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Recap of previous lecture

® Lecture 1 & 2: FeynRules

= implement a model into FeynRules.
= export the model to MadGraph 5.

= check a model implementation.

® [ecture 3: UFO & ALOHA
= what happens when going from FeynRules to MadGraph.

® This lecture:
= Superfields in FeynRules.

= Going beyond tree level: InSurGe & FR@NLO.

= Galileo.



Superfields 1n
FeynRules



The lhitecycle of SUSY pheno

® Example: SUSY model
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® Very easy ‘theory description’

= Choose a gauge group (+ additional internal symmetries).

= (Choose the matter content (= chiral superﬁelds 1n some

representation).

= Write down the most general superpotential.

= Write down the soft-SUSY breaking terms.

= (+ check validity of the model)



The lhitecycle of SUSY pheno

® Example: SUSY model
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® 'Monte Carlo description’

- EXPI’GSS superﬁelds in terms Of component ﬁelds.

= [xpress everything in terms of 4-component fermions
(beware of the Majoranas!).

= [xpress everything in terms of mass eigenstates.
= [ntegrate out D and F terms.

g Implement vertices one-by-one (beware of factors of ¢, elc!)



Supersymmetric models

® IFeynRules allows to use the superfield formalism for
supersymmetric theories.

® The code then

= cxpands the superfields in the Grassmann variables and
integrates them out.

= Weyl fermions are transformed into 4-component
SpINors.

= auxihiary hields are integrated out.

® As aresult, we obtain a Lagrangian that can be exported
to matrix element generators!



Supersymmetric models

® Example: SUSY OCD
= ] octet vector superfield Ve = (g%, Ga’ , D?)

= | triplet left-handed chiral superfield Q% = (G}, X", F})
= 1| triplet right-handed chiral superfield Q% = (¢, Fr)

® The physical spectrum contains
= a gauge boson, the gluon
= two complex triplet scalars
= an octet Majorana fermion

= a triplet Dirac fermion, the quark ¢ =(x',¢"



Supersymmetric models

® Interactions (almost) entirely fixed by SUSY
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s 393
+W(Qr, Q%) + W*(QL,Qr)

® The gauge sector 1s already rather complicated in terms of
component fields...
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Supersymmetric models

® Interactions (almost) entirely fixed by SUSY
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Dehning superfields

VSF[1] == { ClassName ->GSF,
GaugeBoson -> G, . a
Gaugino -> gow, Ve =(g" Gy, DY)
Indices -> {Index[Gluon]}},

CSF[1] == { ClassName ->QL,
Chirality -> Left,
Weyl -> qLw, . L
Scalar -> QLs, Qr = (dn, X" F1)
Indices->{Index[Colour]}},

® The component helds are defined separately.
® Auxilhiary F and D fields could be added, but can be left

out, and are created on the ﬂy.




Using superfields

WS =...
SL = VSFKineticTerms[] + CSFKineticTerms[] + WS + HC[WS];

® A set of functions allows to transtorm the superspace
action into a component field Lagrangian.

= SF2Components: expansion in the Grassmann parameters

= ThetaThetabarComponent etc.: selects the desired
coefficient 1n the Grassmann expansion.

= SolveEqMotionF/SolveEqMotionD: solves the equations of
motion for the F and D terms.

= WeylToDirac: Transtorms Weyl fermions into 4-component
fermions.




Using superhelds
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Model database

We encourage model builders writing
order to make them useful to a comm
FeynRules model database, please sei

e Mclaude.duhr@durham.ac.uk
e dneil@hep.wisc.edu
e XMfuks@cern.ch

Available models

Standard Model
Simple extensions of the SM (9)
Supersymmetric Models (4) <

Extra-dimensional Models (4)

Strongly coupled and effective field theories
(4)

Miscellaneous (0)

Model
MSSM
NMSSM
RPV-MSSM

R-MSSM

Contact

4 B.
> B.
4 B.
> B.

Fuks

Fuks

Fuks

Fuks




Summary

® FeynRules allows to use the superﬁeld formalism for
supersymmetric theories.

