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Q¢ The SMEFT and Operator Basis



The Standard Model Effective Field Theory
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The Standard Model Effective Field Theory

The energy scale of new physics (NP) is much larger t
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W. Buchmuller, D. Wyler, 1986; B. Grzadkowski et al, 2010
Latest review: G. Isidori, F. Wilsch, D. Wyler, 2023

A

The SMEFT operators:
O consist of the SM fields

O satisfy the SM gauge symmetries

and the Lorentz invariance

O capture all indirect consequences
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3. Mapping

of NP

physical scales via matching and RG running

need to be done once in the SMEFT, though match

Indirectly and model-independently investigate the low-energy consequences of NP

Simply improve the quality of the convergence of perturbation theory with multiple

Reduce repeated calculations for different UV models: running and mapping only

ing differs for UV models.
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The Physical Basis for Dim-7 Operators

Original "Basis" for dim-7 operators:

L. Lehman, 2014

v?H* +h.c. V?H?D +h.c.
O | €j€um(LCL"YH/H"(H'H) | Olp | &€un(L'Cyue) H/HiDFH"
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v'D+h.c. v*H +h.c.
O juLLD &j(dyu)(L'CiD* L) OeLLLH € j€mn(eL’)(L/CL™) H"
O1.0ddp (Ly,Q)(dCiD*d) Cirorm &;j€mn(dL')(Q/CL™)H"
Os4ddD (e_’)/ud) (dCiD“d) ﬁd_LQLHZ EimEjn d_Li)(QjCLm)H”
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The Physical Basis for Dim-7 Operators

Original "Basis" for dim-7 operators:

L. Lehman, 2014

1, CPy = @b_f@bz
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The Physical Basis for Dim-7 Operators

Original "Basis" for the SMEFT dim-7 operators:

L. Lehman, 2014

Non-trivial
flavor relations
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The Physical Basis for Dim-7 Operators

Non-trivial flavor relations: appear first at dimension seven

Y. Liao, X. D. Ma, 2019

Class Operator Flavor relations
Y2 H* OLu OV, —per=0
Y?H3D  Orenp N
W2H2D?  Ormm OV +KPT) —p =0 Operators with covariant
Orap: |40 12 + 2000 OFen — O +2K7| —p 637 = O derivative and repeated
V2H?X  OLpp Oy +per=0 . .
fermion fields
OLaw X
1/J4H OELLLH (OgZ?LH—FT(—)t)—T(—)S:O
Oirorm x
Oirqrm2 X
0. Induced by the EoMs
dLueH X
Oburru X
%D O4urLp orst o+ (Ya)opOFt gy — (YJ)rvnggLHz —s5¢t=0
4 _ -
ViH  Orawan t x t t Not all degrees of
OLddar Ofggan T3 t=0, 07y + Ofugan + Ofggan =0 .
Orpaan OPSt 4 sert=0 freedom in operators
e eQddf
OLagoi X are independent
st svt urs vst
$*D OLqQaap lO%QddD + (Yu)rvozf_idudﬁJ Tsot= _(YeT)”pOéthdﬁ ~ (Ya)rvOL gaan
OedddD Ofiadp — T > 5= (YJ )tvoza)z;iﬁ
(Offaap +7 0 1) —s & t = (Vo)uOpihy

Table 2. Flavor relations for dim-7 operators. The symbol x indicates lack of such a relation.

KP" = (Yu)owO

VWPT _
QuLLH

(Y)owOF o — (Y

vwpr
dLQLH2 ~— )vaéLLLH~



The Physical Basis for Dim-7 Operators

A physical basis gets rid of all redundant degrees of freedom: Y. Liao, X. D. Ma, 2019

in the basis: for the subset L =2, B =0,

1 1 1 1
5 (O +01,)s O7oups 5 (O D1+ 0% uD1)s 2 (OF D2 +O0T 1) 5 (07w —OuB);

OP}]}IWﬁ Ogrst (’)ETSt OETSt Op_rst % (

prst prst
dLQLH1’ dLQLH?2’ dLueH’ QuLLH’ 0_ +0— )’

duLLD " Y duLLD
1
1 (OF S L+ O g +OR L+ OPE L 1) (with at least two of 7, s,t being equal),

prst prits psrt pstr
Ozrrrms Oerrrms Oerrrms Oerrrn (for r <s<t),

(2.3)
and for the subset B = —L =1,

1 1
prst - prst __ (prts prst - zzrst zzrts
Oidudﬁl’ 2 (OéQddfl OéQddiI)’ OidQQFI’ 2 (OLQddD + OLQddD)’
1
5 (O%ZZH — Ogit; g H) (with at least two of r, s,t being equal),

