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Abstract

We compute the one-loop renormalisation group running of the bosonic Stan-
dard Model effective operators to order v*/A*, with v ~ 246 GeV being the
electroweak scale and A the unknown new physics threshold. We concentrate
on the effects triggered by pairs of the leading dimension-six interactions,
namely those that can arise at tree level in weakly-coupled ultraviolet com-
pletions of the Standard Model. We highlight some interesting consequences,
including the interplay between positivity bounds and the form of the anoma-
lous dimensions; the non renormalisation of the S and U parameters; or the
importance of radiative corrections to the Higgs potential for the electroweak
phase transition. As a byproduct of this work, we provide a complete Green
basis of operators involving only the Higgs and derivatives at dimension-eight,
comprising 13 redundant interactions.
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1 Introduction

The Standard Model (SM) extended with effective interactions, also known as SM effec-
tive field theory (SMEFT) [1], is increasingly becoming one of the favourite options for
describing particle physics at currently explored energies. The main reasons are the ap-
parent absence of new resonances below the TeV scale |2] and the fact that in general the
SMEFT explains the experimental data better than the SM alone [3].

Relatively to the SM, the impact of effective operators of dimension d > 4 on observ-
ables computed at energy ~ E is of order (E/A)?*, with A > E being the (unknown) new
physics threshold. Thus, the most relevant interactions are those of lowest energy dimen-
sion, which, ignoring lepton number violation (LNV), are the ones of dimension six. These
operators have been experimentally tested from very different angles at all kind of particle
physics facilities. In particular, the knowledge of the corresponding renormalisation group
running [4-10] has allowed the high-energy physics community to probe the SMEFT to
order E?/A? combining experimental information gathered across very different energies;
see for example Refs. [11H14].

However, there is by now convincing evidence that dimension-six operators do not
suffice for making predictions within the SMEFT in a number of situations. For exam-
ple, dimension-six interactions do not provide the dominant contribution to some observ-
ables [15] or even they do not arise at tree level in concrete ultraviolet (UV) completions
of the SM [16,|17]. It can be also that relatively low values of A are favoured by data
in some interactions, and therefore corrections involving higher powers of E/A are not
negligible [16,(18]; or simply that some observables are so well measured (or constrained)
that they are sensitive to higher-dimensional operators [18-20)].

In either case, dimension-eight operators must be retained when using the SMEFT.
(Dimension-seven interactions [21,22] are also LNV.) This has been in fact the approach
adopted in a number of recent theoretical works [16},18-20}23-28], but so far mostly at
tree level. Our goal is to make a first step forward towards the renormalisation of the
SMEFT to order E*/A* We think that, beyond opening the door to using the SMEFT
precisely and consistently across energy scales, there are several motivations to address
this challenge. For example:

1. Several classes of dimension-eight operators (including purely bosonic) that arise
only at one loop in weakly-coupled UV completions of the SM can be renormalised by
dimension-eight terms that can be generated at tree level [29]. (While at dimension six
this occurs solely in one case.) This implies that the running of some operators can
provide the leading SMEFT corrections to SM predictions in observables in which only
loop-induced interactions contribute at tree level.

2. FEight is the lowest dimension at which there exist two co-leading contributions
to renormalisation within the SMEFT: one involving single insertions of dimension-eight
operators, and another one consisting of pairs of dimension-six interactions. (Pairs of
dimension-five operators renormalise dimension-six ones [30], but they are LNV and there-
fore sub-leading with respect to single dimension-six terms.) Non-renormalisation theo-
rems have been established only in relation to the first contribution [17,29]. Thus, whether
tree-level dimension-six operators renormalise loop-induced dimension-eight interactions
is, to the best of our knowledge, still unknown.
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3. Dimension-eight operators are subject to positivity bounds [31H37]. Thus, precisely
because dimension-six interactions mix into dimension-eight ones, it is a priori conceivable
that theoretical constraints on combinations of dimension-six Wilson coefficients can be
established if the corresponding renormalisation group equations (RGEs) are precisely
known.

