Renormalization group equations of a

Grant P21-00199 funded by:

Junta de Andalucia

general effective field theory

Renato Fonseca

renatofonseca@ugr.es

High-Energy Physics Group, University of Granada

Based on work with José Santiago and Pablo Olgoso

Grant PID2019-106087GB-C22 funded by:

£
¥ MINISTERIO AGENCIA
'Z"‘:Q DE CIENCIA, INNOVACION IES\TI:;‘T\:'G%mN
Y UNIVERSIDADES

PLANCK2024

26th Conference “From the Planck Scale to
the Electroweak Scale”

Lishon, 3-7 June 2024

Grant PID2022-139466NB-C22 funded by:

* ¥ %

- ¥ MINISTERIO A AGENCIA

== DE CIENCIA, INNOVACION *ox X ESTATALDE

S Y UNIVERSIDADES INVESTIGACION
Cofinanciado por

la Unién Europea




Studying a model at different energy scales

Match and run

Renato Fonseca

Energy

UV theory

<
A

Integrate out heavy fields. Match the coefficients of the
operators in the two theory up to the desired order

IR theory

‘lllllll’

4
Use the renormalization group equations
(RGEs) of the lower energy theory to
evolve its couplings
v
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Studying a model at different energy scales

The running part

Conveniently, in the MS scheme, the beta functions are given by —2 (loop order) (coefficient of the 1/e term)

Lagrangian with a list of operators as Wilson coefficients 2 o Z c; O;
Calculate the 1/epsilon divergences gpdiv Z B C’-(C)O- + O (6_2)
: PR J MS scheme

Fenis
: - ; : c;(c
These divergences ?re can(Eelled by renormalizing the j(o) i Z C(-O) Ogo) e IJ’nZE Zei 5 with sy 1,( )
theory’s couplings and fields gt % ? 1672€
T

+0 (e ?)

# loops (=1 for us)

Z n; cj = —2{c;

167
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The classical results

In principle, for each different model, one needs to calculate loop amplitudes to get the RGEs

However, one can avoid that with the general (2-loop) results derived in a series of papers

. . Jack, Osborn (1982,1983,1985) Martin, Vaughn, hep-ph/9311340 (1994)
They considered a general renormalizable model Machacek, Vaughn (1983,1984,1985) Yamada, hep-ph/9401241 (1994)
Luo, Wang, Xiao, hep-ph/0211440 (2003) (SUSY)
15
Coefficient ¢

gd<4 SR ZF:},FB it Du(ibaD‘qub i ’lnbzllD’lvbJ s {(mf)w‘/) C"mby ST C]

— 2 (m2)asbads — 5 [Visa®] Cbjra +hc] — "2 poprpe — 22L . 3 6ccpa

e S
Dy = 0utpi —igt;; Vi b t%and 0 are Hermitian matrices
D, ¢o = 8,¢s — ig0Z, VAqbb (64 are also anti-symmetric)
In a particular model one must specify the In practice, this usually involves simply enforcing
shape of generic tensor coefficients shown here gauge invariance on these tensor coefficients

The RGEs were given

E.g.: in SM one has 45 Weyl fermions and 4 real scalars: the +*are 45-dim;
the 8 are 4-dim. The Yukawa couplings are given by the most general Y tensor
obeying

for these tensors

A 7 A In the SM, Y has 27 complex
t Y’-Ta’ o t ""’3‘1 i 9 ""3‘1 =i degrees of freedom
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Renato Fonseca

The classical results

Example: 2-loop beta function for the Yukawa coupling
(A7) B 2100p = 2Y Y Y (Y Y - Y'PY) - Y[ Y,(F)Y "+ Y'Y L(F)]Y"®
—IY’Y>(F) Y'Y + Y'Y Y} (F)Y*]
—A4kYS (S) Y'Y Y -3k Y ()Y Y Y+ Y'Y Y?]
kY 'TrY.(F-) Y+ YPY (F)]Y +2Y'P YY" Y}
—22a5ca Y Y Y Y + 52 peaer peae YO + 384 C5(F), Y2Y Y}
+5¢°Y{Cy(F), Y} Y* —ig”[C,(F) Y5 (F) Y + Y Y,(F) C5(F)]
— 12 YC(F) Y'Y+ YY" C,(F) Y"]
+6g Y Y Y + YO Y P Y P
+5kg’ Y’ Tr{C,(F), Y°} Y™
+6g(CX(S)YPY Y —-2C5(S) Y Y“Y"]
+3g (Y'Y Y+ YV Y] -3¢ [C(F)F, Y}
+8'[6C5(S) —F Co(G) + xS, (F) +138:(S) K Co(F), Y}
—g*Co(S)[BCH(S) = Co(G) + 28, (F) +15,(S)1Y*, (3.3)
[Machacek & Vaughn Nucl. Phys. B 236 (1984) 221-232]
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Deriving the Wilson Coefficient (WC) tensors

The job of getting the RGEs of a specific model is not over, but a significant amount
of work was done once and for all.