1
(’)’LlﬁdH, (’)%ZZdH (for r < s <t), E(OZZZD + 5 permutations of (r, s,t)), (2.4)
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A physical basis gets rid of all redundant degrees of freedom: Y. Liao, X. D. Ma, 2019

in the basis: for the subset L =2, B =0,

1 1 1 1
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pr prst prst prst prst 1 prst prst
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T <
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(2.3)

and for the subset B = —L =1,

1 1
prst - prst __ (prts prst - zzrst zzrts
Oidudﬁ’ 2 (OéQddH OéQddf{)’ OidQQH’ 9 (OLQddD + OLQddD)’
1
5 (O%;ZH — Ogit; g H) (with at least two of r, s, t being equal),

1
(’)’lelth, OII%ZZdH (for r < s < 1), E(OQZZZD + 5 permutations of (7, s,t)), (2.4)

B Constraints on the flavor indices of operators
B Inconvenient for one-loop matching, derivation of RGEs, phenomenological studies, etc.

Question: A more convenient physical basis for dim-7 operators?



The Physical Basis for Dim-7 Operators
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¢*D
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A more convenient physical basis:
DZ, 2023a

Operators with repeated fermions
decomposed as SU(n) tensor

n is the number of flavors

O No constraints on the flavor

indices

O Each flavor index can run over

all flavors

O Automatically get rid of
redundant degrees of

freedom in operators



The Green's Basis for Dim-7 Operators

B The so-called Green's basis is directly related to 1PI Green's functions, and usually

needed for off-shell scheme

m This basis is converted to the physical one via EoMs or field redefinitions

M. Jiang et al, 2019; V. Gherardi, D. Marzocca, E. Venturini, 2020

The Green's basis for dim-7 operators: DZ, 2023a (x. X. Li, Z. Ren, J. H. Yu, 2023)
"/)2H4 ’(/)2H3D
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Reduction Relations Between Two Bases

Apply EoMs to operators in the Green's basis:

«@ o o o [eY ABa
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o . 1 1 ,
C(S ’ G(S) it (GT) (ZQ§G2W — 9.Gwpr — 2AGpy — 2 =1 ¥1D>
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B Terms in blue come from dim-6
operators in the Green's basis
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operators in the Green's basis

Induced by non-trivial flavor relation
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Reduction Relations Between Two Bases

Apply EoMs to operators in the Green's basis:
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v' The physical basis for dim-7

operators

v' The Green's basis for dim-7

operators

v' The reduction relations between

two bases



Q The RGEs of the LNV SMEFT Operators



Status of RGEs in the SMEFT

ds & d & dsxdg  dy d & x d & ds x dy ds
d<4 (bosonic) v [51] v [27] v (28]
d<4 (fermionic) v [51] X X
ds v [52-54] a a
ds (bosonic) v [44] v [51,55,56) v [27] v (28]
de (fermionic) v [44] v [51,55-57] X X X

dr
dg (bosonic)

dg (fermionic)

V8 v[8] v [42,58]

v [27) v [28]

X X X X v [26]

Table 3: State of the art of the SMEFT renormalisation (adapted from Refs. [27, 28]).
The rows show the renormalised operators (categorized by dimensions and statistics). The
columns show the operators contributing to RG running. Blank entries vanish, v~ denotes
that the complete contribution is available, v implies that only (but substantial) partial
results is present, and, X indicates that nothing, or very little, is known. The contribution

made in this paper is marked by [ERSIWOTK . S. Das Bakshi, A. Diaz-Carmona, 2023

[8] M. Chala, A. Titov, 2021 [52] P. H. Chankowski, Z. Pluciennik, 1993

[26] M. A. Huber, S. De Angelis, 2021 [53] K. S. Babu, C. N. Leung, J. T. Pantaleone, 1993
[27] M. Chala et al, 2021 [54] S. Antusch et al, 2001

[28] S. Das Bakshi et al, 2022 [55] E. E. Jenkins, A. V. Manohar, M. Trott, 2014
[42] Y. Liao, X. D. Ma, 2016 [56] R. Alonso et al, 2014a

