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Introduction RGEs @2-loop in a General Gauge Field Theory PyR@TE

Motivations

Description

Generate the Renormalization Group Equations for
non-supersymmetic theories @ 2-loop

No evidence of SUSY so far :
I (g − 2)µ, Bs → µ+µ−, b→ sγ, . . .
I collider experiments
I direct DM detection experiments

Systematic studies of non-SUSY models require the RGEs

One possible application: constraining non-SUSY BSM
models via the stability bound
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RGEs for general gauge theories known for a long time:

I M. Machacek and M. T. Vaughn, 1983 Nuc.Phys.B222
I M. Luo et al. Phys.Rev. D67 (2003) 065019

Calculation of beta functions ”by hand” is time consuming
and prone to error ⇒ Difficult to use in practice.

Full set of 2-loop RGEs known only for few specific cases:
I SM + Neutrinos

from A. Wingerter Phys.Rev. D84 (2011) 095012
I SM + chiral fourth generation

from C. Cheung et al. JHEP 1207 (2012) 105
I SM + real singlet scalar
I SM + real triplet scalar
I SM + complex doublet scalar
I . . .
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SUSY

SARAH Comp. Phys. Com. 182 (2011) pp. 808-833
(spectrum generator generator)

SUSYNO Comput.Phys.Commun. 183 (2012) 2298-2306

NON-SUSY

PyR@TE cross checked with the beta version of SARAH 4.0.
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Renormalization Group Equations
Renormalization scale µ
⇒ g10, αS0, λ0 · · · ⇒ g̃1(µ), α̃S(µ), λ̃(µ).

RGEs : ensure the invariance of the observables.

I e.g. : µ
d

dµ
α̃S(µ) = βαS

a b

c d

a

i j b c

a

λabcd Y a
ji habc

β functions depend on the theory i.e. particles and gauge
groups.
Can be approximated in perturbation theory.
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Definition

Take a general gauge field theory

G1 ×G2 × · · · ×Gn direct product of simple groups

L ⊃ − NaY
a
jkψjξψkφa + h.c.⇒ βajk

− Nλλabcdφaφbφcφd ⇒ βabcd

− Nmf (mf)jkψjξψk + h.c.⇒ (βmf )jk

− Nmabm
2
abφaφb ⇒ βab

− Nhφaφbφc ⇒ βabc,

⇒ 6 types of beta functions to calculate:

β(g)⇒ gauge couplings

βajk ⇒ yukawas

βabcd ⇒ quartic couplings

βab ⇒ scalar mass

(βmf )jk ⇒ fermion mass

βabc ⇒ trilinear couplings

Florian LYONNET PyR@TE - Python RGEs @ 2-Loop November 29, 2013 7 / 21



Introduction RGEs @2-loop in a General Gauge Field Theory PyR@TE

Results
Known @two-loop:

I Machacek and M. T. Vaughn, 1983 Nuc.Phys.B222
I Corrected/enhenced M. Luo et al. Phys.Rev. D67 (2003)
I Multiple U(1) factors, M. Luo et al Phys.Lett. B555 (2003)

I Also see, R. Fonseca, M. Malinsky, F. Staub, arXiv:1308.1674

e.g. gauge coupling constant for unique gauge group factor :

β(g) = − g3

(4π)2

{
11

3
C2(G)− 4

3
κS2(F )− 1

6
S2(S) + 2

κ

(4π)2
Y4(F )

}

+
g5

(4π)4

{
34

3
[C2(G)]2 − κ[4C2(F ) +

20

3
C2(G)]S2(F )

−[2C2(S) +
1

3
C2(G)]S2(S)

}
,

Y4(F ) =
1

d(G)
Tr
(
C2(F )Y aY †a

)
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Results
Notation extremely compact, difficult to find the right
multiplicity!

E.g.(1) : two-loop gauge couplings beta function

(S(R)C(R))k ≡∑
r

∑
l

g2kg
2
lNrSk(Λ(r))Cl(Λ(r))

∏
m
Ñ(Λ(r))mk

r is running over the scalars (R = S) or fermions (R = F ) of
the model.

Cl is the quadratic casimir of the irrep Λ(r).

Sk is the dynkin index of the irrep Λ(r).