= cxpands the superfields in the Grassmann variables and
Integrates them out.

- Weyl fermions are transformed into 4 -component
SpINors.

= auxiliary fields are integrated out.

® SUSY phenomenology however has other aspects as well,
like solving RG equations to obtain the low energy mass
spectrum from some high scale input.

® This needs input beyond tree level.



“ To infimity and beyond...

® We have reached the point that we have a
complete and fully automatized chain
from the Lagrangian to the events.

® This chain 1s however restricted to tree level so far.

® Next goal: extend this chain to beyond-tree-level information.

= Development branch 1: InSurGe

‘'spectrum generator generator .

= Development branch 2: FR@NLO
getting ready for automated BSM NLO computation.



Beyond tree-level

InSurGe



SUSY RG equations

The ftully generic MSSM depends on 105 free parameters.

= 1mpossible to do phenomenology with such a huge
parameter space.

Very often one assumes an organizing principle are at
some high UV scale, where, e.g., couplings and/or masses
unity.

The parameters at the weak scale are then fixed by the
renomalization group flow.

50 = [SR) - 30(G)| A =20 M|S(R) - 3C(G)

Classical example: mSUGRA
mag, 11 /2, AO7 tan 57 Slgn(:u’)



InSurGe

® The development version of FeynRules allows to extract
the one-loop renormalization group equations for generic
SUSY models. [A. Alloul, K. de Causmaecker, B. Fuks]
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® Starting from the superspace action, the FeynRules
computes the RGE’s

RGE[LSoft, SuperW]




InSurGe

® The development version of FeynRules allows to extract

the one-loop renormalization group equations for generic

SUSY models.

[A. Alloul, K. de Causmaecker, B. Fuks]

® Starting from the superspace action, the FeynRules

computes the RGE’s

dt 8072 1672
db ; 3q" 3g2
dt 8072 1672

RGE[LSoft, SuperW]

dp 39” 3¢,
v

[39/2M1 395, M

4072

3 + 3 1
Ty y ] + S Ty Y]+ o T [y Ty
3 i 3 ut o 1 ]
672 Y g Y g Ty
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872 872 82 |




InSurGe

ScaSoftRGE [SoftMS, SPMS, NLoop - 2] [[8]]
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InSurGe

® Right now, FeynRules/InSurGe can extract the one and two-
loop RGE's for arbitrary (renomalizable) SUSY models.

® These RGE'’s can then be fed into spectrum generators to
obtain the mass spectrum for arbitrary SUSY models.

® In this way, FeynRules/InSurGe turns into a ‘spectrum
generator generator .



InSurGe

Right now, FeynRules/InSurGe can extract the one and two-
loop RGE's for arbitrary (renomalizable) SUSY models.

These RGE's can then be fed into spectrum generators to
obtain the mass spectrum for arbitrary SUSY models.

In this way, FeynRules/InSurGe turns into a ‘spectrum
generator generator .

As an example, an interface to SuSpect 3 1s being developed
that will allow to 1nject the FeynRules/InSurGe RGE'’s
directly into the SuSpect framework.

WriteSuSpectOutput[LSoft, SuperW]




InSurGe

® In parallel, InSurGe will come with its own RGE solver.

® Under development right now:

= [inding the minimum of the Higgs potential.

= Diagonalizing the mass matrices.

® At the same time this solves another problem...



InSurGe

® In parallel, InSurGe will come with its own RGE solver.

® Under development right now:

= [inding the minimum of the Higgs potential.

= Diagonalizing the mass matrices.
® At the same time this solves another problem...

® Remember that FeynRules does not allow to diagonalize the
mass matrices automatically.

® InSurGe will solve this problem at the same time (not only

for SUSY models).



Mass diagonalization with InSurGe

® In the future, FeynRules will extract the mass matrices
automatically from the Lagrangian.



Mass diagonalization with InSurGe

Preliminary results

GetMassMatrices[lagr]

The Lagrangian you entered contains physical fields, make sure these don't come
from a previous field rotation. Calculations have been however performed.