[44] S. Davidson, M. Gorbahn, M. Leak, 2018; [57] R. Alonso et al, 2014b

Y. L. Wang, D. Zhang, S. Zhou, 2023

[58] Y. Liao, X. D. Ma, 2019

[51] E. E. Jenkins, A. V. Manohar, M. Trott, 2013



Status of RGEs in the SMEFT

ds d2 dg @ ds X dg dy ds d2 x dg dz ds % dy ds
d<4 (bosonic) v [51] v [27] v (28]
d<4 (fermionic) v [51] X X
ds / [52-54] s8] /8
ds (bosonic) v [44] v [51,55,56) v 127 v (28]
de (fermionic) v [44] v [51,55-57] X X X
d7
dg (bosonic) YPYdI This work EEVEPX

X X X X / [26]

dg (fermionic)

Table 3: State of the art of the SMEFT renormalisation (adapted from Refs. [27, 28]).
The rows show the renormalised operators (categorized by dimensions and statistics). The
columns show the operators contributing to RG running. Blank entries vanish, v~ denotes
that the complete contribution is available, v implies that only (but substantial) partial
results is present, and, X indicates that nothing, or very little, is known. The contribution
made in this paper is marked by [ERSIWOTK . S. Das Bakshi, A. Diaz-Carmona, 2023

[8] M. Chala, A. Titov, 2021 Only one dim-7 operator, namely C’)EH , is considered and Y, are ignored

[42] Y. Liao, X. D. Ma, 2016 The non-trivial flavor relations are not considered

[58] Y. Liao, X. D. Ma, 2019

O Working out the complete results in a more convenient physical basis

No final results in a physical basis, only counterterms in the flavor-blind basis

O As a crosscheck (Indeed, typos/mistakes in [8] and [58] are found and later confirmed by the authors)
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RGEs of LNV Operators up to Dimension Seven

General structures of RGEs up to 0(473) :
dC

16752 = 10%C; + 909G + VPOC,Ch+ 457 CE
dC; o i 4 (19 (1.6) v i
167r,ud =000 + C5C5Cs + 757 C5 0

Procedure for calculations:

Dimension regularization Reduction
MS scheme relations

Counterterms Counterterms

1PI diagrams ‘ in the Green's ‘ in the physical

FeynCalc W basis
Package-X .
BFM (dim-5, 6, 7) ol N
R; gauge t FeynRules dc, _ ,. 07, ‘ allan-Symanzi
Off-shell scheme FeynArts Fay =° ZJ: mil 5= oh, G equation

m A large amount of diagrams and also lots of calculations; FeynRules/Arts/Calc and Package-X
m FeynCalc can not properly deal with four-fermion vertices, thus diagrams involving four-fermion
vertices are calculated by hand

B Crosscheck can be done by modifying the package Matchmakereft A. Carmona, et al., 2021 10



RGEs of LNV Operators up to Dimension Seven

Examples for the final results ( 03’ =7, HH"0, , O =0, H 0y (HH)): DZ, 2023a;2023b

. 1 3 ap a
C’?ﬁ =3 (—3g§ +4X+27) C?ﬂ 3 (YEYETC%) +m? (8Cyn — Cyp) Csﬂ

*Qy 3 *Q *0y af 1 S ap af
i {8057+ 30t (053" + OSse’) + (i o)™ = 5 (W)™ +2 (¥Clono)

S)xyAa M)syda *YO\ *Ayo
- (YZT)’)’}\ (?’C’élé)ﬂ:lY o + 206&%2)1-1"( ﬂ) -3 (Yj)"r’)\ ngqg[fl +6 (Y;J))\'y Cqu&Hﬂ} toa 6

s « 1 *Q ) af *Qy 3 0
CS8 _ ;I (c5cg) G+ (Cgc5cg) +C5*P {—30,, — 7 (gl — g3 +43) Cup + (m — ggg) Chn

32 Cyy + S (62C, 5 + 362C, C ) —Tr |26 (CO + 208 + Cu¥il +3C,, Y]

92 Hw+21(91 ug T°%2C % T 919 HWB) 92 Hq+3 H? eHY] dHY4
af
+3¥,Cly —2 (Y ORY, + 3Y]CRY + 3¥ICHY,) + 3 (YiCuna] + YuCla¥?) |} -3 (CliCl)
2 o2 [(cte®Y _ (cte| L L (oty ot of

o 3 aff 3 aff aff
(347 + 1563 — 80x — 87) O - = (CmY,) +(2A—§g§) (Ceerro¥!) ™ + (Cronp¥i ¥}

3 af af
+5 + (i)™ -3 (civyie)

ap a3
S)a S S S)a
(63 — ) Cfgint + A (Clm YY) = (ClEmYYIYY) ™ — < (o1 + 2933 + 304 — 493)) Ci55