There is no need to go back and calculate divergences from diagrams for every new
model. One only needs to compute the specific gauge invariant Lagrangian of a model
and apply the general RGEs [i.e. the work is no longer about the RG but rather about

gauge invariance = group theory/linear algebra essentially.|

The model-specific work is still non-trivial and there are programs to help

Some code of Susyno Some code of Susyno
included in SARAH included in PyROTE
SARAH ‘lllllll.l....lll Susyno .........._.,....* PyR@TE
Staub (2010, 2012,...) R.F. (2011) Lyonnet, Schienbein, Staub, Wingerter
‘e, (2014) | Lyonnet, Schienbein (2017) |
*e Sartore, Schienbein (2021
ARGES RGBeta "’.Q artore, Schienbein ( )
Litim, Steudtner (2020) Thomsen (2021) "o.

.
A
GrOUpMath Group theory code
R.F. (2021) separated and expanded
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What do these tensors look like (in the SM)

¥ = (u°[R], u¢[G], u€[B], d°[R], d°[G], d°[B], Q[R, 1], Q[R, 2], Q[G, 1], Q[G, 2], Q[B, 1], Q[B, 2], e, L[1], L[2])T
T e 1 2 3 4 5 6 7 8 1 2 3 %
¢ = (HE, H?:u H}Fa H?) F‘“’ A7 (GIM/’ GHV’ G:W’ G:W’ G;W’ GMV’ G.uv’ GP«V’ Wpu/’ Wur/’ WIM/’ B“”)

SU(3)
0O 0 0 0 0 0 0 0 © 0 0 0 © 06 0 0 © 0 0 0 0 0 0 0
0O 0 0 0 0O 0 0 0 © 0 0 0 5B T S R © 0 0 0 0 0 0 0
9101059 0 0 0 0 © 0 0 0 © 0 0 0 © 0 0 0 © 0 0 0
0 0 0 0 © 0 0 0 © 0 0 0 0 0 0 0 © 06 0 0 O 0 0 0
9A i i i i
Bririn @ st O -- 0 0 Bvirds ik O % Jy o S
©000) (00080 i 2 Lot g i
scalar representation © 600 © 600 9 2 2 4 2 9l g i3 2 st 5
matrices 9 =010 8110400 7 B RL BET 5 oA ;WA A LR B BT R e O )
o0 00) 0000 T | i it
==5109.110. 9 g R sl e R T © -- 0 ©
2 2 2 2
SU(3) SU(2) U(1)
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What do these tensors look like (in the SM

¥ = (u[R], u°[G], u®[B], d°[R], d°[C], d°[B], Q[R, 1], Q[R, 2], Q[C, 1], Q[G, 2], Q[B, 1], Q[B, 2], €%, L[1], L[2])T

A ey | 2 3 4 5 6 7 8 1 2 3 i
qb — (HE,H%, Hj—r'_, H?) FMV e (G;u/? G,u,uﬁ G,u,v’ Gp,y’ G,uv’ G,u,u’ G,uu’ G,uu’ Wpu/’ Wuu’ W[J,I/’ B )

1%
-2 o 0o 00000000 OO O O
1
B 0 D19.:0..190110..9,.9.1¢: 0.9 @ 0 00 0 0006000 0 0
ek
garufiad) 0 0.8 0:18: 0 9018..0..9 GRG0 0 00000000 0 0
tA 909919999990999 © 0 © 10000000000 0
© 0 0606 -e600606000000 3
i © 0 o0 061000000000 0
© 0 0 -1 06 6000000000 hp
fermionrepresentation 0 © 0 © © O 0 0 O 0 0 O 0O O O 0 0 0 9050900699 0 0
Matrices (1 flavor) 6 00 0 g o R © o 0 0002000000 0 o
2 L XX ]
0 8 0 6 o o CEGEEHISEEER, o bl e 6 o 6000 000000 0
7
. il 1
Nosurprlse: 9 © 9 o© 9939@@@@@@@ 000000006009900
il
These are|block diagonal matrices b 0 @0 @ o o SEEEEEEREE0 0 0 @ 91180 0.0 B, 2
T R e e © © 06 6 0 60060600006 O e o o oo of@0@aeoe o o
) : © © 06 6 0 60060000060 1
reducible representation of the A e S L e Ty e, 95100580 0 K EIEEE—— 0.2
gauge group e e e e S e ™ © © © 06000000001 0 0
© 0 06 6 0 6000600000 O0 0 0 © 000 0000 0 0o S
© 0 06 00060000000 O -1
ey = o e D ik
A=1 [first SU(3) generator] A=12 [U(1) generator]
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What do these tensors look like (in the SM

¥ = (u[R], u°[G], u®[B], d°[R], d°[C], d°[B], Q[R, 1], Q[R, 2], Q[C, 1], Q[G, 2], Q[B, 1], Q[B, 2], €%, L[1], L[2])T

T T
oo lmimin T R0 e e o e et )

. . 1
ng a M [Yz‘jatbfc%'qba + h.c.