Ñ(Λ)lk =

{
Nl(Λ) if l 6= k,

1 else if l = k .
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E.g. (2): g22g
3
3 contribution to g3 in the SM

diag ∼ g22g23
∑

a,b,i,j,B

λAa,bσ
B
i,jσ

B
j,iλ

C
b,a
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SUSY vs Non-SUSY RGEs

Non SUSY case ⇒Quartic Terms

Expressions more involved ⇒ more time consuming
One needs the explicit matrices of the representation for the
scalars and fermions:

I Dµφa = ∂µφa − igθAabV Aµ φb
θAab assumed purely imaginary and antisymmetric in the
calculation. ⇒ Hermitian Basis

I complex hermitian field with n components ⇒ 2n components
real vector transforming as

Li =
1

2

(
L̃i − L̃∗i i(L̃i + L̃∗i )
−i(L̃i + L̃∗i ) L̃i − L̃∗i

)

L1
φh

=
i

2

(
0 τ1

−τ1 0

)
, L2

φh
=

1

2

(
τ2 0
0 τ2

)
, L3

φh
=
i

2

(
0 τ3

−τ3 0

)

φh = (φ1, φ2, φ3, φ4)
T , φ+ = (φ1+iφ2)/

√
2, φ0 = (φ3+iφ

4)/
√

2
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The Quartic Terms

a b

c d

λabef

λegcd

e

f

C2(S)fg

a b

c d

Y a
ij Y b

jk

Y d
lkY c

il

a b

c d
dc

a b

e f

θA
ae

θA
bf

θB
ec

θB
fd

a b

c d

λabef

λefcd

e f + . . .+=

⇓
∼

∑

perms

∑

i,j,k,l

Y a
ijY

b†
jk Y c

klY
d†
li

⇓
∼

∑

perms,k,l

g2kg2l{θA, θB}ab{θA, θB}cd

⇓
∼

∑

perm

λabefλefcd

+ . . .
∼

∑

perm

g2Cfg
2 (S)λabefλcdeg
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Summury

What are the different ingredients needed ?

C2, S2 for all the representations involved

θA, tA matrix representation for the scalars and fermions

Contract the different terms in the Lagrangian into singlets :
I CGCs, database built from Susyno arxiv: 1106.5016

Replacement rules to go from single gauge group factor to
product :

I G→ G1 ×G2 × · · · ×Gn
I e.g. g4C2(R)C2(R′)→∑

k,l g
2
kg

2
l C

k
2 (R)Cl2(R′)
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Main features

Public code for any non-SUSY theories, RGEs at 2-loop .

Version 1.0.2 is out : http://pyrate.hepforge.org

Gauge Groups : SU(n), n = 2, ..., 6 (no kinetic mixing).

shell and Interactive mode (IPython notebook)

Validation

Collaborator F. Staub implemented same RGEs in SARAH 4,
arXiv: 1309.7223 ⇒ independent cross check.

All the models from C. Cheung et al. JHEP 1207 (2012) 105

Cross checking the beta functions that are not in the SM :
I SM + one real scalar field ⇒ Trilinear term
I SM + t

′
vector like quark ⇒ Fermion mass term
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Future developments :

Extend the group part i.e. more groups, more irreps

Index generation for scalars

Multiple U(1)⇒ Kinetic mixing

Running of the vevs, arXiv: 1305.1548

Include available three loops results
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Structure of PyR@TE

PyR@TE.py

RunSettings.settings Model.model

GroupModule.py

RGEsModule.py ModelsClass.py

1

23

4

5

1 :  read the settings from the input 
files

2  :  construct the Model class

3 :  each RGE is calculated by the 
RGEsModule

4 :  the calculation of each RGE 
requires information from 
GroupModule.py

5 :  the result is sent back to 
PyR@TE.py for final output           

Provided by the user
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Input files

.model required to run and .settings.

.model

we are using text files for the input (YAML)

keys :
I Author Date Name

e.g. Name : SMtp

I Groups : GroupName: Group

e.g. SU2L: SU2

I Fermions: Label: Gen: ng, Qnb:{GroupName:value}
e.g. Q: Gen: ng, Qnb:{ U1: 1/3, SU2L: 2, SU3c: 3}

I Potential ⇒ is given in a similar way:

e.g. Yukawas: Yu : Fields : [Qbar,H∗, uR], Norm : 1
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Running
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Running
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Conclusion and outlook
For a more systematic study of non SUSY models RGEs are
needed.
We developed a tool that generates the RGEs @2-loop
⇒ PyR@TE
Have fun !
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