NN

DN =] | =

g
(8) £\ (8) tyyt)* _ 2 3008 £\ (SyyraB
—5A (CszYle ) - (CtszYEYE Yy, ) —39,Conw — 69, <C£HWY2Y2 ) —3Ccun [)‘ (YE)M

- (viviw), | 208 A, - (i), | -scgm, A, - (vaviva), |
+6Cqh [A (), - (VYYD | +a e B

11



RGEs of LNV Operators up to Dimension Seven

DZ, 2023a;2023b

Examples for the final results ( 03’ =7, HH"0, , O =0, H 0y (HH)):

o 1 o 3 ap o A 5,6 i 5,7) i
Csf =[5 (-3¢ +4r+27) C° — S (V¥/C5)  |+{m? (8Cun — Cp) C5° eI 1 AT + P CsCil hiE PG
S)*a 3 S)*a S)xa S 1 S
m {8057 + 303 (2055 + O + (i)™ = 5 (vviciiba)™ +2 (ViClunn) ™
S)x* )\aﬁ M)*yAaf *ya\ *AyQ
- (YZT) (3Céze)e1¥ 2CS e ) 3 (YT) Odz mﬁ +6 (Y, CquZUf } +aep

s « 1 *Q ) f *Qy 3 0
CS8 _ ;I (050g) G+ 5 (0;05(1;) N (e {—30,, — 7 (gl — g3 +43) Cup + (16)\ — ggg) Chn

3. 1
—393Cw + 51 (970, 5 +305C 5 + 919:C7) —ﬂ[zgs (C§§’;+§0§§’Z) + oY) +3Cun Yy

af
L3y, — 2 (YTC;QY +3v1CQy, + 3Yj0§gyu) +3 (ncHudY; + chi,udyg) ] } — 3¢, (Cngch)

(ciet)™ - (chem)”™ | + 5 (otvict) ™ + (che)” -3 (clvivioR)”

2
L 1 A —87) 08 _ 3 (c®yy N\ 4 (an—32) (. v + (¢ . vivy )™
1(391"‘ 595 — 80 _8) (H _§<ele> + — 59 (eeHDz) +(eeHDz ll)

3 (S)a s o s 3 S)a
492 ( 4>‘) OZH)Df + A (ClgH)Dl}/lYET) - (CegH)mYzYETYEYET) ) (91 + 29192 + 393 - 4g§>\) OlSH)Dg
1 s B a S)vra

M (CSv!)” — (Clla¥miviv!) ™ — 363058 — 69, (Comnei¥))” — 30K [A (),

M)y «
- (viniw), | - 208 Ay, - (i), | -sogm, A, - (varva), |

6C i [)‘ (YT)M B (wY“YJ)M] taop ’71(17 7)C'$ + ’757’5)056'56'5 t+ 71(; 6)050g

quitH u

Used for a complete and consistent one-loop analysis of the SMEFT up to dimension seven 1171



¢ Applications



Non-renormalization Theorem

B Every operator O has the so-called holomorphic weight » and antiholomophic weight @
B For the same mass dimensional operators 0; and 0;, contributions from 0; to the one-loop

anomalous dimension matrix y;; of 0; satisfies

4 ) dCi o
C. Cheung and C. H. Shen, 2015 [ Yij =0 if w; < wj or w; < (T)j] (4r) dlog s = Zyijcj
J

B But an exception in the SM(EFT), i.e., Yukawa couplings of nonholomorphic form, like Y,Y;,

. C.
dC7 _ anai 1) PPN w
1672 p——" = 37 CL 4+ 7, C.C.Cx + ;Y CC (w;, ;) ) )
d,u 4 ! ¢ 555 4 56 Céi}d[, CqudD Céqddﬁ PdqqH CZdudHr ZE%ZH
(5,3) (5,3) (5,5) (5,5) (7,3) (7,3)
G
The structure of the one-loop (ws, T7)
. . N (S)
anomalous dimension matrix Ceaaan 202 2 0 0 0 0
(5 3) gy Yy
. (S)
yi; for dim-7 baryon-number- Cz‘qugf 2 RS0 0 0 0
violating operators o
eqddH A L I e VL T 7 0
DZ, 2023b (5:9)
(éd";;’ v duy | v Ay | P 0
o o ldudH 3 2,1 213 2 2 2,2 2
Fully consistent with the above (7,3) AR R
(M)
non-renormalization theorem!!! G v gyt 0 0 v 4y