Yukawa couplings

QO
Q

[ 0 0 0 0 0 e 0 “Yu[f2, f1] ) ) ) 0 0 0
0 0 0 0 0 0 0 0 0 “Yu[f2, f1] 0 0 0 0
) 0 0 0 0 0 0 0 0 0 0 “Yu[f2, f1] 0 0
0 0 0 0 0 0 Yd[f2, f1] 0 ) 0 0 0 0 0
Show here is 0 0 0 0 0 0 0 0 Yd[f2, f1] 0 0 0 0 0
0 0 0 0 0 0 70 0 0 0 0 Yd[f2, f1] 0 0 0
1 % 'U,CQ 0 0 0 Yd[f1, 2] 0 0 d Q 0 0 0 0 ) 0 0 0
i A 4 “Yu[fl, 2] 0 ) 0 0 0 0 0 0 0 ) 0 0 0
\/5 J 0 0 0 0 Yd[f1, 2] 0 0 0 0 0 0 0 0 0
0 “Yu[f1, 2] 0 0 0 0 0 0 0 0 0 0 0 0
1.e. the interactions ] 0 0 0 0 YdEraieoy ) e ) e ] e ] Z
of HE 0 0 “Yu[f1, 2] 0 0 0 0 0 0 ) 0 0 0 0
) 0 0 ) 0 0 0 0 0 0 0 0 3 Ye[f2,
0 0 0 0 0 0 0 0 0 0 0 0 Ye[f1, f2] 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
\
e“L

Flavor is unexpanded (f1,f2 indices); otherwise, Y would be a 45x45x4 tensor
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Our goal

To develop and extend the same formalism to non-
renormalization operators of an EFT

Write down a basis of operators for a general EFT up to

step 1 dimension 6 (for now)
Validate th Its b
SEies Derive the 1-loop (for now) RGEs for the Wilson Comi);r?n; Se i S
1 coefficients ; RGE:s of specific models (e.g.
SMEFT, LEFT, ...)
With these results, there will be no need to Only some algebra is needed in order to
ever do physics again (calculate amplitudes of compute the the Wilson coefficient
diagrams) to compute RGEs for a specific EFT tensors (Yija » Aabeds €tc)

Renato Fonseca Renormalization group equations of a general effective field theory 10



Dimension 5 Green basis

(a'ffl)'_')A'mcha-“V/l’bJ 4 (G'S;?q)sz)ijabtﬁgclbg‘ qbaqbb s hC]

(;bF

1 s

+ S(abm) ana FA 1 E D 60 + (a<5>)ABaFAWFf;¢a 5,( al) ., . Pabdedade
i
2\

(1$2) e (DuD"$a) e + | 5(r2) (D)) TCDM 5 + (r50) . FiiBs b+ .

(5) (5)
(a’d)F)'LJ (a’lf)F)jz (a’w(;q)bz)ijab e (affqgiz)jiab o (a"f,fq)bz)ijba

(5) (5) _
(achgg%B ( ?’% )BAa, (a((;):s) i rp (a’?s:’)’)BAa (a((f)s))abcde = fully symmetric
(Tl;.') )1,_7 ({r'ﬂb )J';, ('rfg)D))a.bc == ('T"d)D))acb

Integration-by-parts (IBPs) equations of motion (EOM) redundancies may affect only

parts of these tensors (e.g. they can remove the symmetric part of some WC and leave untouched
the anti-symmetric)
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Dimension 6 Green basis

1
il

: 1
a5 apar FisF 7" 9an + 7 (al))

A$D) avea( Dusba) (D 00) beba + = (a (6))@@#%%%%%@
(6))%3abw17 wy[qba uho — qbbDuqba] ( (6))zgkl(w1 “wj)(’vbk'Yulbl)

DgGPllyS it (a(ﬁ))ABC(FA) (FB) p(FC') "oy a’(ﬁ))ABC(FA) (FB) p(FC) M

o

A B
ABabF,uuF “y(;ba(bb

+ o+
B =S e P Rt

DO | = /—\ /—-\ —

+

1
2!3l( w¢)zjabc1/)TC¢J¢a¢b¢c

_+_

(agpﬁf)?) Aija HVQ’DTCU#Ud)J ('ba

i | ( o )Uk:l (TvbTC“f’J)(‘PgCi/Jz) + h.c.