Inspired by these observations, and in particular by 2, in this paper we will focus
on renormalisation triggered by dimension-six operators. (We will consider the effects of
higher-dimensional operators in loops in subsequent works.) Also, we will concentrate on
the running of the bosonic sector of the SMEFT.

This article is organised as follows. In section [2| we introduce the relevant Lagrangian
and clarify the notation used thorough the rest of the paper. In section |3| we describe the
technical details of the renormalisation programme. In section [] we unravel the global
structure of the renormalisation group equations (RGEs). We finalise with a discussion of
the results in section [} We dedicate Appendix [A] to relations that hold on-shell between
different operators. In Appendix [B] we write explicitly all RGEs, while in Appendix [C] we
describe briefly a UV model that accounts for generic tree-level generated dimension-six
bosonic operators.

2 Theory and conventions

We denote by e, u and d the right-handed (RH) leptons and quarks; while [ and ¢ refer to
the left-handed (LH) counterparts. The electroweak (EW) gauge bosons and the gluon are
named by W, B and by G, respectively. We represent the Higgs doublet by ¢ = (¢, ¢°)7,
and ¢ = i09¢* with o7 (I = 1,2,3) being the Pauli matrices. Thus, the renormalisable
SM Lagrangian reads:

1 1 1
Lom == G, G — Wi, W — By, B

+ ¢%iqF + IHDIT + uGiPufy + d3ipdS + e%ilPe
+ (Du0) (D"6) = 216l = Mol" — (yisafouy, + yisaz o}, + ysplfoch +he.) .
(1)

We adopt the minus-sign convention for the covariant derivative:

. . ol I . PN A
D, =0, —-igY B, — 192?W” —igs—G

Gl 2)

where g1, g2 and g3 represent, respectively, the U(1)y, SU(2) and SU(3). gauge couplings,
Y stands for the hypercharge and A\* are the Gell-Mann matrices.

We use the Warsaw basis [38] for the dimension-six SMEFT Lagrangian £, and the
basis of Ref. [17] for the dimension-eight part £®. (An equivalent basis can be found
in Ref. [39].) While the renormalisation of £ has been studied at length [7}9], the
running of £®) is largely unknown. Assuming lepton-number conservation, the running
of dimension-eight Wilson coefficients receives contributions from loops involving single
insertions of dimension-eight couplings as well as from pairs of dimension-six operators.
Schematically:

167r2,udc—Z(8) = el 4yl 90 (3)

dp I k=i Tk
Although ¢(® (and ¢®) are in general unknown, fits of the SMEFT to the data favour
relatively large values of some of these coefficients [3]. This implies that the 4/ term, which
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Operator Notation Operator Notation
w@ (¢T¢)4 Oys
o
3 (619)2(Dyg! D) of (619) (610! ¢)(Dygla’ DHo) oy
A (Dug'Dyg)(D¥ 61 Dro) o} (Dug'Dyg) (Do D) o
S (D61 D,9)(D* ' D, ) o
% LK (@t o)W WP w e Oy T (@t o)W Wil %) ..
‘5< K (gtal o) BYW P W OWspn €K (G0l 9)(BYWL WL + Brwl WiEe)y 0F), .,
(610)2Gih, G4 Oy (610)2Gi, A O
% (oto)2 W, Wne Oy (o1 0)2 W, Wn Ofphs
°>'< (610l 0) (@0’ o)W1, Wk O (61079) (00’ 6) WL, Wk Ol
(¢1¢) (0! o)W}, B OW (@1 9) (! o)W}, B O g
(610)* By B Oy (610)* B B Oy
(D1l Do Ol (D7 D,
(DF6T D)WL WP O, s o ie! 7K (Drgta DY oYW WP O, o
K (DRt DY) (WL WSP — WL WSP) O, . i K (DroTal DY o) (WL WS + W WPy O,
:Q (Drglo! Do) Bw'”v“/ﬂ Ot\l'}/m—’n—’ (D//“;”’Dw“)nwﬁvlw CX?/;«#/)—’
:\i i(DFoial DV ¢)( B/u)nv/{/) - ]—’)”/'”vﬂ’/}) C%f‘b;»—’/)—’ (Drglo! DY/")(R////Iiv'{/7 + Bw'nvlfﬁ) 01{: o2 D2
i(DF¢to! DV$) (B, Wo’ — By,Wi?) O 0, (Dr¢To! DV ) (B, W, + By, W,") 0O e
(D*¢' D" ¢)B,,,B,” O e (D*¢'D,¢)B,,B"" 08 e
(D¢t D) By, B 08 e
" i(¢0)(Drglo! D o)W, O e i(¢0)(DFgT o’ D)W, 0P i
:@ el K (¢l ol g)(Drola! DY o)W O e el K (¢l ol g)(Drola! D) WIS O i
< i(¢1 ) (D 61 D" $) By, O e i(¢1) (D 1 D*$) B, 0% e