Non-renormalization Theorem

Results for dim-7 baryon-number-conserving operators Dz, 2023b
C.
& (wj, ]wj) ) ) ) (4) (5,4,M) )
Cirip1 Ciipe | Couup | Cetiz Conw | Cewetr © Cagern Cawgerrs | Ceenv | Capyery Caueerr | Cirf
(3,5) (3,5) 35 | 67n G0 | 61N G717 (67 (5,5) (5,5) (5,5 | (57)
C;
(wi, w;)
o®)
(éH 51 9%, v? g%\ 1y? 0 0 0 0 0 0 0 0 0
C(S)
(éHE?)Q [ TR L T Y 0 0 0 0 0 0 0 0 0 0
(5)
(gufgf 32 32 g%y 0 0 0 0 0 0 0 0 0
C(A)
(;”7’; 9y° 9y° 0 | g%v% g 9y 9y 0 0 0 0 0
C,
(3”7”3' @92 ey 0 ?  EAAN gy 9y 9y 0 0 0 0
CSAM) , ,
éf‘% TR A e TR T 0 9y 9y 7y Yy y 0
C-
(‘g‘q%’ ! ?v.v* Py | Put | gy 9y y? >y Ay 0
C-
(‘g‘qu 2 T T o VIS VA N T Vol R 9y y? @y Ay 0
fé’éf ?vy® Sy iyt 0 0 0 0 0 0 | gAY 0 L
(gf“gf 3 3 9y, v 0 Y2 e 0
C.
(g“‘;;’ A T Ve N TR T 0 0 T e T 0
Ciif gt A% ' g
A A 0 0 M,y vt | 0 Mye® | gty A
(5,7) Ayt 2yt Y, 9°Y, Y v,v° | g%y
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Radiative Corrections to Neutrino Masses

Neutrino masses in the SMEFT:

1)2

M, (Agw) = ) [05 (Apw) + U2C£}9{)T (AEW)]

The leading-logarithmic approximation:

2
of _ U 1 1 (V) Lo 3.2 i
M oo (1) {08 (<363 + ar 4 61 (V)]
o 5 3 3
3, 1 2
—S1(97C,5+393C 7 + glngHWB) + 5T (C5C8) — SbTr (308 + C)')

5 3
— 3Tr (C,yY)) + 6T (KJCS’;*YH)] + 50" (050;‘05) +5 (f +3) v’

| (efres) ™ + (o) - (eiies) ™ - (cfres) |}

B The small down-type quark and lepton Yukawa couplings, and contributions

from dim-7 operators are ignored

B Apart from the C; cubic term in red, the above result is consistent with that
obtained in [M. Chala, A. Titov, 2021]
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Radiative Corrections to Neutrino Masses

Numerical analysis in [M. Chala, A. Titov, 2021]: one generation

10 IIIIIIIIIIIIII]III TTT
—AN=1TeV
A =3 TeV =

o
o3
|

|60, — OMM| /|5 M

01 IIII|IIII|IIII|]III|IIII
0 1 2 3 4 5

OH

FIG. 2. Impact of dimension-siz interactions on the size of the
leading-logarithmic correction to M, as a function of ayg for
different values of the new physics scale A. The Wilson coeffi-
cients of other dimension-six operators have been set to their
best-fit values from [44]. Dimension-seven operators have been
assumed to vanish. See the text for further details.

Corrections from insertion of dim-5 + dim-6 operators can reach 50% of those purely from

the dim-5 operator for A = 1 TeV, depending on the Wilson coefficient of 0, = (HTH)3
15



¢ Summary



Summary

A Green's basis and a new physical basis for the SMEFT dim-7 operators are proposed

The reduction relations between the above two bases have been achieved, where some

redundant dim-6 operators are involved

With the above bases, the complete one-loop RGEs for the dim-5 and dim-7 operators

up to 0(473%) have been derived for the first time

These results can be used for a complete and consistent one-loop analysis of the SMEFT

up to dimension seven

THANKS FOR YOUR ATTENTION
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Backup

The usage of EFTs G. Isidori, F. Wilsch, D. Wyler, 2023
Energy scale

A

Very heavy UV theory

v M Matching —
BSM theory ]
Assm Matching e
SMEFT SMEFT RGE

<>

mw EWSB & Matching

=
;

LEFT LEFT RGE

myp —( Matching

’

LEFT' (without b quark)

LEFT' RGE

<>

Me —{ Matching

’

RGE

>

Aqcp —[ Non-perturbative matching

|

Chiral perturbation theory




Backup

The number of independent operators in the SMEFT:

IBP, Fierz transformations, Algebraic relations, Field Redefinitions (or equations of motion)