]_ 6 6
gged = E(Tgf)')AB(D FA‘WJ)(DPFB) — S ( %g(i))Aab(DyFA’“V) [(D.qua) qbb Fi (CL < b)]

+ 51 (r8)) (DD ba) (DyD¥ $0) + 5. (rSD) o (Du D ba) Gobedra

These tensors also have flavor symmetries

apar




Deriving the 1-loop RGEs

Matchmakereft

ettt B Carmona, Lazopoulos,
Olgoso, Santiago, 2112.10787

With José Santiago and Pablo Olgoso, we are in the process of computing the 1-loop
RGEs of a general EFT up to dimension 6 using Matchmakereft

60 BEYo:
T

In the same spirit, why not calculate the matching for a general
light+heavy set of fields? (Diagrammatic vs functional vs ‘do the
matching once and for all’ method?)

But one can go beyond

RGEs with this approach

Matching

&
S
1
%§
'S%'

Maybe one can do the same generating operators of an EFT: start with
the general basis of and from there just deal with gauge invariance on a
model-by-model basis

Generate

operators

Renato Fonseca Renormalization group equations of a general effective field theory
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Example

(5

1
5 5 5 5 5 5 5 6
(M) ke, r1 (awz( ))i,kl,b,tl (awz( ))j,r1,a,c1+ (M) k1, r1 (awz( ))i,kl,a,tl (awz( ))j,rl,b,u*g (M) ka,r1 (a:l:F( ))rz,al,j (awF( ))rB,al,i Y1, r2,b Yor1,r3,a + 3 (M) k1, r1 (awr( ))rz,al,i (ayr ))rB,al,jY*kl,rZ,b V*r1,r3,a+; (M) k1, r1 (aw( ))i,j,rz,rS Y1, r2,b Y'r1,r3,a +

1 3
5 5 5 5 6 5 5 1 5 5 1
9 (M) ka,r1 (aye ))r'Z,al,j (3 ® ) r3,a1,1 Yok, r2,a Yort,r3,0 + 3 (Me) ka,r1 (Agr ™)) r2,21,1 (Agr ))ri,al,j Y*1,r2,a V'r1,r3,b+; (M) ka, e (2gy ))i,j,rz,r‘B Y*i1,r2,a Yr1,r3,b + 6 8 (M) k1, r1 (awz( D) *r1,r2,a,6 (A ))rz,al,j th,i- E g (M¢) ka,r1 (awz( ))j,m,a,b (3 ®) *ra,21,m th1,i -

6 1 5 5 1 6 1 5 5 1 5 5 2
68 (Me)ka,rn (Asr® ) a1,i,r2,b Yr1,r2,a th1,i - 6 8 (Me)ia,r (3gr ) at,a2,6 (3yr ) r2,02,5 Yir1,r2,a tR1,1-68 (M) ka,r1 (368 ® ) a1, 3,r2,a Y¥r1,r2,b ti1,i - 68 (M), r1 (@gr ) a1,22,a (@yr ) r2,22,5 Yir1,02,6 t1,i - 68 (M), r1 (368 ) a1,a2,6 (agr ) r2,21,5 Y¥e1,r2,2 i -
3
5 5 2 5 5 1 5 5 1 6 1 5 5 1
68 (Me)ia,ra (3gr ¥ ) an,a2,a (Bur ) r2,a1,5 Yoen,r2,0 T, 1 + 6 8 (Me)ka,ra (3502 ®)) *ra,r2,,0 (3 ) r2,01,1 ti1 5 - 38 (M)ia,n (32 ®) i,marb (@ ™) "rt,a1,m 1,5 - 6 8 (M) ka,rn (A6 ® ) an,1,02,6 Yor1,r2,0 TR, 5~ 6 8 (Me)kt,r (Bgr P ) an,a2,6 (Bur ™)) r2,22,5 Yoen,r2,0 toa, 5 -

(5))

3
6 1 5 5 1 5 5 2 5 2 5 5 1
68 (M) ka,rr (3gr ) at,1,02,a Yirt,r2 b til,,» —68 (M) ka,rr (Agr ™) at,a2,a (Agr ™) 12,021 Y1 r2 0 t§1,j ~68 (M) ka,rr (3gr ™ ) az,a2,6 (Agr ™) r2,01,1 Yora,r2,a t§1,j ~68 (M) ka,r1 (Agr ™) a1,a2,a (yr r2,a1,i Yr1,r2,b tﬁl,j *E g (Mf) “ka,r1 (awz( ))j,m,a,b (3 ®) r1,a1,1 totk -

3 1
5 5 1 2 5 1 1 2 6 1 2 2 5 5 1 3 2 5 5 1 3
; g (Mg) “ka,r1 (aMZ( M) imanb (g™ ) r,a1, 5 Tk - E g (awl( ’) j,ma,b taes th1,i +38° (M), m (36r ®) a1,22,a,b tﬁl,j t71,i+38% (M) ia,m (3gr ™) a1,a2,b (3gr ) a2,23,a tﬁ1,j th,i+38% (M) ka,m (3gF ™ ) 21,02, (age ® ) a2,23,b tz1,j t,i-