Table 1: Basis of bosonic dimension-eight operators involving the Higgs. We follow the
notation from Ref. . All interactions are hermitian. The operators in grey arise only
at one loop in weakly-coupled renormalisable UV completions of the SM 1@/

is quadratic in the dimension-six couplings, can dominate the running of dimension-eight
Wilson coefficients even if the latter are equally large. As such, the computation of this
piece of the running is especially appealing.

Moreover, non-renormalisation theorems , have not been yet established for
the mixing triggered by pairs of dimension-six operators. Consequently, for now the zeros
in 7/ can be only obtained upon explicit calculation.

We therefore focus on this part of the dimension-eight running in what follows. Like-
wise, and as a first attack to the problem, we will concentrate on the bosonic sector
of the theory. The advantage of this is that bosonic operators are not renormalised by
field-redefining away redundant operators involving fermions (the opposite is not true).
Besides, we consider loops involving only dimension-six operators that can arise at tree
level in weakly-coupled UV completions of the SM. These can be found in Refs. [43-47].
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Figure 1: Example diagrams for the renormalisation of operators in classes ¢8 (first),
#5D? (second), p*D? (third), X?¢* (fourth) and X ¢*D? (fifth). The gray blobs represent
dimension-six interactions.

Thus, our starting Lagrangian is:

Lyv = Lsm + [32{%@%)3 + con(¢'0)D(879) + cop (¢ DF¢)* (67D i)
+ ) (811D o) @rror) + ) (61D L) Brr"o"vr) + coun (01 D 1) @rr"dr)

+ [Cdmd(giDu?b)(ﬁ’YﬂdR) + cpno(d0)Prdvr + h.c_} } , (4)

with ¢¥r = ugr,dp,er and ¥ = qr,lr. Restricting to the bosonic sector of the SMEFT,
only dimension-eight operators involving Higgses can be renormalised at one loop from
the Lagrangian above. For clarity, we reproduce them in Table [I] following the notation
of Ref. |17].

3 Computation

We use the background field method and work in the Feynman gauge in dimensional
regularisation with space-time dimension d = 4—2¢. We compute the one-loop divergences
generated by Lyy using dedicated routines that rely on FeynRules [48], FeynArts [49] and
FormCalc [50]. Most of the calculations have been cross-checked using Match-Maker [51].
All amplitudes of the kind X3¢? and X2?¢?D? are finite, hence operators in these classes
do not renormalise within our theory.

The bosonic one-loop divergent Lagrangian, involving Higgses, can be written as:

) ) (6 0'® . o®
1671'26 EDIV = K¢(Du¢)T<DM¢> - /12’(?5‘2 - /\|¢’4 + Ez’ ) Alz + 6;' ) A]4 ) (5)

where ¢ and j run over elements in the Green bases of operators of dimension-six and
dimension-eight, respectively. The former extends the Warsaw basis with the interactions
given in Table [2l The bosonic Higgs operators expanding the dimension-eight Green basis
and which are redundant in the basis of Table [I] are shown in Table 3l To the best of our
knowledge, this last result is completely new.