10000000000 -

7557 369962

Hilbert series method 2796 173575

1000000000 -

100000000 |- Three generations 175373592

N

10000000 -
5474170

1000000 -

Growing roughly
exponentially
with the mass
dimension

100000 +
10000

1000

One generation

(including Hermitian conjugates)

T B. Henning, X. C. Lu, T. Melia, H. Murayama, 2017

1 1 1 1 1 1 1 1 1 1 1

5 6 7 8 9 10 1 12 13 14 15

Mass dimension of operators

The number of independent operators

O Hilbert series method
O Operator-counting packages: Basisgen (. . Criado, 2019) and Sym2Int (r. M. Fonseca, 2019)

The number of operators . .
P v Lorentz and gauge invariant structure of operators X

Field ingredients in operators / 18



Backup

How to construct a complete operator basis:

> Brute force (enumeration) method

dim-5 S. Weinberg, 1979 Unique
dim-6 W. Buchmuller, D. Wyler, 1986; B. Grzadkowski et al, 2010 24 years!!!
dim-7 L Lehman, 2014; Y. Liao, X. D. Ma, 2016; 2019 Not so satisfactory

dim-8 C. W. Murphy, 2020
dim-9 . Liao, X. D. Ma, 2020

» Amplitude operator correspondence and group theoretic techniques

dim-8 H. L. Li et al, 2021a Mathematica package: ABC4EFT (Amplitude
Basis Construction for Effective Field Theories)

dim-9 H. L. Li et al, 2021b H. L. Li et al, 2022

up to dim-12 R. V. Harlander, T. Kempkens, M. C. Schaaf, 2023

Package: AutoEFT (re-implementation of the algorithm of ABC4EFT)

» On-shell amplitude method

up to dim- 6 T. Ma, J. Shu, M. L. Xiao, 2019; R. Aoudea, C. S. Machado, 2019; Zi-Yu Dong et al, 2022
up to dim- 8 G. Durieux, C. S. Machado, 2019; M. A. Hubera, S. De Angelis, 2021

Mathematica package: MassiveGraphs S. De Angelis, 2022

19



Backup

By A8 A8 B _ i i
ON 7 + O — Oy — OS2 =0, Mixed symmetries among flavor DZ, 2023a
By aBly By ayAB arby _ indi fermion fiel
OdedH t OdedH =0, OdedH T OdedH T OdedH 0, indices of repeated fermion fields

Decomposing operators to those with explicit (mixed) symmetries in the flavor space

(:I Fermion fields can be regarded as the fundamental representation of SU(n) or U(n) flavor symmetry

with n being the number of generations (flavors)

O Operators with several identical fermion fields denote the tensor of SU(n), and can be decomposed to

-

> Repeated fermion fields transform under SU(n) as  Young tableau

direct sums of irreducible representations of SU(n) y

X for 2 identical fermion fields X X for 3 identical fermion fields

> Tensor decomposition:

® = D ; X ¥ |= D D D
. . . totally . . totally anti-
symmetric antisymmetric symmetric mixed-symmetric symmetric
nn+1) nn-—1) nn+1)(n+2) nn+1)(n—-1) nn—-1)n- 2),)0

2 2 6 6 6



Backup

Examples: DZ, 2023a

B Operator with 2 identical fermion fields
0%, = 0l + O

$

Saﬂ Q o A)ap 1 a
0( (Oug OfH)’ Ong) —— H~ “YeH) >

N)IP—‘

o3~ 0 =0

B Operator with 3 identical fermion fields

By (S)aBIA | (A)aBIA | (M)aByA | iny(M)abyr
OeZNH OelllH + OEZZZH + OeZNH + OelMH
(S)apyr _ 1 By By ayAB aﬁM ayBA a\yp
OEMZH - 6 (OeZNH OeMZH OelZZH OSMZH OeNZH OeZMH
oWasn _ L (nasn | nadsy | panas _ padhy _ perBr _ pads
eZZZH 6 ( eEZZH e@ZZH + OelllH OEEEEH OEEZZH OEZNH
@napys _ L (pasn | narBr _ paras _ mers
OeEEEH g (OGZMH eZMH OelﬂH OeZZZH ) )
(M JaByx l ((r)aﬁ’}')\ Q 32 SOTDA
PN/” T (2245 VeZZZH eZZZH elltH )

*

afyA aiyB arBy ayBA
Ocewerr + Ocouorr — Ozpoerr — Ozererr =

)
)

