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Introduction
000

Fields and superfields (1).

@ Supported fields.

* Scalar fields.

* Weyl, Dirac and Majorana fermions.
* Vector (and ghost) fields.
*
*

Spin two fields ().

Is this relevant / enough for the implementation of
supersymmetric theories.

Yes, but ... let us investigate two short examples.

(*) not considered here, but might be relevant for supergravity or gauge-mediated supersymmetry breaking.
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Introduction
[e] 1]

Fields and

superfields (2).

@ Kinetic terms and gauge interactions.

*

Terribly expressed in terms of components fields: i.e., scalars, Dirac and
Majorana fermions, vector fields (13 terms):

Lyin D ... [Censured: too ugly to appear on a slide].

Not very nicely expressed in terms of components fields,
i. e. scalars, Weyl fermions, vector fields (13 terms):

~ ~. i . . )
Liin O DLQI D" Q'+ E(XIQUMD;UZQI — Duxqo*xai) + ngFb
=k ok ~. =a Ta .
'\[[ g QB xoi +eW "XQi Q' +gG -20;70’ +h.c ]
- &'DsQ Q' —gDWkQT ‘T DgaQT el
Naturally expressed in terms of superfields (1 terms):

Liin D [QTe*2%g’VBe—2ngk e—28Vea o QI]
1

0-00-0
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Introduction
ooe

Fields and superfields (3).

@ Kinetic terms and gauge interactions.
* Not very nicely expressed in terms of components fields,
i. e. scalars, Weyl fermions, vector fields (13 terms):
~ ~ P _ — .
Liin D D,QID* Q' + 5(Xa7" DuXqi — Duxgo"Xqi) + FhiFh

—k

k~. =a T
,\f[ gQB Xqi +&W xo, Q' +g6G ~>Zo;7

—g'DpQf Q' — gDy Qf = Q’ gsDGao* Sl
* Atre all relative signs and factors of / correct
(especially in the non-gauge-like interactions)?
* Four-component fermions... (They are a pain, but required for MCs).

* The superfield formalism is more convenient...

‘Ckin 35 [Q?e—2ég/VBe—2gVWk 0 _2gsVGa Ql]

0-00-0

a

Q +h. c.]
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Introduction
°

Motivation and plans.

* Natural to implement any supersymmetric theory.
* Zero probability to introduce wrong signs, i factors,...

* Could be a useful tool for model building.

(not only a Lagrangian translator).

* Convenient for many possible extensions (RGEs, ...).

* Available and validated!
vs. an exercise textbook [BenjF, Rausch de Traubenberg (Ed. Ellipse, 2011)].

* Scheduled extensions (2011).
Automated spectrum generator [Alloul, BenjF, Rausch de Traubenberg].
Gravitino/Goldstino in FEYNRULES [Les Houches'11].
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Outline.

o Surfing in the superspace.
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Superspace
°

Superspace.

@ Superspace: adapted space to write down SUSY transformations naturally.
@ Basic objects and their FEYNRULES (hardcoded) implementation.
* The Majorana spinor (6,0) = a superspace point = G(x, 6, ).

* Transformation parameters, the Majorana spinors (¢1,21), (€2,22), ...

W[1000] == W[2000] ==
ClassName -> theta, ClassName -> epsi,
Chirality -> Left, Chirality -> Left,
SelfConjugate -> False} SelfConjugate -> False}

* The supercharges (Q, Q): action to the left = G(0,¢,8)G(x, 6, 0).
* The superderivatives (D, D): action to the right = G(x,0,0)G(0, ¢, &).
Qo = —i(Ba + i0*0a0%8,)  and Qg = i(Fa + i0%0H 0ady)

Do = 8o — ic"040%8,  and Dy = 84 — i0%0" 60, -

Qo (exp) and Qg (exp) Dy (exp) and Dg (exp)
QSUSY  [exp_, alpha_] DSUSY  [exp_, alpha_]
QSUSYBar [exp_, alphadot_] DSUSYBar [exp_, alphadot_]
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Superspace
®00

Superfields: chiral superfields (1).

@ Most general expansion in the 0, variables satisfying D ®(x,0,0) = 0.
d(x,0,0) = d(y) + V20 - p(y) — 0 - OF (y) where y* = x* — ifo+0 .

* Describes matter multiplet.

* One scalar field ¢, one Weyl fermion x, one auxiliary field F.

Chiral superfield - up-type Higgs doublet

CSF[1] ==
ClassName -> HU,
Chirality -> Left,
Weyl -> huw,
Scalar -> hus,
QuantumNumbers -> {Y->1/2%},
Indices -> {Index[SU2D]},
FlavorIndex -> SU2D}

4

* The scalar and Weyl fermionic fields must be declared properly.