Calculations took 35.8097
seconds to be performed. Results are stored in the variable MassMatrices

MassMatrices[[7, 2]] .MatrixForm[MassMatrices[[7, 3]]] -MassMatrices|[[7, 4]]

{bow, wows, hdw;, huw,}.

1 , 1 ’
M, 0 -5 19'va S 19 Vy
1. 1
0 M, 5 L19wVa -5 19w Vu
. . {bow, wows, hdw;, huw,}
-5 19 Va - 1gyVg 0 -
1 , :
Elg Vy -5 1 9w Vu —H 0

[A. Alloul @ FR2012]




Mass diagonalization with InSurGe

® In the future, FeynRules will extract the mass matrices
automatically form the Lagrangian.

® The mass matrix 1s then passed on to InSurGe:

= a C++ code 1s written out that diagonalizes the mass
matrices and returns a param_card.dat with the
numerical values of the masses and mixing matrices.

® The C++ code 1s standalone and can be run outside and
independently of Mathematica.



Worktlow
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Beyond tree-level

FR@NLO



Towards NLO

® We are slowly getting to the point that we have automated
tools for NLO computations:

= Blackhat = Helac-NLO

= (GoSam = MadLoops
= FeynArts/FormCalc = Rocket

® Most of these codes only do SM processes so far.

® Reason: Beyond LLO, we do not only need tree-level
Feynman rules, but in addition we need

= [V counterterms.

= [eynman rules for non cut-constructible part of

the amplitude (‘'R2 terms’).



Extraction of UV counterterms

® The (not public) development version of FeynRules
already allows to extract counterterm Feynman rules.

ExtractCounterterms[1l[s,f],{aS,1}]
L(1 R(1
>Isr — lsr + Zé_; [(52//( ))ff’ (PL)ss’ + (521/( ))ff’ (PR)ss’} 7

ExtractCounterterms[ydo,{{aS,2},{aEW, 1}}]
1,0 0,1 2 (2,0 . 1,1 2 2,1
>ya — ya+ S8y 0 gy D) s 5 (20) 4 asa g Al Ged gy 20

v

® At the moment, the values of the counterterms for the
independent parameters and the fields must still be given

by hand.

® In the future: FeynRules will call FeynArts/FormCalc on
the fly to obtain the values of the counterterms.

[C. Degrande, CD, B. Fuks, T. Hahn]
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® First milestone: include counterterms into the FeynArts
interface.

= FeynArts output without counterterms:

CLV[1],V[1],V[3],-V[3]]=={{(-D*8c8 , 0},

{(-I)*gCS ,O}a
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Extraction of counterterms

® First milestone: include counterterms into the FeynArts
interface.

= FeynArts output without counterterms:

CLV[1],V[1],V[3],-V[3]]=={{(-])*&c8 , 0},

{(-I)*gCS ,O}a
{(R*I)*£c8, 0}]

= FeynArts output with counterterms:

C[LV[1], V[1l], V[3],-V[8]]==
{{(-D*gc8, (I* (aEW *deltagwO1l + aS *deltagwl0) *gw *sw”2) /Pi},
{(-DD*gc8, (I* (aEW *deltagwO1l + aS*deltagwl0) *gw*sw"3) /Pi},
{(B*])*gc8, ((-23*I) * (aEW *deltagwO1l + aS *deltagwl0) *gw*sw”*3) /Pi}}




Extraction of counterterms

® First milestone: include counterterms into the FeynArts
interface.

® Next:

d on-the-ﬂy use of FeynArts to compute the analytical
values of the independent one-loop coutnerterms.

= write counterterms out to the UFO.



Extrac

tion of counterterms

First milestone:

interface.

Next:
- on-the-ﬂy use of FeynArts to compute the analytical

values of the

include counterterms into the FeynArts

independent one-loop coutnerterms.

= write counterterms out to the UFO.