We are interested in the unknown O(E*/A*) piece of the renormalisation of bosonic
operators. As such, we only provide this new contribution to the aforementioned diver-
gences. The only exception are the Higgs kinetic term and the dimension-six redundant
operators, for which we also compute E?/A? corrections, as these generate E* / A* terms
when moving to the physical basis by means of field redefinitions. Note also that, since we
are dealing with only bosonic operators, we omit flavour indices. Flavourful couplings are
written in matrix form (keeping the correct order in the matrix multiplication) and a trace
over indices is implicit. We also use the shorthand notation for matrices A% = Tr ATA,
where A is an arbitrary flavour matrix.
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Operator Notation Operator Notation

¢*D*  (D,D*¢')(D,D"$) Opy

$*D?  (410)(Dud)! (Do) O, (6'¢)DH(oiD ug) Ol

X¢2D? DWW (1 DLe)  Owpy 0,8 (1D ,16)  Oppy

Table 2: Independent dimension-sixz bosonic operators involving the Higgs which are re-
dundant with respect to the Warsaw basis. We adopt the notation of Ref. [52].

Operator Notation Operator Notation
% D24 D, D, DF D¢ O,
D,¢'Drp(¢tD2p + hec.) ngj D¢ Dre(¢1iD%¢ + h.c.) O;‘?
. (Dol o) (D261 D) +he. O (Du'¢)(D*¢1iD,g) +he.  OF)
8 (D*616)(D*10) +he.  OF) (D*616)(iD%¢) +he. O
© (D261 D%)(¢'6) ol (6 D26)(D210) ol
(Dug'0)(Dr6TD%9) +he. O (Dug'0)(DFo1iD2%0) +he.  OLY
g (616)2(6 D26 + h.c.) o (619)2Du(611D0) o)

A @ODWIHDlelthe) O (G1ODIW I (Ddliol +he)  Of)ip
<
S IE(Dyglolg) (6T D)W E OF), (¢'¢) D, B (Dyolio +he)  OF)

X

Table 3: Independent dimension-eight bosonic operators involving the Higgs which are
redundant with respect to the basis of Ref. [17]. Redundant operators in the class X2¢*D?
are not shown. The addition of h.c. when needed implies that all operators are hermitian.

145 Thus, the divergences of the couplings of dimension d < 4 read:
- 1 MQ
Ky D —§(C¢D + 2%5)@ , (6)
3 3 2 o Bt
AD _§(C¢D - 4C¢DC¢D + 80¢D)ﬂ . (7)

us  We use the symbol D to make explicit that corrections irrelevant for the computation of
17 the E*/A* terms are disregarded.
148 The &©) couplings in Eq. read:

2
5¢D D) C¢D(5C¢D — 8C¢D)% , (8)
~ L 9 2 p
CeO O Z(Cqﬂ) + 24C¢DC¢D — 48C¢D)F , (9)
2 2
&5 D 6eg(3cop — 10%5)% + 1203 — 6egpegn + 12c§ﬂ)% , (10)
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p = % [(395 — 397 —4N)cop + (8X — 693)%5]
— [Z’)(cwy“T Ty cuy + ydczw + capy®™) + yecz(b + ce(by‘ﬂ
+ 12c§2 vy + %) — 6(cguay?Ty® + c:; ufyd) 4 4c( Ve ol (11)
— (ciD +4cypcen — 80355)//(2 , (12)
&p = —% [3(cu¢y” —y"cly +yeh, — casy™) + (v, — ce¢y“”T)] : (13)
CBD¢ = —% {%D + cgn — 4cge — 4C¢(i>l) + 8cgy — 4cpq + 4t )] : (14)
ewps = —% [cqﬂ +4c) + 1245;}] : (15)

ue  while for the ¢®) we get:
N 3
i = 1 [336@3,j + (gt + g5 + 29793 + 160X%)c3 , + 2304X%c5