* The auxiliary field will be automatically generated, if not present.
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Superspa
o

Superfields: chiral superfields (2).

@ Expansion in superspace with FEYNRULES: &(y,0)=¢(y)+v260-4(y)—0-0F(y).

ni7= G assmannExpand [HU]

1 _ _
ou7j= hus + /2 Espg1. NuWspss — FTer Ml Ssps1. Osps1 — 7 Omis1 [Omus1 [NUS ] ] Osps1. Ospst Bspsidot - Ospsidot —

i Omust [NUWeps1 ] Bspstdor Osps2- Ospsz (O™) (L1 e or

Jspst, spsidor
A2

i Omus1 [NUS] Osps1- Bspsidor (O™

FTermy was automatically generated.
Automatic y-expansion.
Straightforward extraction of the coefficients in 6.

*

noj= Get Scal ar Conponent [HU]
outf10}= hus

n)= Get Thet aConponent [HU]
oulel- /2 huwg phas2383

nigl= Get Thet a2Conponent [HU]

oug)= - FTermd
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Superspace
o

Superfields: chiral superfields (3).

@ SUSY transformation laws:
* In terms of superfields: 6.®(x,6,0) =i(s- Q@+ Q-&)- d(x,0,0) .

* In terms of component fields (depending on y, not x):
Sep =V2evp, ctp = —iV201E8,6—V2Fe, 8.F = —iv20,1potE .

* With FEYNRULES:

ni1s)= Get Scal ar Component [ToNC[Del t aSUSY[HU, eps1]]]

out[15]= \/?hu%ngl.epslspSI
n201= Expand[Get Thet aConponent [ToNC[Del t aSUSY[HU, eps1]]1] /Sart [2]]

outzo ~\/2 FTermt epsil, phastoz3s ~ 1 V2 Oms: [hus ] epsiigigo (0™), phas10235, sp$1dot
nj19)= -Get Thet a2Conponent [ToNC[Del t aSUSY[HU, eps1]]]

oufiol- ~i V2 Omus1 [huweps1]. €ps1isgigor (Ows])spsl,sv&mul

* ToNC breaks dot products and the NC structure keeps fermion ordering.
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Superspace
®0

Superfields: vector superfields (1).

@ Expansion in the 0,9 variables satisfying ® = ®T in the Wess-Zumino gauge.

_ _ R I 1 R
Sy 7. (x,0,0) = 00" 0v, +i60-00-X—i6-00-\+ §9~9 0-0D .
* Describes gauge supermultiplets.

* One Majorana fermion (), )), one gauge boson v, one auxiliary field D.

Associated gauge group

Vector superfield for SU(2),
SU2L ==

Vszl[ll Na - Abelian -> False,
a assBa.me > Wi ’ CouplingConstant -> gw,
Gaugie oson > iy SF -> WSF,
augino XX StructureConstant -> ep,
Indices -> {Index[SU2W]}, .
FlavorIndex > SUW} Representations -> {...},

Definitions => {...}}

* The Weyl fermionic and vectorial fields must be declared properly.
* The auxiliary field will be automatically generated, if not present.

* Vector superfields can be associated to a gauge group.
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Superspace
oe

Superfields: vector superfields (2).

@ Properties of vector superfields:
1 I
2 3
Sy 7 = 59 -00-0vtv,, oy , =0.

infz41= GrassnmannExpand [WSF[aa] WBF[bb] ]

1 _ _ ’ ’
out[24]= > Osps1- Osps1 Ospsidot - Ospsidot W mus1, aa W nus1, b
ines)= GrassmannExpand [WSF[aa] WSF [bb] WSF[cc]]

outizs}= 0

@ The superfield strength tensor is built from associated spinorial superfields:
1

1- = _
Wo=-3D-D e?6VD,e"8Y, W, = -2

D-D e %6V D,e%8Y.

We, (Wa)j, W2, Wa, W2, (Wa);

SuperfieldStrengthL[ SF, lower spin index ]
SuperfieldStrengthL[ SF, spin index, gauge index/indices ]
SuperfieldStrengthR[ SF, lower spin index ]
SuperfieldStrengthR[ SF, spin index, gauge index/indices ]
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Superfields: more general stuff.

@ Ex. 1: most general, reducible, expansion in the 0, 0 variables:

6
D(x,0,0) = z(x) +6 - &(x)+8-C(x) +6-0f(x) + 0 - 0g(x)+
000 vy (x) +0-00-w(x)+0-0-0-5(x)+0-00-0d(x).
scalars: z,f, g,d, Weyl fermions: &, ¢, w, p, vector: v.

