classificationsaccording to generic building
blocks: {X,! ," D}, eg. (" ")GAGAH I [x?"?

¥ Impose a hierarchy:fewer D, =" OlowerO classification

¥ For each classification withnp # 1, use identities (e.g. IBP) to
express operators a0 ({" 1) $ i‘? the classical EoM

¥ Use EoM as far as possibjee.g. iBu & !y qtoeliminate Dy

Result proof all operators expressible as a linear combination of 59,
spread over 12 classifications.

But - when decomposition of redundant operators Is necessary (e.g. In
matching, NLO calculations) it must be done by hand.

C. Degrand:



AllYourBases-Automatic basis reduction in FeynR

AllYourBases get FeynRuldas derive explicit decomposition of any

operator onto the Warsaw basis automatically:

Lt ! GO, 0 = 7k, OWarsaw
=1
... by directed application of necessary identities at Lagrangian level.
¥ EoMs (D' Giy)™ " gs | il HTAq# o
¥ Fierz identitiesM; My; " ! CoMi Mg MY # {1 AT, " #.. .}
¥ Integration-by-Parts AH(D,B) "$ (D A)BH + | T
¥ Gamma matrix algebra: $« 1 " Te By + il Yo + i&) 4!

¥ Bianchi identities (DyXw ) + (D Xy )2 + (DX, 0)* =0 .. .
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A simple example

O=(!T)Dy TDH!) can be integrated-by-parts to use EoM(! ):
(DD Y = p2td ot i gl U+ #gflu! allg

... and the coefficients in the EoM become those of the decomposition
of this operator onto the Warsaw basis classifications, represented as:

¥ AllYourBasesdentifies and applies the necessary algebraic steps (in
this case, just integration-by-parts) recursively.

¥ Returns aFeynRulesxpression for the operatorOs decomposition
In FeynRulesyntax:

O = (Phibar[i]Phi[i])(DC[Phibar[jl,mu] DC[Phi[j],mu]) returns:

C. Degrand:



Returns:

DGPhif], !'1DGPhi [], !]IndexDelta i, IndexDelia I,k Phi[k] Phi [i+ 142
del [del [Phil Phi [k, mu], mu] IndexDelia [, IndexDelta [, K] Phi [] Phi [+ '

R[sL, pl. LL[S2,J,1]  ylp, 1] IndexDelta [s1,s2] IndexDelta [j,1] IndexDelta I, k] 30
Phifl] Phi [i] Phi [k]+ dRsL, p,al. QUS2,J,r,b]  vdp, 1] IndexDelta [a, b] !
IndexDelta [s1,s2] IndexDelta [j, 1] IndexDelta [l k| Phifl] Phi il Phi [k]-

|“IndexDelta [j,i] IndexDelta [I, k] Phif] Phil] Phi [ Phi [K]- ! 4D2\
URISL roal. QUs2, m,p, bl yulp, 1] Epdj, m] IndexDelta [, b] | 3u 2
IndexDelta [s1,s2] IndexDelta [i, | IndexDelta [k [ Phifil Phik] Phi I]- '
[“IndexDelta [i, ] IndexDelta [k, Phili[ Philk] Phi [ Phi []+kHm IndexDelta i,

ndexDelia T, n[ TndexDelta [m, k] PRIYT PhiT] Phijm] PAr Tif Phi (k] Phi [n] + | ©
lam IndexDelta [i,]]  IndexDelta [k, m] IndexDelta [I,n] Phifi] Phifk] Phill

Phi [)I Phi [m] Phi [n]+|[QUsL, |, r, @] dRS2, p,b] IndexDelta [a, b]

ndexDelta [s1,s2] IndexDelta [i,j] IndexDelta [k, ] Phifi] Philk] Phi [l yd[p, 1]+
LUsL, )1 IR[s2,p] IndexDelta [s1,s2] IndexDelta [i,] IndexDelta [k 1] Phifi | 3n 2

3hi[ké Phi ] yilp, r]- QUsl, m,p,al. uRs2r bl Epsf, m IndexDelta [a, b]
ndexDelta [s1,s2] IndexDelta [j,1] IndexDelta [, k] Phi{l] Phi [i] Phi [k] yulp, 1]

C. Degrandk



AY B-In short

AllYourBasesautomates laborious procedure prevalent in EFT
calculations.

¥ Explicit operator relationships id_é?\zlEF@re derived by a symbolic

Implementation of the Warsaw procedure in FeynRules

¥ Applications in aiding calculations involving redundant operators,
e.g. matching calculations, renormalization, translating limits. .

¥ Algorithm only partially tied to D = 6 SM,very feasible to generalise
to D > 6, non-SM theories Iin future. . .

¥ Currently intesting and validation. . .
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Summary

¥ BSM in HE tools made easy in FeynRules

/P
|

¥ Automatic BSM@NLO (o
a

¥ Renormalizable (Public)” %

- ===

¥ For EFT (Private) (

¥ Automatic basis reduction for EFT (under v%i%aeté?g .




