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from various tensor products of the gauge group representations.



Classification of dimension-six operators (off shell):

Q1 =

Qs
Qs
Q7
Qo
Qu
Q13
Q15
Q17
Q19
Q21

EW e Badbbbedadebrs

AW (DD,o)a(DDy)s,

iWS;)AB ba qbbFﬁ,,FB 3

%W(7)AB (DHFW)A (Dpru)B :
%W(SJ)ABC FA# FBY pfwc >

iwflillrg (Vi7uti) (Dry*apn),

%Wé,lﬁc) ¢a(Du'¢)JTC(D“'¢)k + h.c.,
LW $,(D,s)T Cot (Dyp)s + hoc,
Wag),,?j)k ®a(Dud)b Yy by,

%ngi)A ¢.F2, ¥ Cot4y + h.c.,

. A A T v
WD FA by (D),

Q2
Q4
Qs
Qs
Q1o
Q12
Q14
Q16
Q1s
Q20
Q22

iwg)cd (Du®)a(D @) pPcba,

LW (D4 ¢)a(D¥ 0)uFL,

IWOAE papFA FB,

%W(S)ABC FA# FBY pFC 2

LW (T Cbie) (¥ Copn) + hc,
W b, (UUU¢>k,

w9 ¢.TC(D, D" )i + h.c.,
WSk Bats | (B D) 000 — BB
LW badbde W Ch + huc.,
in(:o)A F;ﬁ/ {(15 BV)j'y“?,bk _ 'le'Y“(DV'lb)k] ]
WA (DPFL)* iy .

Here, W) contain both the Wilson coefficients and the necessary Clebsch-Gordan coefficients that select singlets

from various tensor products of the gauge group representations.

In general, each W) may contain many independent Wilson coefficients.
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Classification of dimension-six operators (off shell):
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Here, W) contain both the Wilson coefficients and the necessary Clebsch-Gordan coefficients that select singlets
from various tensor products of the gauge group representations.

In general, each W) may contain many independent Wilson coefficients.

After applying the Equations of Motion (EOM), only the 11 operators that are displayed in red remain.
Only for these (physical, “on-shell”) operators, the RGEs must be gauge-parameter independent.
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Here, W) contain both the Wilson coefficients and the necessary Clebsch-Gordan coefficients that select singlets

from various tensor products of the gauge group representations.

In general, each W) may contain many independent Wilson coefficients.

After applying the Equations of Motion (EOM), only the 11 operators that are displayed in red remain.
Only for these (physical, “on-shell”) operators, the RGEs must be gauge-parameter independent.

Subtlety for Qy: Off shell W), = W) . On shell, in addition, W, = W', and W), = 0.
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One-loop calculations and sample results

A /
N s
A /
. N
A sample diagram: ‘
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A A
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It contributes to the following RGE for the off-shell Wilson coefficients in the Feynman-’t Hooft gauge:

16W2N%Wéggdef — (—2X(1)—|—X(2)—X(3) —6X™W 4 2X0C) 4 2X6) 12X _12X® 1 6XO) 4 (.. ,)¢)abcdef ,

where

(1) _ (1) (2) _ 2x? (1) (3) _ (1)
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8 5)BC 9
Xhaey = ST O4040005WE™C, Xihuey = ST OLOBOGO50508W DAL,

The sums go over such permutations of uncontracted indices that make each X ((zjb\glef totally symmetric.

The scalar field anomalous dimensions in X are given by (74)ab = = [Y‘.‘Yb.* + Yy e — 404 OA] .
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Gauge invariance of the theory imposes some identities on the couplings and Wilson coefficients.
Example — an identity for the Yukawa couplings

Y ba(05)T CPLipy — (Y3 (0ap — i€02)du[(81 — i€5t5) )T C PL(dpn — i€CtS, )in.
Since the Yukawa term is gauge invariant
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Identities for the Wilson coefficients with bosonic indices only are obtained by contracting each index
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Identities stemming from gauge invariance

Gauge invariance of the theory imposes some identities on the couplings and Wilson coefficients.
Example — an identity for the Yukawa couplings

Yiha(1;) CPripr — (Vi (0ap — i€202) du[(851 — €5 4] T C P (Spn — 1€C LS, )
Since the Yukawa term is gauge invariant

ba(P5) CPLre [0 Y5 + (¢ 1YL + Yitpl =0 = (%) Y] + Yith + 6., Y0 = 0.

Jl a
Considering infinitesimal gauge transformations is sufficient.
In the case of a generic, purely fermionic operator

(N) T A —T
lejz...k1k2...l1l2...¢k1wc¢k2 ¢ ¢11wc¢12 cce ’

where w that contracts spinor indices is either the identity or the o,, matrix, one finds
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0 - tmkl lejz...mkz...lllz... + tmk2lejz...klm...lllz... + ¢
Ex (N) Ex (N)
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Identities for the Wilson coefficients with bosonic indices only are obtained by contracting each index

with an appropriate generator, and adding the product to the r.h.s. of the equation

0 :,ifBEAlw(N)BAz...Ak + ...+ 'l:fBEAkW(N)Al"'B

Aq...Qpp Aq...Qpp,
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Both types of terms arise on the r.h.s. for operators that involve both the fermionic and bosonic fields.
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‘::::5;7 { FeynCalc

[ FeynArts }

:::::;\> [Self—written code
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% E FeynCalc 1
% ‘ Self-written code ’
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[ FeynCalc J::::;ik
{ xTensor
{Self—written code J%

(1)
AW obede f B 1
du (47)?

() = X 4 () | abede s

14

Xéi)cdef = 4z Z W(l)cdefgh)\abgh



Automatic computations

[ FeynCalc J::::;ik
{ xTensor
{Self—written code J%

(1)
IudWabcdef . 1 [( )
dji (4m)2

‘_.)((3)'+‘(---)]abcdef

3
X(gb)cdef ‘= I8 ZW( )cdefgh)\abgh

% { FeynCalc }\&

FeynRulesj — ‘ FeynArts ’ ’ xTensor l

—=gEs, LSelf—written codeJ:;::i;7
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gray — No contribution to the RGEs at one loop.
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