+ 512)\C¢|:|C¢ - 1920)\C¢DC¢ — 1152/\2C¢DC¢:|

T

ey + el yeel,

— I:Ceqﬁy Y° + 2ceqcl oy T + 201¢,ce¢y€*ye}

-3 [cwy“TCWyUT + clqsy“cld,y“ + 20u¢cl¢y“ ut 4 2CT¢Cu¢y Tyt ]
-3 [cd¢ychd¢ydT + cjwy cjl y* + 20d¢cJr y y i 4 2cg¢cd¢ydTyd] , (16)
1
sV s [11c3, D — 324pcon + 1663 + 242, — 242, — 8c3, — 16(c}y))?

cf;?) —48(c)? 4 48(cl2)? — 242, | (17)

+48(ci)? + 24%“] , (18)
&) = é [ T + 16cgpegn + 40¢3, — 32(c))? — 96(c)? — 240%1“4 : (19)
E((;i) - % [ ciD — 2¢cypCyn + 240355] , (20)
5253) = cyp (cop — o) (21)
4 - é (2 — 8capcgn +32¢20] (22)
A0 = b (23)
&) = i [2p — 8copesn +32¢2] (24)
5;142) = % cop (Cop + 2¢400) (25)
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o 1
e =1 [24%(%[) +8c401) — 2¢4pcsn(997 + 393 — 32)) (26)

+c3p (=397 — 995 + 34\) — 4¢3 (997 + 1593 + 112)\)}

3(cd¢ + cu¢) (30((1)[) + 50((}%)) [yecld) + ce¢yeT]
—1—90() c . +c uf _ ”lcT — cqoy® —150(3) c . +c “T—i- dcT +c df
bq y ud uzz)y Y Cap dpy bq y ud uplY Y Cap dopy
-3 [3(C¢u62¢y“ + CupCouy™ — cascoay™ — C(bdcll(byd) — CepCoelyt — C¢eCZ¢ye]

— 9[2(0((751(1) fb))y Cou YUl + 2( (1 )+c( ))y CopdY } +9(c((¢)1q)c<(;q) + Cf;s?c((;q))[ vyt 4oydy dq
+ 15c )[yuyuuy ydq 9 1 ocl )[yuyuuy ydq )
_3[2(6;12 e D)yegerf T — (DD 1 DDy eT] 1 5eDyeyete® 1 3eDyeyetl)

T

3
+ 5 |:C¢udc¢udyuTyu + C];Sudcd)udyd yd +3 |:3<c¢uyuTyuC¢u + C(judyd]L

ef

ylepa) + Coey yecqse]

g
3
— 602); [y“c(zmdy”” + ydc;u Y T} +3 [cd)udczl ¢y“ + cdqbcl;udy“T + cu(z,cdmlgflT + ydc;udcl ¢] ,

~ 1
Cq(b%) |:720¢C¢D - 24C¢D(C¢D + 26¢|:|) — 3C¢D(C¢D + 160¢g) (27)

+ 32C¢D(30¢D - 8C¢D))\:| -3 |:C¢udcjl¢y“ + cd¢cl;udyUT + ydc:r;judclgb + cu¢c¢udydT:|

oDyl + eyl — 3(eDyel, + eupy el — Dyl — eyt <>)]

+2 c¢,eci¢y6 + CopCoey®T — 3(c¢ucl¢y“ + CugCouy™t — c¢dczl¢yd — capCoay)

—4 C<(z>1l) + Cz(;;):| yec¢eyeT —12 |:(C<(z>1q) - C((;;))yuc(ﬁuyuT + ( () + C((;sq))y Copdy T:|

[ (1) (3) (3) () 1) W), e, e et e 1) (3) (3) (1) O W, uu
+2 Col Col +c¢l ol +c¢lc ] T—|—20¢ec¢eyTy —6[c¢qc¢q+c¢qc¢q—c¢qc¢q}yyT
ut w 1 3) (1 1) (1
+ 6cpucouy™'y f [ <(1>q) <(i>q) + cqu) qu) + Céq) : )] y' + 60¢dc¢dydTyd

