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e0

Motivations

yr@te

Description

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

m No evidence of SUSY so far :
» collider experiments
» B, = utu=, b—sy,...
» direct DM detection experiments
m Systematic studies of non-SUSY models as well as SUSY
broken at higher scale require the RGEs
m E.g. improved effective potential in minimal extensions of the
SM, DM, inflation, gauge couplings unification ...
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Introduction
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RGEs for general gauge theories known for a long time:
» . Jack and H. Osborn, Nucl.Phys.B207 (1982), J.Phys.A16
(1983), Nucl.Phys.B249 (1985)
» M. Machacek and M. T. Vaughn, 1983 Nucl.Phys.B222
» 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.
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m RGEs for general gauge theories known for a long time:
» . Jack and H. Osborn, Nucl.Phys.B207 (1982), J.Phys.A16
(1983), Nucl.Phys.B249 (1985)
» M. Machacek and M. T. Vaughn, 1983 Nucl.Phys.B222
» M. Luo et al. Phys.Rev. D67 (2003) 065019
m Calculation of beta functions "by hand” is time consuming
and prone to error = Difficult to use in practice.

SUSY
m SARAH Comp. Phys. Com. 185 (2014) 1773-1790 (spectrum
generator generator)

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

y

NON-SUSY

m PyR@TE cross checked with Mathematica routines now part
of SARAH 4.0.
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RGEs ©@2-loop in a General Gauge Field Theory
@0000

m Take a general gauge field theory

G1 X Gg X --- X G, direct product of simple groups

LD — NJYji€hgpga + h.c. = B
= NaAabcdPaPo®cPa = Babed
—  Npg(mf)hi€br + h.c. = (Bmy)jk
—  Noasmlyba®s = Bab
—  Nnpa®rpc = Babe, )

= 6 types of beta functions to calculate:

» (g) = gauge couplings ® (4 = scalar mass
= (3§, = yukawas ® (Bmf)jk = fermion mass

m Baped = quartic couplings m Bape = trilinear couplings

4/17
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RGEs ©@2-loop in a General Gauge Field Theory
(o] Jelele]

Results

Known @two-loop in the MS scheme:
e.g. gauge coupling constant for unique gauge group factor :

3

50) =~ (1o {13102«1) SRS (F) — L5u(8) +2

(4m)?

5
+(497)4 {3?)4[02(@)]2 — K[ACy(F) + ?CQ(G)]SZ(F)

v}

205(8) + 102<G>]52<s>} ,

3
Yi(F) = — 1 (C (F)Y“YT“>
4 aIte) 2
Notation extremely compact, difficult to find the right

multiplicity!
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RGEs ©@2-loop in a General Gauge Field Theory

[e]e] le]e}

The Quartic Terms
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RGEs ©@2-loop in a General Gauge Field Theory
[e]e]e] o]

Summary

What are the different ingredients needed 7
(5, S9 for all the representations involved
04t matrix representation for the scalars and fermions

Contract the different terms in the Lagrangian into singlets :
Clebsch-Gordan Coefficients

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

» GG xGyx---x Gy,
> e.g. g'Co(R)Co(R) = X2, 9297 C5 (R)CH(R)
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RGEs ©@2-loop in a General Gauge Field Theory
0000e

SUSY vs Non-SUSY RGEs

Expressions more involved = more time consuming
No need for quartic coupling RGEs in SUSY

One needs the explicit matrices of the representation for the

. . pA 1A
scalars, and fermions: Gab,tij
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What's new in PyRQTE v2.0?
00000

PyROTE v1.x

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

m Current version 1.2.2: http://pyrate.hepforge.org

m Gauge Groups : U(1), SU(n),n = 2,...,6 (no kinetic mixing).
m Shell and Interactive mode through IPython notebook
]

Outout:

» LateX
» Numerical equations in Python and Mathematica

v

Extended group theory

Added full support of kinetic mixing at two-loop

Possibility of using different gauge invariants

Anomalous dimensions
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What's new in PyRQTE v2.0?
[o] lelele]e]

m We have developped a Python module to deal with the Lie
Algebra calculations.

» Python rewrite of the relevant method of Susyno
m Allows to support any SU(n) with any irrep
m Allows the use of SO(2n) and SO(2n + 1)

m Interactive mode: -idb allows to see what group information
is used by PyROTE and in particular the CGCs.

CGCs: Invariants group irrep

Matrix Representations: Matrices group irrep

Casimir: Casimir group irrep

Dynkin label: Dynkin group irrep

Dimension of the IRREPS: DimR group irrep

v

vV vy vy VvVYy
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What's new in PyRQTE v2.0?