B Operator with non-trivial flavor relations

Octiin = Okaran + O%aan”™ + Otiain " + Olaadp ™
: !
O = = (O, + OB, + O, + O, + OB, + 0 )
Ot = = (02 + OBk + Oh, — 022, — 0, o)
= 5| (40),, O+ (vd) o + Y ome )
o0 — %(osm 0238, - 0 ~Be1s)
OB = 2 (0280, + O LBt — omt)
| (osaT omt, - o, - o) + (0% - 032
Ot — O%aiin) — 2 (0sdih — Oinis )|
= 5 |00 0 + (Y1), ommmr + (1), O —2 (v o]
*
Octitn — Ot = (Y1), 020t
O%fiin + Oaaiy =7 A= (Y1), Ot

The remaining combinations are free from (linearly independent of)

all (non-trivial) flavor relations

21



Backup

B For one-loop matchings and calculations of RGEs with Feynman diagrammatic approach, usually off-

shell scheme is used and hence only 1PI diagrams are involved

B In such a case, the so-called Green's basis is needed, which is directly related to 1PI Green's functions
M. Jiang et al, 2019; V. Gherardi, D. Marzocca, E. Venturini, 2020

m Operators in the Green's basis are independent in the sense of IBP, Fierz transformations, Algebraic

relations, but NOT EoMs

m Operators in the Green's basis can be converted to those in the physical basis with the help of EoMs

Matching Mode
Lyv

\

The Green's basis for dim-6 operators

(including reduction relations):

V. Gherardi, D. Marzocca, E. Venturini, 2020

The Green's basis for dim-8 operators:

M. Chala, A. Diaz-Carmona, G. Guedes, 2022
Z.Ren, J. H. Yu, 2022

RGEs Mode

1PI diagrams —

‘ Off-shell scheme

Results in the
Green's basis

‘ Reduction relations

Results in the

physical basis

LEpT

The strategy adopted
by Matchmakereft

A. Carmona, A. Lazopoulos,
P. Olgoso, J. Santiago, 2021
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V2 H? Y2H3D
Oy e*bede (¢2CeY) H'He (HTH) sn(n+1) | Oppp | €e® (£44Cy,Eg) HYHD*H® n?
¢2H2D2 ¢4H
Ou1ipt e®bede (.eCDM3) HD ,H* n? O oot €abede (EE o) (¢Ced) He sn? (2n* +1)
Ovrpa eebe ( Dﬂgb) HdD H* n’ anqem e’ (D ( R ﬁ) (Q%C@f) He nt
Rowmy | (ECT) D' HD, a7 D) Ouurrs | €™ (Dytt) (QLCH) HE n
Rt pa e*le" (D*ECD, 47 H"ZH6 sn(n+1)| O, e (Dptt) (URCER) H” nt
Roups | €Pe® (4¢Co,, DHe2) HYD H® n? Oueerr €l (QLUR) (e.ce) Hb nt
R, s edebe (D“fﬁCawD"f’{‘) HeH® In(n+1) O, paii (E DR) (UgCDy) H n?
V2H?X O, un ( r) (DRCD ) sn® (n® — 1)
Oug et (£¢Co, 0f) H H*B" in(n—1) _— e (ExQ}) (DRCDy) nd(n—1)
Ourw | € (o)™ (6Ca,, 08) HYHW n? Ot | € (GDg) (QLCQY) Hb n’
*D
Ozadap (ER’Y,LD ) (DrCiD* Dy) n' quddD (£L7MQL) (DrCiD*Dy) n*
O : e (Dgy,Ur) (4.CiD"41) nt Riipqd (¢.Dy) (iD*QLC",Dg) n'
€@ a b B :
R, (Drtt) (4 CV#ID#UR) n' Rtdgpa (6.Dr) (QuC7,iD"Dy) n'
Rapuy e (DgiD"43) (¢1.C7,Ur) n'
8 Ba Dz, 2023a
O OZH - R?HD3 - Regm =0,
X.X.Li,Z R
OZIZBA—'_ OZH?)\_ REHD4 RZHD4 0, J. H. v:, 2023
O anii ¥ Ocgaii = Rop e — Ropipe =0.
eqddH eqddH ) (HD6 (HD6 =
Oaﬁ’ﬂ OaMﬁ 000\57 Oa’Yﬂ)\
eeeerr T Ceatert etttH ettt — No non-trivial flavor relations
O L0 =0, O 4+ O‘JW + 02 =0
CdddH '~ tdddH '’ THdddH ' TtdddH ' ldddH ’ Also decomposed as SU(3) tensor 23



Backup

A list of dim-6 operator in the Greens basis involved in reduction relations for dim-7 operators