3
5 |:C¢udcjz>udyUTyu + C(decqsudydTyd] + 60( ) |:ydclbudyuT + y“Cou dydT]

1
& = 0 [432%@@ + (448 — 12¢7 — 12¢2)cppeon — 48c4csp (28)
— 8(3g7 + 395 + 128)\)c3 — (3¢5 + 12/\)035D]

11 a 3
- c§¢ - 3(C¢21¢ + ngup) ) [(cfﬁl) + Cél))(yeC;) + Ce¢yeT) - C¢ecl¢ye - Ce¢0¢eyﬂ

1
[<1>+C((N>}y oot + 2{ D@ 4 (D) 1 <(z>l)+c<(bl)c<(;5l)}y v+ Loy

f (1)

3 3 3 3
) [ ((ﬁq) +c} )} (ydcjw + cagy™) + B} [C¢d0d¢yd + Cd¢>0¢)dydq -3 [ Coq T ! )} Y coay dt
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42l + e + ety + Cqu)Céq)] vy + Sesacoay™y’
N g -( e + N el + cugy™) + couchy” + cuas%uyuq { b0 Cc(ﬁ?:z)] Y couy"
5 e+ el — el e+ e,

55;5) - ?;i [CZM (Cé)q) + ng) Y C¢dczl¢yd + capCody®t — < é)q) + c%) cagy®t (29)

+ C:rub <sz>1q) - Cgsgq)) yu - C(]ﬁuczquu + CuqSCqﬁuyuT — (C((;q) — C((bgq)) Cu¢yuT:|

i 1 3
) [ Zaﬁ ( él) + cfm)) U %eciwe + Cogoey”t — (Csz) + sz»ﬁ) CeMﬂ ;
2
2

(1 g
Sagn = 2 |chp = Bespesn — 12(c))? = 36(c5)? + 93] (30)
- (LT VR Y S 16(ci)2 — 48(cM)2 — 242 + 1262
W2¢4 = 48 oD ¢DCepld ¢d de ol oq du dud| >
(31)
~(1 9192 1
A = b [cw 12¢4peo0 — 83, — 16(ciD)? — 48(cl))? — 2462, + 1264 — 2403561} :
(32)
2
~(1 g 1 3 1
&0 = -4 [3 20+ 24c3, + 8c3, + 16(cl))? — 48(c())? + 48(cly))?
— 144(c)? + 24¢2,, + 24c¢ud] (33)
~(1 g2 1 3 1
&) i = 2 [5%]3 — 2espegn — 83, — 16(cy))? — 48(cly))? - 48(c})))?
—144(cP)? — 24¢3, + 48¢3,,4 — 2403)4 : (34)

T

~(1 g1 1 3 1 3
ch;4 =" [24c§)d +3cip + 8(ch, + 2(cfm>) 6(cfm>)2 n 6(C<(¢>q))2 _ 18(0((]5(1))2 +3c3,) + 24c3md] ,

(35)
(6 92
%/)¢4D2 = 24[ c¢D — 20cypegn + 16(%5 —2(c é)) 6(02)(1)) )+4803>ud] ’ (36)
&N =2 (D2 4 (D)2
WeiD? = g |:24C¢d - C¢D(C¢D — 120¢D) + 8(C¢e + 2(C¢>l ) + 6(C¢q) + 30¢u) 126¢ud:|
(37)
Cipgapa = g; [ 33 + dcgpegn + 16(c2n + 4(chy))? + 12(c))?) — 24céud} : (38)

All other relevant counterterms (fi?, Cpg, C 9(1)5479 /13)

are interested in.