* Can be added easily, as any expression in superspace.

z + NC[thetal[spl,xilsp2]] Ueps[sp2,sp] + ... J

@ Ex. 2: the most general Kahler potential [BenjF, Rausch de Traubenberg (in prep)].
K= K(6.6!) + ﬁa.[hm ’}Aﬁﬂ»[h“«-,{ 7”4)[/\,11'A%l\,,u.««':f/’/ﬁ h"r,&%/\"‘/‘f-,‘ f,.]‘
0010 [u\ l_),.(l)7rl\,U,.(:‘—l\’“,(-‘w,,f,.]—

~ P 1
000 [7\21\*' i — — KD ot e

NG}

(KiDyy+ DK Dy ) — igK X (1T, )i 7”,1\,'»41',‘“)‘]7

K i Dyl

i

o1t i 1 c it . i L4 Ly i
760-[ - VK" FLy - ﬁl\‘ R L

L,_)n"u\“n,,-n“h"U,,u',.)k i +igK N (01 TL)ie + gl (Tag)' |+
V2 ]

1 . . . " 1 e
666 H[— T (KDl + KD L) + K7D D o). + KU FL 4 K
K

S 0" Dde — K Dybioh ) + 5K 07 1K P e ‘%l\‘ﬂll'/‘l"'.w’ P

K7 (T,0)"

- gnu(,,txl,,",m" + KT, 56) — igyV2(61 )i K7
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Outline.

e Supersymmetric Lagrangians.
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SUSY Lagrangians
[ Je]

Vector Lagrangians (1).

@ Lagrangian associated to the vector superfield content of the theory.

* Contains gauge interactions and kinetic terms for vector superfields.
* s entirely fixed by SUSY and gauge invariance
* Abelian groups.

o
I
2
Q
b
i
S
<

1 < 1
= = PP iR 9 + 502 :

* Non-abelian groups.

1 1 o
L= 7Tr(WaWa)‘99+ TI’(WC'!WO‘)‘

16g2TR 16g2TR 23

1 . 1
= - ZFE’V FEY 4+ iXa 0" Dy + ED;,Da
@ Automatic extraction of the vector Lagrangian of a model:

GetVSFKineticTerms []
GetVSFKineticTerms[ WSF ] J
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Lagrangians

Vector Lagrangians (2).

@ Example: Abelian superfield strengths:

1 - 1
L= — ZFWFW + IAGPON + 5D2 .

Get Thet a2Conponent [Get VSFKi neti cTer ms [BSF]] +
Get Thet abar 2Conponent [Get VSFKi neti cTer ns [BSF] ]

DTlermi? 1 , 1
ou7}= z = Edwsz [Brus1] + Eﬁmsz[Bwsﬂ Orus1 [Brusz ] +

1
. + 1 : + 1
5 1 DOWpsi: Omist [DoWeps1dot | (0™) g1, spsiaor ~ 5 + Omst [DOWps1 ). BOW pgrgor (0™4) o, iy

2

@ The Minimal Supersymmetric Standard Model.
Vector Lagrangian for the MSSM
ing= Get VSFKi neti cTerns[]

1
oufs- — Get VSFKi neti cTer ns [BSF, True] +
4

Get VSFKi neti cTer ms [GSF, Fal se] Get VSFKi neticTerms [WSF, Fal se]

16 g2 1693
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SUSY Lagrangians
[ Je]

Matter Lagrangians (1).

@ Lagrangian associated to the chiral superfield content of the theory.

* Contains gauge interactions and kinetic terms for chiral superfields.
* s entirely fixed by SUSY and gauge invariance
* Example for SU(3)c x SU(2), x U(1)y.

£=[01(x,0,0)e 208 Vo2V —2uVe(x, 6,0) |

0-00-0
(Non-abelian vector superfields contains group representation matrices.)

@ Automatic extraction of the matter Lagrangian of a model:

GetCSFKineticTerms[]
GetCSFKineticTerms[ ER ] J
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SUSY Lagrangians
oe

Matter Lagrangians (2).