2 5 5 1 3 2 5 5 1 3 2 5 5 2 3 2 5 5 2 3
98% (Me)ia,ra (3,7 ) an,a2, (3,5 %) a2,03,0 5 1,5 - 98" (M) ia,r (3, )an,2,0 (3,7 ) a,03,0 10,5 102,1 + 6 87 (M) ict,ra (30r ) an,02,6 (308 ) an,3,0 0,5 100,5 + 6 87 (Me)ic,ra (30r P ) an2,0 (30r ) an 3,0 11,5 £, -

- .(5)

1
2 5 a1 gal 2 6 a1 ga2 2 5 5 a2 a3 2 5 5 a2 4a3 2 5 a2 a3
3 g (awl( ") ima,b tars Th1,5 + 387 (Me) kt,r1 (3gr ) a1,a2,0,6 Tt i Tog, 5 + 387 (M) k,rn (39 ™ ) at,a2,0 (36 ™ ) an,03,0 Tt i t02,5 + 387 (M) ka,rn (3gr ™)) an,a2,a (30 ) an,a3,0 TR1, 5 t02, 5 + 9 87 (Me) ka,ra (a,; )) a1,a2,b @,z )a1,a3,a i, teg, 5+

2 5 5 a2 a3 5 5 al 2 5 al al 5 5 al 2 5 al al
98° (Me) ka,r1 (am?( )) a1,a2,a (aé;( ') a1,a3,6 tia,s th1,5+ 68 (M) “ka e (awl( ") r1,r2,a,0 (g ) ia,a1,5 i1 - 28 (awz( ) r1,02,3,b th1,5 72,1 + 6 8 (M) “ka,em (awz( Y r1yr2,a,b (3gr ™) kayan,1 to,5-28 (aw,l( )) r1,02,a,b tr,i a5 -

1
6 5 5 . 6 5 . 6
(M) “ka,r1 (aw( ) )3,k1,a,b,t1 Yi,r1,t1 — Z (awz( ) )g.ma,b Ym,re,t1 Yi,re,t1 — (awz( ) )j.reb,t1 Yort,r2,a Yi,rz,tn + 1 (Me) kg, r1 (aw( ) Yk1,4,b,t1 Y'r1,r2,a Yi,r2,t1 - (awz( ) )irt,a,t1 Yora,rz,b Yiyrz, e + 1 (M) kg, ra (aw( ) Yki,j,a,t1 Y'ra,r2,b Yi,r2,t1 —
* (6) 1 (5) * * (6) 3 (5) y * * (6) (5) *
(Me) “ka,r1 (Aye ) i,k1,a,b,t1 Y9,r1,t1 — Z (@627 ) i,ma,b Yom,r,t1 Yi,r1,62 = 2 (Me) “ka,ra (3gp " ) a,b,ta,t2 Yika,t2 Yq,r1,1 - Z (@62 77") "ra,r2,a,0 Yi,rz, 0 Yi,r,e0 — 2 (M) “ka,rn (B9 ) ab,ta,t2 Yigka,ta Yi,rn 02 = (@442 ) d,ra,b,t1 Yora,rz,a Yy 2,00 +

1 1
. 6 5 . 6 5 5 6 al
i (M) ke, (3w ® ) ka,i,b,61 Yr1,r2,a Yj,r2,t1 — (awz( ) i,e,a,t1 Yor1,r2,b Yj,r2,t1 + 1 (M) k1, r1 (36 ® Y ka,1,2,81 Y¥r1,r2,b Yy,r2,t1 — 4_1 (awz‘ V) *r1,r2,a,0 Yi,r1,t1 Yj,r2,t1 - Z (awz( ) Yi,i,b,m Y¥r1,r2,m Yr1,r2,a - 6 8 (Mf) "1, r1 (age® )a1,3,k1,b Tr2, 5 Yra,r2,a -

(5))

* (5) (5) al Y, 3 2 (5) a2 al Y, * (5) (5) a2 Y, 3 2 (5) al a2 Y, * al Y,
68 (Mf) “ka,r1 (3gr " )a1,a2,b (Ayr ) ka,a2,5 tr2,i Yri,r2,a + E 8" (Agr 7" )at,a2,b try 5 tra i Yra,r2,a — 6 8 (Me) “ka,ra (Qr 7 ) a1,a2,b (Ayr ) ka,a1,5 tr2,i Yra,r2,a + E 8" (Agr ") at,a2,b try 5 tr2 1 Yra,r2,a — 6 8 (M) “ka,r1 (Agr a1,i,k1,b tra 5 Yra,r2,a -