, etc.) vanish at the order of E/A we

4 The structure of the renormalisation group equations

The explicit form of the divergences in the Green basis, shown in the equations above, is
of utmost importance, or else the computation of RGEs at higher orders or involving other
light degrees of freedom could not be built on our results [53]. Subsequently, though, one
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can reduce the redundant operators to the physical basis. We do that following the results
in Appendix [A]
In the physical basis, the RGEs of the different dimension-eight couplings read:

el o &

16m2p—i = —® Tin;— L= 39
Hd,u i - ]jaxjc§8)’ (39)
with x running over all couplings, renormalisable or not, and with n representing the
corresponding tree-level anomalous dimension, defined as the value required to keep the
couplings dimensionless in 4 — 2e¢ dimensions. The minus sign results from requiring that
the counterterms cancel the divergences. The complete set of RGEs can be found in
Appendix [B| including those of renormalisable and dimension-six terms. In this section,
we limit ourselves to discussing the structure of the 4’ matrices defined in Eq. .

Since the contribution comes from pairs of dimension-six operators, we provide a (sym-
metric) matrix for each c§8) in which we represent with a x a non-vanishing entry, with 0
a trivial zero, for which all contributions in the Green basis vanish (for example in some
cases there are no diagrams contributing to the corresponding amplitude), and with () a

non-trivial zero, for which several non-vanishing contributions cancel in the physical basis.

We find:

/ (1) (3) / 1 (3
Ve8| €6 CoD o0 Coipy, Couy, CovR Coud Chro Te) | €0 €D €60 Coyy, Coury, COvR Coud Cré

Cp | X x x 0 x 0 x X e |00 0O 0O O 0 0 O
CéD X X X X x X X CoD x x 0 0 0 0 0
CeO X 0 X 0 X X CoD) X 0 0 0 0 0
o X X x 0 x b x 0 0 0 0
C;?;L)JL X x 0 x CftizL x 0 0 0
Coyp X 0 X Covr X 0 0
Copud X 0 Copud X 0
Cpro x Cipro 0

/ 1 (3) / (1 (3
70;24) Cp CoD CopO Ciyy; Cohopp Covr Coud Cppo 70((;1) C¢ CoD CoO Cpyp Copopy Coyr Coud Cypo

Cs 00 0 O 0 0 0 0 [ 00 0 O 0 0 0 0
C¢D X X 0 0 0 0 0 CeyD X X 0 0 0 0 0
cor x 0 0 0 0 0 cor x 0 0 0 0 0
o x 0 0 0 0 o 0 0 0 0 0
o x 0 0 0 o x 0 0 0
Coppp X 0 0 Coypp 0 0 0
Coud 0 0 Coud X 0
Cyre 0 Cyre 0

/ 1 (3 ’ 1 (3
’Ycils) Cp CoD CoO Cpyp; Copopy CoYr Coud Cypo ’Yc(%) Co CoD CoO Cpyp Cipopy CoYr Coud CYpo

Co 0 x x 0 0 0 0 0 co 0 x 0 O 0 0 0 0
CéD X X X X X X X CoD X X X X X X X
Conl x 0 X 0 X X CoD) x 0 0 0 0 0
cf;zL X X X 0 X cfblsz X X X 0 X
CEIiZL X X X X c;iZL X X X 0
Copp X 0 X Coyp X 0 X
Coud X X Copud X X
Cro X Cypo X