@ Right electron kinetic Lagrangian:
C= D“¢>TD“¢>7é (Dpp5t o — P54 D) +ivV2g57 h Tap—iv2ge Ta N +FFT gD T 776 .

in10}= Get Thet a2Thet abar 2Conponent [Get CSFKi net i cTer s [ER] ]

1 1 N
0u0= - O [ERScaam1 ] Omsa [ERSEens: | = -~ Omsn [Omss [ERS Lo || ERScones -

1 9’ Brust Omus1 | ERSfens: | ERScenst + 1 V2 @7 bOW g0t - ERW ps1dor , censs ERS cent

1

 Omst [Oms1 (ERScawn 1] ERSfensy + 1 0 Brust Onust [ERScens1 ] ERS G

/2 g’ ERWps1, Ges1 DOWsps: ERS ey — DTer ML g ERS enst ERS fensy + (9') % Byt ERScensy ERS ey +

1
1 2 : (
FTer n¥ cens1 FTer n {gygy — 5 L Omst [ERWsps1, Gans1 |- ERWspgador , censt (“""“)spsl‘spsm. 4

1
. 1+ 1 $1
> i ERMps1, cens1- Omist | ERW ps1dor, cens1 | (o™ >5p$1‘spslﬂﬂl -

p ' 1
9’ Brus1 ERWps1, cenet- ERW g0, censt (0™ )sps2, spszdot

o
@ The Minimal Supersymmetric Standard Model.
Matter Lagrangian for the MSSM
Inj11)- Get CSFKi neti cTerns[]
oufi1)- Get CSFKi net i cTer s [DR] + Get CSFKi net i cTer ms [ER] +
Get CSFKi neti cTer ms [HD] + Get CSFKi net i cTer ms [HU] + Get CSFKi neti cTerns [LL] +
Get CSFKi neti cTernms [QL] + Get CSFKi neti cTer ms [UR] + Get CSFKi neti cTer ns [VR]
”
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SUSY Lagrangians
[ Je]

Full SUSY Lagrangian (1).

@ Complete Lagrangian for a model.

1 -

— —2gV W&
L=ole 2 >, Tr(WWa)| , + mTr(W&W“)‘

Lt
lﬁngR
FW(®), , +WH (@) + Loory

Chiral superfield kinetic terms: automatic.
Vector superfield kinetic terms: automatic.
Superpotential: model dependent.

Soft SUSY-breaking Lagrangian: model dependent
(and often not related to the superspace).

Any FEYNRULES implementation of a SUSY Lagrangian

GetTheta2Thetabar2Component [ GetCSFKineticTerms[] 1 +
GetTheta2Component [ GetVSFKineticTerms[] + SuperPot ] +
GetThetabar2Component [ GetVSFKineticTerms[] + HC[SuperPot]l 1 +
LSoft

* LSoft and SuperPot are the only pieces provided by the user.
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SUSY Lagrangians
oe

Full SUSY Lagrangian (2).

@ Solution of the equation of motions.

* Get rid of the auxiliary D-fields and F-fields.

Equations of motion

lagr = SolveEgMotionD[ lagr 1 ;
lagr = SolveEgMotionF[ lagr ] ;

@ Back to four-component fermions.

* Usual FEYNRULES routine.

Four-component fermions
lagr = WeylToDirac[ lagr ] ; J
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Outline.

e Using the superspace module: supersymmetric models implementation.
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Models
°

FEYNRULES supersymmetric model database (1).

@ http://feynrules.phys.ucl.ac.be/wiki/SusyModels.

SusyModels - FeynRules - Mozilla Firefox EmEE
File Edit View History Bookmarks Tools Help

¢ o (e phys.ucl.ac oI e a

[Papers~ [jToRead~ | [LIPHCv [jlabs - Universities~ [jWebpages~ [LiGrants~  [ciConferences [LCMSv  [Toolsv [jMiscy »
@ MadGraph Spring 2011 (03-... % | (B SusyModels - FeynRules 3¢ | & ~
Fey model Supersy ic models .

This page contains a collection of supersymmetric models that are already implemented in FeynRules. For each model, a complete

model-file is available, containing all the information that is needed, as well as the Lagrangian, as well as the references to the papers

where this Lagrangian was taken from. All model-files can be freely downloaded and changed, serving like this as the starting point for

building new models. A TexX-file for each model containing a summary of the Feynman Rules produced by FeynRules is also available. m

Short Description Status
The Minimal Supersymmetric extension of the SM. ks Avallable
The Next-to-Minimal Supersymmetric Standard Model. ks Avallable

1 The Minimal Supersymmetric extension of the SM including R-parity violation (trilinear RPV interactions only). ks Avallable

AR-symmetric supersymmetric extension of the SM.

Soon avallable

Back to the FeynRules mode

Done
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Models
@00

FEYNRULES supersymmetric model database (2).

@ http://feynrules.phys.ucl.ac.be/wiki/SusyModels.

@ Most general possible versions of the models.