V_R24G =

CTVertex(name = 'V_R24G",
particles = [ P.G, P.G,
color = [ 'Tr(1,2)*Tr(3

'd(-1,1,2)*d(

P.G, P.G ],
A4)', 'Tr(1,3)*Tr(2,4)" , 'Tr(1,4)*Tr(2,3)', \
-1,3,4)" , 'd(-1,1,3)*d(-1,2,4)" , "d(-1,1,4)*d(-1,2,3)'],

lorentz = [ L. RZ _4G_1234, L.R2_4G_1324, L.R2_4G_1423 ],

loop_particles = [ [[P.
couplings = {(90,0,0):C.
(1,0,0):C.
(2,0,0):C.
(,0,0):C.
(4,0,0):C.
(5,0,0):C.
(0,0,1):C.
(1,0,1):C.
(2,0,1):C.
3,0,1):C.
(4,0,1):C.
(5,0,1):C.
type = 'RZ2'")

G]] CCP.u], [P. d] (P.cl,CP.s]] 1,
GC_4GRZ2_Gluon_delta5,(?,1,0):C.GC_4CGRZ2_Gluon_delta7,(2,2,9):C.GC_4CGR2_Gluon_delta7, \
GC_4GRZ2_Gluon_delta7,(1,1,9):C.GC_4GRZ_Gluon_deltas5,(1,2,9):C.GC_4GRZ2_Gluon_delta7, \
GC_4GR2_Gluon_delta7,(2,1,9):C.GC_4GRZ2_Gluon_delta7,(2,2,2):C.GC_4GR2_Gluon_delta5S, \
GC_4GRZ2_4Struct,(3,1,0):C.GC_4GR2_2Struct,(3,2,9):C.GC_4CR2_2Struct, \

GC_4GR2_2S5truct, (1,A,0) C.GC_4GR2_4Struct,(4,2,9):C.GC_4CGR2_2Struct, \
GC_4GR2_2Struct,(5,1,0):C.GC_4GR2_2Struct,(5,2,0):C.GC_4CR2_4Struct , \
GC_4GR2Z2_Fermion_deltall,(9,1,1):C.GC_4GR2_Fermion_delta5,(9,2,1):C.GC_4GR2_Fermion_deltaS, \
GC_4GRZ2_Fermion_deltaS,(1,1,1):C.GC_4GR2_Fermion_deltall,(1,2,1):C.GC_4GR2_Fermion_deltaS, \
GC_4GRZ_Fermion_deltaS,(Z,1,1):C.GC_4GRZ2_Fermion_deltaS,(Z,2,1):C.GC_4GRZ_Fermion_deltall, \
GC_4GR2_11Struct,(3,1,1):C.GC_4GR2_5Struct,(3,72,1):C.GC_4GRZ_S5Struct, \
CC_4GRZ2_SStruct,(4,1,1):C.GC_4GR2_11Struct,(4,2,1):C.GC_4CRZ_SStruct, \
GC_4GR2_S5Struct,(5,1,1):C.GC_4GR2_SStruct,(5,2,1):C.GC_4GR2_11Struct },



R2 terms

® All the automatized NLO codes are based, in one way or
another, on some unitary-based approach.

® Unitarity, however, does not provide everything, but
misses the rational pieces (without cuts).

® Some can be obtained, others (R2) need a different
approach.

® R2 terms can be obtained via effective tree-level Feynman

H2,a2

rules. »
— _Zg NCOZ Z [ 5611@2 5a3a4 + 5a1a35a4a2 + 5a1a45a2a3
967—‘-2 Ncol
P(234)

4,04 Hn3,as
F AT (E1493492494 4 £91494492495) (3 4+ Ay

— TT({tal taQ}{ta?’ta4}) (5 + 2)\HV)} 1 p29ps pa

Ny 5
+12N_ZTT(ta1ta2ta3ta4) <§g,u1,u39,u2,u4 — GurpoJusps — g,uz,ug,gm,uzl) }
(610

[ Draggiotis, Garzelli, Papadopoulos, Pittau;
Garzelli, Malamos, Pittau]



What are the R» rational terms?

where X lives in d dimension, X in 4, X in e.
R, definition

/ d- N(q’qv )
(2r)? DoD1 D1

Finite (< 4 legs) set of vertices computed once for all!