0O@0000

File Edit View Insert Cell Kemel Help

$run pyR

PYRETE version 2.0.0 released 222

F. Lyonnet, I. Schienbein,

and F.Staub, A.Wingerter (version 1)

PyLie: Python and Lie Algebra. PyLie has been written specifically for PYRETE
It is a python re-write of the relevant Mathematica routines of Susyno v3.4.

Florian Lyonnet: flyonnet@smu.edu 2015

loading database of CGCs.
db version: Tue Mar 22 11:41:38 2016

donel

—

Florian LYONNET PyROTE v2.0: Kinetic mixing at two-loop

May 23-27, 2016

11 /17



What's new in PyRQTE v2.0?
[o]e] lele]e}

Multiple gauge invariants

m Possible to use different invariants

A complex triplet of SU(2), A, Af:
— 2 invariants for quartic terms involving A and AT i.e.:

Tr(AATAAD, (Tr(AN))2
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What's new in PyRQTE v2.0?
000000

Toy model: SM + complex Triplet

We consider the SM extended with a complex triplet
T = (AT AT AY): H~(2,1/2), T ~ (3,1)
Potential :

V =MH'HH'H + X, Tr (ATA) HTH

+Aa, Tr (ATA) Tr (ATA)
+AHTAATH 4 \3Tr (ATAATA)
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What's new in PyRQTE v2.0?
0000e0

Results

== N —] Implement all the

i 2 ; { : Y2 . .

o | EEETS b e couplings in PyROTE
T 04F —m- ), : g 1 ) ]
g i ' s Solve using the provided
- ozmm* POtORTROTTTT T TS L g e

00! Eeh ‘ | | wrapper

02 S 1 e 15 3 All intitial values taken

log1o(Q*/M?) to be 0.1

112 v T T T v T T T =

110H o N 8- A, o, 1 ibi
G108l ae e n } s ] Toy e>.<ample exhibits
z i Cises 1 modifications of the
5102 : order ~ 5% at the GUT
,‘eloou-iia-ﬁﬂ?ﬁ. el -

ool m,*mmm”rrrmh 1 scale

0.96 - L L L I L I | 4

2 4 6 8 10 12 14 16 18 20
log10(Q*/M?)
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What's new in PyRQTE v2.0?
0000e0

Results
== N —] Implement all the
Lo 2 ; : i Y . .
08 A —— A e couplings in PyROTE
’:;‘ 04H —m— )y, : V= e 1 . .
= o2t -“‘«“Z"'ZMApom\,w@emwwsmwﬂ | Solve using the provided
o.oéw‘ T et e oo t-aRatie | wrapper
—0 All intitial values taken
log19(Q?/M?) to be 0.1
112 ' T T 1 T T T T o]
- 1 Toy example exhibits
= 1 modifications of the
B : order ~ 5% at the GUT
«0_98% hihotesca. LU PSR AU ] scale
0.96 L i i L i ! i i o B
2 4 6 8 10 12 14 16 18 20
log19(Q2/M?)

Two-loop effect can be sizeable !
With PyROTE it is easy to take them into account.
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What's new in PyRQTE v2.0?
00000e

Kinetic MiXillg at tWO-IOOp
L —*1F v
kin. 2 | ,u,y£

Follow the method of R. Fonseca, M. Malinsky, F. Staub in
arxiv:1308.1674

Kinetic Mixing taken into account via an extended non
diagonal gauge coupling Matrix G:

G = éfil/Q ) é - diag(gnga o 7gn>

Leads to simple replacement rules such that

> Bfull — 5 +Bkin
» Implemented all the rules at 1- and 2-loop
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What's new in PyRQTE v2.0?
00000e

Kinetic Mixing at two-loop

m Defining WR GTQR

Gauge Coupling
m At one loop only one rule: g>S(R) — G, WEWET
m At two-loop the non abelian gauge coupling gets also
modified:
g°C(R)S(R) — g4 3=, Sa(R) [ p 95CE (R) + (W) W]
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What's new in PyRQTE v2.0?
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Kinetic Mixing at two-loop

Other terms

m Gets messy for the other parameters:
94{9”,(—)3}“,,75%“ — > 42.5{0%,€ B}flbfjx 17 BLl
+20450:501 (W) TWE WS TWE
+ Y 0 [Ban(WETO3  + S (W) 03, |

X (5ijwﬁ hw T+ ORWEES, ,J)
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Conclusion
[ ]

Summary

m Kinetic Mixing for all the couplings at two-loop, ready to be
released!

anomalous dimension for scalar and fermion fields
Extended the theory part, more irreps, more groups

Different gauge singlets are supported

Full two-loop effects can now be included without effort

m visit our hepforge web page:

http://pyrate.hepforge.org
= Have fun !

yr@te
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