Any simpler limit easily taken.

All SUSY CP phases included.

All possible additional flavor violation sources included.

Simple extension requiring a generalized MSSM: the MSSM-CKM.

* X ¥ *

@ Model parameters.

* Follow the SLHA conventions (if existing).

@ Auvailable on the web for each model.

* A parameter file for one specific benchmark scenario.
* All Monte Carlo model files to be downloaded for that scenario.
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Models
oeo

FEYNRULES supersymmetric model database (3).

@ The MSSM.

* in component fields.
[Christensen, de Aquino, Degrande, Duhr, BenjF, Herquet, Maltoni, Schumann (2011)]

* Public: validated against the old implementation [Duhr, BenjF (in press)].

FeynmanRules [new-old] = {}; )

* Private: (N)MFV benchmark points [Alwall, Duhr, BenjF (in prep.)].

@ The NMSSM
* in components. [Braam, BenjF, Reuter @ LH'09]

* Public: validated against the old implementation.

@ The RPV MSSM
* Public: only contains the trilinear RPV interactions.

* Used and under validation by CMS-Strasbourg [Agram, Andrea, Conte, BenjF].

@ The R-symmetric MSSM.
* Private: not validated, no benchmark.

* In progress [Alwall, Duhr, BenjF (in prep.)]
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Models
ooe

FEYNRULES supersymmetric model database (4).

Is any model missing?
* Contact us for help with the implementation!

* Any model can be made public on the
FEYNRULES website.
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Outline.

e Future (s)plan(ino)s in FEYNRULES
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Perspectives
[ le]

Automated spectrum generator (1) e, sen. Rausch de Traubenbere.

@ SUSY Lagrangians at low energy.

* Contains a huge number of free parameters.
* Example: 105 for the MSSM.

* Loss of predictivity.

@ SUSY Lagrangians at high energy.

* Assumption: universal boundary conditions.
= A reduced number of free parameters.
* Must be evolved to low energy.

* Examples: gauge coupling constant and Yukawa interaction.

3

dg g
= -~ 2 _Tf3¢6) - T(R)],
Qg 5 [3¢(6) ~ T(R)]
dfape 1 2 o’ 4 </
= hn [467(C(A) + C(B) + C(ONfabe — (X2 Fyrpe + X Foprc + X Fyper)]

@ The RGEs can be extracted automatically for any model.

Supersymmetry \ Benjamin Fuks - ] GRAPH Spring 2011 Meeting @ Fermilab - 05.05.2011 - 28



Perspectives
oe

Automated spectrum generator (2) e, sen, Rausch de Traubenbere.

@ Done: analytical extraction of the RGEs and numerical checks.
* Independent MATHEMATICA routine: INSURGE.
* Validated on SPS1a and on the left-right symmetric MSSM.
* Generic = easily linked to any SUSY-breaking (mMSUGRA, GSMB, ...).

Top quark Yukawa: INSURGE output
df Qaumy  GI1, 312f qau iy 3G[2, 21%f (g aqu huy

dt 32 16 2
Q AQD, Hd 3f2 f {Q AQU, Hu
4 o {Q AQU, Hu} { L

13G[3, 11°f (qaw ) T iqam ) fioaumf
‘
144 72 16 2 8 2 J

@ To-do list.
* Full embedding in FEYNRULES (@ LesHouches'11).

* Automated extraction of the mass spectrum and its diagonalization.

* GOAL:
Automated spectrum generator for any SUSY model (@ one-loop).
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Perspectives
[ ]

Other (on-going) SUSY perspectives with FEYNRULES.

@ Implementation of the gravitation supermultiplet.

* Spin3/2 in four- and two-component notations.
* Lagrangian.
* Auxiliary fields.

@ Extraction of the Goldstino Lagrangian.

* Conserved supercurrent.
* SUSY transformation law using the conserved charge.

@ SUSY @ NLO.

* Automated renormalization.
* Counterterms.
* Use of FEYNARTS.
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Outline.

e Summary.
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Summ
[ ]

Summary.

@ Superfield module of FEYNRULES.

* Achieved and validated.
* More than just a Lagrangian translator.
* Validated against textbook results.

@ Models.

* All main models are public (MSSM, NMSSM, RPV).

* Other implementations are ongoing (RMSSM, left-right SUSY,SUSY
see-saw, ...).
Is your favorite model missing? Please shout!

@ Important on-going projects

Automatic renormalization for any SUSY theory.
RGEs and automated spectrum generator.
Gravitation supermultiplet.

*
*
*
* Physics (new and original models < unusual phenomenology).
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