C. Degrande (CP3-UCL/UIUC) 27 March 2012 6/15



Results from FeynRules

Q@ SM
e takes approx. 10min
e agree up to —1/i factors (definition of A, = ) with

QCD : Draggiotis, P. et al. JHEP 0904 (2009) 072.

EW : Garzelli, M.V. et al. JHEP 1001 (2010) 040, Erratum-ibid.
1010 (2010) 097.

@ MSSM : On going

C. Degrande (CP3-UCL/UIUC) 27 March 2012
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Galileo



Model building with FeynRules

All the steps from the Lagrangian to phenomenology are/will
be automatized.

The only ‘bottleneck’ right now 1s the writing of the
FeynRules model file.

= Avoid typos in the FeynRules syntax.

= A lot of information to provide for complicated models.

In the future, the Galileo package will alleviate this task.

[N. D. Christensen, D. Salmon, N. Setzer
C. Speckner, Stefanus]

Galileo will enable the user to specity the symmetry groups
and the particle content of the model, and the FeynRules
model file 1s generated automatically.



Galileo

Core Components: Compact Lie Algebras

Compact Lie Algebras: Finished and Tested

@ Understands any Compact Lie Algebra, U(1), and Z,
Ans an Cns Dns G25 F45 E6! E75 E85 U(1)5 Zn

e Arbitrary Representations
e All Generators of any Representations

@ Product States
e QGives Singlets

[N. Setzer @ FR2012]



Galileo

Core Components: Fields

Fields: Mostly Finished and Tested

@ Understands Spin 0, 3, and 1 fields (fundamental objects)

@ Understands Superfields

e Implemented as a container
o Chiral Superfields stored as collection of spin-0 and spin-2

@ Output

e to MathML
e NEED to FeynRules

[N. Setzer @ FR2012]



Galileo

Core Components: Model

Model: Mostly Finished and Partly Tested

@ Understands any direct product group (of Known Groups)
e Local or Global (Z, only global)

@ Lagrangian
e Completely and automatically generated given fields
e Handles all operators up to dimension 6

e For SUSY Generates Kahler potential and Superpotential
e Output to MathML

@ Needs

e Save/Read Model - XML file
e Write complet FeynRules . £r file

[N. Setzer @ FR2012]



Galileo
SM 1 Higgs (Dim 4)

SM with 1 Higgs up to Dimension 4

017"DuQ; + Uyy*D,U, + Dyy* DD, + Liy*DyL; + E;y*D,E, + Dy ®*D*® + G G + aoeaﬁygcgﬁc;'gs

+ Wy W + 0,645, W W + By, BY
HryPP”
Ay DDD D™

Y2 @U,Q; +y; D*QU, + 39D, Q) + y; PO,D, + y, P E,L; + y; PLIE,

[Stefanus @ MCABSM2012]



Galileo

SM 1 Higgs (Dim 6)

0,7"D,Q; + Uyy*D,U, + D,;y* DuD; + Liy* DyLi + Eyy"D,E; + Dy ®* D*® + GG + OpeapsGe GL + Wi W/ +

aleaﬂyawf/} Wzd + By, B},

K PP”

I PDD* D*

Y2, 8T, Q) + y; @* QU, + y;0°D,Q, + y: PO,D, + y, & E,L; + y; PLIE, +
)'5¢¢I—JL,C + ys“cb*di*lj"L; +

Y@ PDU,Q; +y; DD D* QU, + y,0* D* DD, Q, + y; @PD*Q,D, + yy,@*D* DE,L; + y; DD *LIE,

[Stefanus @ MCABSM2012]



Galileo

89017, 21017 Q; + £:100; 6, 21010" Qf + 8110, C1Q,0; + 8:12Q17, QiU r* U, + 813977, U, Upr* Qf + 8114@10,, U, U,
0" Qy + 8.1501U, U Qs + 816017, QiDr7* Dy + 81797 1, DrDr7* Qf + 8113010 Dr D" Q) + 8,1901DrD;Q; + 820 Q17 Li
Liy" Q)+ 8210, QiLir" Ly + 820 O 0, LiLio™ Qf + 803 Q] LILIQ[ + 824017, QE ¥ E, + 8250[ 1, EvE;v*Qf + 81260,
0, EE 0" Q) + 807 Q1E,E, Q) + 825010, 0 Lio** Qf + £5307 06, 0,07 6" L; + 8200, L;Qf + 82,0 Q;O; L; + g3 D,