3 3
5 5 al 2 5 a2 al 5 5 a2 2 5 al a2 . 6
68 (M) “ka,r1 (Asr ) a1,a2,0 (Ar ) ka2, tr2,5 Yra,r2,a + ; g% (age® ) az,a2,b th1,: T, Yea,r2,a — 6 8 (M) "ty (36 ) az,a2,6 (s ® )kt a1,1 t2,5 Yry,r2,a + ; g% (age® ) at,a2,b thr,: T, Yoy, rz,a + 1 (M) ity (agy ¢ ))rz,j,b,tl Yi,k1,t1 Yr1,r2,a +

1 3
. 6 5 6 al 5 5 al 2 5 a2 cal
i (me) 'kl,r1 (aw( ) )r2,i,b,t1 Yq,k1,t1 Yr1,r2,a = Z (3M2( ) )i,j,a,m Y*rl,r‘z,m Yr1,r2,b - 6 8 (Mg) ‘kl,r‘l (aan( ) ) a1,j,k1,a trz,i Yri1,r2,6 - 6 8 (Mg) “kl,rl (am:( ) )a1,a2,a (awF( ) ) k1,a2,3 trz,i Yra,r2,b + E g (aan( ) ) a1,a2,a t.q,j trz,i Yra,r2,b -

3 3
5 5 2 2 5 1 a2 6 1 5 5 1 2 5 2 a1
68 (Me) *ka,r1 (3gr ™) a1,a2,a (Aye® )k1,a1,3 t:z,i Yr1,r2,b + E g% (asr @) a1,22,2 t?l,j t:z,i Yr1,r2,6 - 6 8 (Me) “ka,r1 (36 ® ) a1,1,k1,2 t?‘z,j Ye1,r2,6 -6 8 (Me) *ka,r1 (3gr ™)) a1,02,a (Ayr ) ka,a2,1 t?z,j Yr1,r2,b + ; g (agr® ) a1,22,a t:1,i t?z,j Yr1,r2,b =

3 1 1
5 5 2 2 5 1 2 . 6 . 6 5 5
68 (Mg) “ka,ra (%F( ))al,aZ,a (awF( ))kl,al,i t:z,j Yr1,r2,b + E g (%r( ))al,az,a t,a«l,j t:z,j Yea,r2,b + 1 (Mg) "1, 1 (aw( ))rz,j,a,tl Yika,t1 Yea,r2,b + 1 (Mg) "k, 1 (aw( ))rz,i,a,tl Yj,k1,t1 Yr1,r2,b — z (awz( ))i,j,b,m Y*r1,r2,a Yr1,r2,m — z (awz( ))i,j,a,m Y*r1,r2,b Ye1,r2,m +

5 5 5 5 6 6 5 5
12 (Mg) "ka, e (awr( ))kl,al,j (awr( ))rz,al,i Y*r2,r3,b Ye1,r3,a + 12 (Mf) "ka,ra (awF( ))kl,al,i (awF( ))rz,al,j Y*r2,r3,b Yr1,ra,a + (M) k1,1 (aw( ))i,j,kl,rz Y*r2,r3,b Yr1,ra,a + (M) k1, r1 (aw( ))rZ,i,rS,j Yia,r2,b Yr1,r3,a + 12 (Mg) "iq,r1 (awF( ))kl,al,j (awF( ))rz,al,i Y*r2,r3,a Yr1,r3,b +
5 5 6 6 6 5 1
12 (Mg) "ka, e (awr( ))kl,al,i (awr( ))rz,al,j Y*r2,r3,a Yee,r3,b + (M) "ka,ra (aw( ))i,j,kl,rz Y*r2,r3,a Yra,r3,b + (Mg) k1, r1 (aw( ))rz,i,ra,j Yi1,r2,a Yr1,r3,b + 2 (Me) k1, r1 (aw( ))kl,i,rz,j Y*r1,r3,b Yr2,r3,a - 3 8 (awF( ))rl,al,j Y*r1,r3,b tfq,j Yra2,r3,a -
5 1 s 1 s 1 6 s 1 5 1
3g (aye® Yr1,a1,i Yra,r3,b t:z,j Yr2,r3,a-38 (aye® Yr1,a1,5 Y'r1,r2,b ti;,j Yr2,r3,a-38 (aye® Yr1,a1,i Yre,r2,0 tra-g,j Yra2,r3,a + 2 (Mg) k1, r1 (ag,w( ) Yk1,i,r2,5 Y'r1,r3,a Yr2,r3,6 -3 8 (aye® Yr1,a1,5 Y'r1,r3,a t:z,i Yr2,r3,6 -3 8 (age® Yr1,a1,i Yr,r3,a tiz,j Yr2,r3,b —