Row
/

HD
apf
7?’uH D1
ap
7?’alH D1
B
R?H D1
a3

RWZ
raf3
B¢
/(3)op

RH £

-3 (D,W) (D'W,)
(H'H) (D, H)" (D*H)
(Qu.Usr) D, D*H
(Qu.Dsr) D,D*H

(fa_LEﬂR) D, ,DtH

- <>
b (Capoy#iD b5 ) W,

% (Ecx—LVMiBVeﬁL) g;w

(i) (H1o'H)

7?’WDH

"
HD

B
RgH D2
of
7?’dH D2
B
R?H D2
a3
We

I(1)ap
7?’H J4

3)ap
Rige

D W (HWDIH)
(H'H) D, (H'iD,H)
(Quiio,, D Usy) DVH
(Quiic,, D“Dyy) DYH
(Corio,, D*Egy) DVH
3 (Qa’v“ﬁ”fﬁL) Wi,
(%—Liﬁgm) (H'H)

{ o'y, ) D, (Hto'H
al BL m

Rpx  (D,D*H)'(D,D"H)
R T ADD DY b
REpy (@ D*Uys) DHFE
Ritps  (QaDyDpr) D*H
Retipa (€ar D, Egr) DM H
RE? 1 (BariDes) B

R (T ) 0, (H1H)

Table 3: Dim-6 operators in the Green’s basis converted to physical operators with the help of
EOMs of the lepton and Higgs doublets. They may give Contributions to the RGEs of the dim-5

and dim-7 operators. The dual tensors are defined by X = : € po

denoting W' and B.

X?? with €y;93 = +1 and X
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Backup

C. Cheung and C. H. Shen, 2015
Z. Bern, J. Parra-Martinez and E. Sawyer, 2019
Each operator O (or on-shell amplitude) has the so-called holomorphic weight » and

Non-renormalization Theorem without SUSY

antiholomophic weight @ , defined as n(0) is the number of particles created by 0
w(O) = n(0) — h(0), w(O) = n(0) + h(0) and h(0) is their total helicity

O Faﬂ Ya ¢ 77 Fdﬁ

h +1 +1/2 0 ~1/2 -1
w.®) 0,20 (1/2.3/2) (LD (3/21/2) (2,0

An operator 0; can only be renormalized by an operator 0; at one loop if the corresponding
weights (w;, ;), and (w;, w,) satisfy the inequalities
w; = w; and w; = (T)]

and all Yukawa couplings are of a “holomorphic” form consistent with a superpotential.

. e _ _ dc;
- . — i , . . . 2 I
Non-renormalization Theorem: [yl] =0 ifw; < Wj Or w; < a)]] (4r) m = Ej YiiCj

The exceptional amplitudes: A(ytytyty™), A(Ft¢dd), AlwTytded)

0{1 T\A MQ

Only the first one is involved in the SM(EFT)
and proportional to the product of up-type
and down-type Yukawa couplings, caused by
Higgs doublet exchange, such as

of po

=< Lahn (Tw)()r (Y o

A 4 ‘:{, Er 25
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Radiative Corrections to Neutrino

Masses

1.0_|III|IIII|IIII|IIII|I|||

- —A=1TeV 7

— A =3 TeV =

=
<

|60, — SMM| /|6 MM

01 IIII|IIII|IIII|IIII|IIII
0 1 2 3 4 5
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FIG. 2. Impact of dimension-six interactions on the size of the
leading-logarithmic correction to M, as a function of ay for
different values of the new physics scale A. The Wilson coeffi-
cients of other dimension-six operators have been set to their
best-fit values from [44]. Dimension-seven operators have been
assumed to vanish. See the text for further details.

Numerical analysis in [M. Chala, A. Titov, 2021]: one generation

0.00—
:  —0.041-
= I
D
;0 —0.08 — SM
| SM+dim6 |
_0.12_||||||||||||||_
0 1 2 3
A [TeV]

FIG. 3. Relative size of the leading-logarithmic correction
to M, as a function of A, with the Wilson coefficients of
dimension-siz operators set to zero (blue line) and to their
best-fit values from [44] (red line). The band represents the
variation of the Wilson coefficients of dimension-six opera-
tors across the 95 % confidence level ranges derived in [44].
Dimension-seven operators have been assumed to vanish. See
the text for further details.

m Corrections from insertions of dim-5 + dim-6 operators can reach 50% of those from single insertions
of the dim-5 operator for A = 1 TeV, depending on the Wilson coefficient of 04 = (HTH)3
m The relative size of the total correction is about 4%-8% compared to the tree-level neutrino mass for
A € [1TeV, 3 TeV] 26