0 Q1Ur6" Q) + 230010, D, Q6" Uy + g31D,QU,Q; + g3 01D, QU; + g32U,6,,Q D6 Q) + 23,016, U, Qi0" Dy +
23U, Q;D,Q; + 2;0,U,O,D, + 83:0,6,,Q{ Uf 6"’ D, + g:,0[6,,0,D,6" Uf + g150,0f U; D, + g:50; Q;D, Uf + g¢E,
7;;Q1 UrY” Q; + 8§6Q1 YpErQ1 rY'Ur + g3 Ur?’yQ( ErY”Q; + 8376{7;‘ UrQ( r"E; + 838Q10;wQ1 E, o™ U; + 838Q1 0u Qi
Uf o™ E, + 89010 E, Uf + 83,Q; QU Er + 840Er0,, QiU0" Ly + 82,0104 E;Lic* Uy + 4 E,Q UL + g}, QE, LU,
+ 84, U,0,QE, 6" L) + g,0,0,,U,Lic" E, + g3U,QE,L, + g, O,U,LiE, + g4sL10,,Q{ U 6" E, + g;,0[ 6, LIE, 0"

Uy + 8asLiQ; Uy Ey + g35Q; LiIE; Uy + 84sDry, Qi Lir* Uy + 8isQ7,DrUs v Li + 847U, Qi Liy* D} + 85,01, UrD; y* Ly
+ 843L10,,Qf Do Uf + gl Q_,‘ 6, LiU 6" D, + 840L1Qf D, US + giy & LUSD, + gsol_,(y”QllT,y"E, + gs"ogyﬂLfE_’,y"D,
+851E,7,Qf Diy*Ly + 83, Q[ v,ELiy* D + g5,D,0,,Q,Li0" E, + 82,0,0,,D,E, 0" L, + g53D,Q,LiE, + g5, O;D,E,L; +
8ise U, U Uy Uy + 855U 0,, U, Up 0" Uy + 856Uy U, U, U + 857Uy, D Dyy* Uy + 853Uyt Uy Dy Dy + 8os9
UZ0,,D,D,0" Uf + 8.6oUD, DU + 8.6, Uyr, Uy Lit“ Ly + 8:6o U1, LIL " US + 816300, LiLio™ U, + g6 U, LiILU, +
865UV ErE;r" U, + 866U, v, U E;y"E, + 8,6;U; 6, EE, 0" U + gy U{E,E U + geoE,0,,U;D, 0" Uf + g5, Uf0,,E,
Ui 0" Dy + g1oE Uy D; Uy + g3,U; E;U; Dy + g1, D0, U; E;0" Uy + g5,U; 0,0 D, Uf 6" E; + g7, D, Uy E, Uy + g3, U; D,
U;E; + g13U,0,, Uf E;0" Df + g33U; 0, U, Df 0" E; + g14U,U{E,Df + g3,U; U;D{E; + 875Dy, D Dry" Dy + 876
Djo,,D.D,6"'D; + gD;{D,D,D; + g23D,y,D,Liy*L; + 879Dy 7, LiLiy" Df + 8.30D.0,,LiL;6** D, + g5, D, LiL;D, +
8s2D,1,E.Ey" D, + g43D,y,D,E;y*E, + g3,D;0,,E E 6" D} + g 4sDLE,E D} + gocLiy, LiLiy"L; + gg7L{ 0, LiL;c*"
L; + 8rsszf Lll—flLf + g,sgl—,,nylE_',y"E, + grmrf YyErFrY” L; + 8w91L16,, EE.c"'L; + g, LE,E,L; + gﬁ3E7yErE7ﬂ E +
201 EL 0y E Er0" ES + g os ECE E,ES + g ®DDPD* P*P* [Stefanus @ MCABSM2012]
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