5 al 5 al g2 6 al al 22 6 al al 2 5 al al 2 5 al al
38 (ayr® ) ey, Yiet,rz,a ths,s Yez,ra,0 - 38 (A ) raya1,1 Vi r2,a tr3,5 Yr2,r3,0 + 31 8% (Me) ka1 (@ ® ) r1,5,0,t1 th1,1 0311 + 31 8% (Me) ka,ra (B ® ) ra,1,0, 11 ti1,5 65,01+ 8 (awl( ’) 4 r1,b,t1 t31,5 05041 + € (awz( ') 1,r1,b,t1 t1,56a,0

2 2 6 1 1 22 6 1 1 2 5 1 1 2 5 1 1 2 5 5 2 1 3 5 2 2 1
331 8% (M) kw,rs (B '® ) ra,9,0,00 51,1 pta + 31 8% (Me) e, m (36y ® ) r1,1,0, 10 tia,§ Obrt1 + 8 (awz( ’)j,r1a,t t1,i 611+ B (3WZ( ') i,r18,00 01,5 Ohres — 12 8% (Me) “ta,ma (3 ) kaya1,5 (Age P ) r1ja2,1 6311 6p,11+68 (3 ™) r1,a1,5 17,1 03%1 6 ta +

1 1
3 5 a2 a2 al 2 5 al al 2 5 5 al a2 3 5 a2 al a2 3 5 a2 al a2 2 5 al al 2 5 al al
6g (BWF( ))rl,al,i trl,j 632,11 6b,t1 — E g (awl( ))i,j,tl,tz 63,12 eh,u*lzg (mg) 'kl,rl (aWF( ))kl,al,j (aWF( ))rl,az,i 63,11 6,11 +68 (aWF( ))rl,al,j trl,i 63,11 eb,t1+6g (aWF( ))r‘l,al,itm,j 635,11 6b,t1 E g (awz( ))i,j,tl,tz 63,t16b,t2 - 8 (awz( ))i,j,b,m 63,11 Om,t1

6 By, .
& (2,6 (s ® ) 1,4,2,41, 12 Kb, t1,t2 (8,62 ) i,5,t1,t2 Aa,b,t1,t2
¥

6
(ayp ® ) 1,4,b,41, 42 Ka, 1,82 ® . ® . ® . ®
+1 (Agy ) r1,5,b,t1 Yi,r1,t2 Ka,t1,02 + L (Qgy ) r1,1,b,t1 Yi,r1,t2 Ka,t1,t2 — +1 (Agy ) r1,j,a,t1 Yi,r1,t2 Ko, t1,02 + 1 (Qgy ) r1,1,a,t1 Yi,r1,t2 Kb, t1,t2 —

.. a1l a1l
)i,3,a,m Ob,t1 Om,t1 > . :

Preliminary (subject to checks!)
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Complicated expressions

These complicated expressions can sometimes be simplified a
bit using gauge invariance conditions. E.g.:
tA

(5) (5) (5) (5) 2]
T (a'L/J(,‘bz)i’jab 2 t‘;'qu (a’t,bc,bz)i,j’ab TE 9:140/ (a"l/)qbz)ija’b HE Hlﬁ)’ (a"q')(ﬁz)ijab’ =0

We have developed our
More importantly, one must deal with dummy indices and P
tensors with symmetries

own code for this

See also xAct, Cadabra
T[i1, i2] «T[il, i3] +2aT[j1, i2] ~T[j1, i3] CanonicalForm[T[il, i2] ~T[il, i3] +2a T[J1, i2] ~T[]1, 1i3]]
T[il, i2] T[il, i3] +2aT[j1, i2] T[j1, i3] (1+20a) T[i1, i2] T[i1, i3]

The two terms are the same, up to a factor, but because of

With some code, this can be issue can be addressed
the dummy indices the expression is no simplified

(not just in this simple example but rather in full generality)

CanonicalForm[T[il, i2] - T[i1, i3] +2a T[j1, i2] - T[i3, j1], {T[a, b] + T[b, a]}]
(1-2a) T[i1, i2] T[i1, i3]

Tensor may have some symmetries. In this example T[a,b]+T[b,a]=0 (the tensor is anti-symmetric).
We have been working on a code to deal with arbitrarily complicated symmetries (including the so-called multi-term ones)

Renato Fonseca Renormalization group equations of a general effective field theory
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Complicated symmetries

There are many symmetries to consider. Here are the ones of dimension 6 operators:

(ag}),) P = fully anti-symmetric, € R
a(ﬁ) = fully anti-symmetric, € R
ABC
(6) (6) (6) ;
(@68) i5an = — (@) isba = [(B6) jiab]
(6) (6) Nt kB fis (6) %
(@) ijin = (Bga)nia = (@ge)an; = [(Cga) il
(6) (6) (6) (6)
( GbD)abcd ( )bacd ( ¢D)abdc . (aﬁbD)cdab and
( gig)abcd i ( (6) )adbc ( gfg)acdb 0 (afbﬁg’)abcd €R
(GEJEF)Y)ABGJ) (affg‘)BAab o (G'E,bﬁg‘)ABba eR
6
Ol (2, 7) 150 = (% 7) pacs = (957) ansa < B
a,(ﬁ) = fully symmetric € R
¢ Jabedef
t (6) (6) (6) oo (6 ,
St ) ( 'l,b’lji)zgkl ( “!P'lfl)gzkl (a¢¢)zjlk i (a#’*ﬁ)klij g
(6) (6) (6) i
(@ ¢¢ngkl + (a ¢¢J1Uk 01¢¢Jiku S
( SJJSIL)AUG Bl (aff?})‘_')Agta
(aff(;)”abc fully symmetric in (2, 7) and also (a, b, c)

Renato Fonseca

( (6)

(

(Ti(/)GJ)D)ij

( (6)

TDCb)ab

( (6)

T2F)AB

T"DFvy

( (6)

Tg}w)

(rgua)

(r
(
(

(ol
(6)
PhdpD1

(6)
Twe¢pD2

(6)
Twe¢pD3

) ai
(er)Azg
)

Azg
ijab
)'Lja

)?,ja

)zga

= r'f,bGJ)D)ji

((6) cR

FD¢)Aba

(6) — (6) * e, ket ¥
( ¢‘f"ﬁ3)nga il {( d)'ﬂbm)j%ab} fon i =tE: 2

= fully symmetric in (b,c,d) € R

(r?(ﬂe(;Dl)jia
(T'Ebﬁngz)gta

= no restrictions

Renormalization group equations of a general effective field theory
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Complicated symmetries

Let me give another (more complicated) example, involving the Weyl tensor symmetry as well

Example taken from Cadabra’s website [https://cadabra.science/notebooks/tensor__monomials.html]

1
W’qus W'ptru Wt’qu W’u,'v sw — W’pqrs W’pqtu W’r'vtw stuw — mmnab Wnpbc Wmscd, Wspda — Z Wmnab Wpsba Wm'pcd Wnsdc

symmetriesWeyl = {Weyl[w, f2, f3, f4] + Weyl [f2, w, 3, f4], Weyl[f1, f2, f3, f4] + Weyl [f1, f2, f4, 3],
Weyl[fl, f2, 3, f4] + Weyl [f1, 3, f4, 2] + Weyl [f1, f4, f2, £3]};

exprNullWeyl = Weyl[p, q, rr, s] ~Weyl[p, t, r, u] <Weyl[t, v, q, W] ~Weyl[u, v, s, W] -
Weyl[p, q, r, s] <Weyl[p, q, t, u] <Weyl[r, v, t, w] <Weyl[s, v, u, w] -
Weyl[m, n, a, b] <Weyl[n, p, b, c] <Weyl[m, s, ¢, d] ~Weyl[s, p, d, a] +
When . = 1/4 we yl[m, n, a, b] ~Weyl[p, s, b, a] ~Weyl[m, p, ¢, d] ~Weyl[n, s, d, c];
get 0 CanonicalForm[exprNulliWeyl, symmetriesWeyl]

1
E (-2 +8«) Weyl[m, n, a, b] Weyl[m, p,c, d] Weyl[n,s,d,c] Weyl[p, s, b, a]

Aside from finishing touches, the code is done. Not specific to RGEs. Might be useful to other.

It is very flexible in how the user provides the input. So, it might be made public.

Renato Fonseca Renormalization group equations of a general effective field theory
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Renato Fonseca

RGEs for a general EFT

Suggestion: let us decouple the task of calculating the RGEs for non-
renormalizable models from the task of computing amplitudes

This kind of work (listing diagrams, computing divergent part of loop amplitudes,
reverting to a physical set of operators) can be done once and for all for a general
EFT where the gauge group and field content are left generic

The resulting equations can then be used to compute the RGEs of specific EFTs
without the need to compute loops ever again

This is work in progress...

Lty

Renormalization group equations of a general effective field theory

19



	Default Section
	Slide 1: Renormalization group equations of a general effective field theory
	Slide 2: Studying a model at different energy scales
	Slide 3: Studying a model at different energy scales
	Slide 4: The classical results
	Slide 5: The classical results
	Slide 6: Deriving the Wilson Coefficient (WC) tensors
	Slide 7: What do these tensors look like (in the SM)
	Slide 8: What do these tensors look like (in the SM)
	Slide 9: What do these tensors look like (in the SM)
	Slide 10: Our goal
	Slide 11: Dimension 5 Green basis
	Slide 12: Dimension 6 Green basis
	Slide 13: Deriving the 1-loop RGEs
	Slide 14: Example
	Slide 15: Complicated expressions
	Slide 16: Complicated symmetries
	Slide 17: Complicated symmetries
	Slide 18
	Slide 19: RGEs for a general EFT