10
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Submission

~' o cop com ¢ ¢ ey coudc o o cop cor ¢ ) cuu Coudc
o) | ©oCoD CoD Coiyy Coupy, Cown Coud Coo o), | €0 CoD CoD Cuyy Coipy, Coun Coud Chrs
WwW2¢ W
Co 00 0 0o o0 0 0 O Co 00 0 0o o o0 0 O
CéD x ® 0 0 0 0 o0 CoD ¢ 0o 0 0 0 O
co0 00 0 0 0 0 com 00 0 0 0 0
(1) (1)
C%L x 0 0 0 0 c%)L o 0 o0 0 O
Couy x 0 0 0 W 0 0 0 0
Coypp X 0 0 Cohgr ] 0 0
Copud X 0 Coud 0 0
Cyro 0 Cyro 0
! o cop Com ) e ey coudc ! o cop com ¢ e cu coudc
Y@ . ¢ CoD Coll Copopp Copopy COYR Codud CYppe 'Yc(lz) N ¢ CoD CopO Cooopyp Copopyp CoYR Cohud Chpo
WB¢ B<¢
Co 00 0o o o 0 0 O Co 00 0 0O o0 o0 0 O
CyD ¢ ¢ o o 0 0 O CoD x 0 0 0 0 0 O
com 00 0 0 0 0 com 00 0 0 0 0
(1) 1)
C%L ¢ o o0 0 O c?g/)m x 0 0 0 0
Coupy 0O 0 0 O W x 0 0 0
Coihp 1] 0 0 Copp X 0 0
Coud /] Chud x 0
Cyro 0 Cyro 0
’ 1 (3 / 1) (3
Y. Cp CoD Co0 Cyyy Coiyy Cotor Coud Cpo e Co CoD Co0 Coypy, Coypy, Co¥R Coud Chré
W¢4D2 B¢4D2
Co 00 0 0o 0o 0 0 O Co 00 0 0o O o0 0 O
CoD x ® 0 0 0 0 o0 CoD x 0 0 0 0 0 0
com 00 0 0 0 0 com 00 0 0 0 0
1) 1
Couy, x 0 0 0 0 Cour, x 0 0 0 0
) x 0 0 0 B x 0 0 0
Coypp X 0 0 Copp X 0 0
Coud x 0 Coud x 0
) 0 Cyre 0

All other 7/ matrices vanish identically, with all their zeros being trivial.

Finally, in Table [4] we provide a different view on the global structure of the anomalous
dimensions, by showing, for each pair of dimension-six interactions, the dimension-eight
operators that get renormalised by them. Despite being not explicitly shown, contributions

proportional to two fermionic operators involve only leptons or quarks, but not both.

11



ission

Subm

SciPost Physics

" 40 A LY L0 SPUDIS
A "Mmos pup uwn)od buipuodsallod 9y} UL SU0YIDIIIUL TS-U0ISUULP [0 Sund 9y} fiq PasyDULLOUIL 94D DY) S.409D4ad0 Jybra-uoIsuwWYT F SR,

@% FE% rwe PHn2

e O (Peh
@9 W’ @ Pnoo
@9° 9?8

e A" (P2
@9° (9? '¢? @ w? AC)
@% ramﬁ Fm@

ed 1P A" (1924

¢ ¢ ¢ ¢ ¢ ¢ T,
:vmﬁ s @w@ Em@ @% :vwﬁ s? @w% A@w% :Vw% M\%o
@9 9? ¥
0edr? A" (P2
¢ ¢ 3 3 ¢ ¢ ¢ T
©9” " (e? 's? @ 0 ¥ @ e ¥ @ 2
09 (9? §?
(RN R o}
¢ ¢ ¢ v v 4
:v@ﬁ s Eoﬁ o E@ﬁ s? @ Amw :w 0%
5.0@ 3.@@ s?
NPT :KQ«QS ‘ S%N\_
3 3 3 3 3 3 3 3 3 3 Amvﬂ vaﬂ :vﬂ ¢ ¢
5,@@ 8% o7 5.@@ 5.@@ o 5@@ E.o@ s? 5.@@ 5.@@ o 5,@@ E,@@ o RN @% @% :?@ as
(2)¢ (1)¢ Amvmﬁ nﬁvm@ "m%
w@ w% w% :VQQ ng ANVOQ »Qvo@ ».w@ w@ i)
PUp Pno, Tpoo Ty Ty 095 asy *o

(e) (1)

12



182

183

184

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

SciPost Physics

5 Discussion and outlook

We conclude this article highlighting several observations that can be made on the basis
of the RGE matrices above:

1. All the dimension-eight operators that are renormalised can arise at tree level in
UV completions of the SM [29]. The reason is simply that those operators that arise only
at loop level involve two Higgs fields (see Table , unlike any one-loop diagram containing
two insertions of the dimension-six terms. The same holds for dimension-six operators.
Thus, we conclude that within the bosonic sector of the SMEFT, dimension-six tree-level
operators do not mix into loop-level operators to order E4/A*. This extends previous
findings at order E2/A? [41].

2. Several of the 7/ matrices above exhibit a number of zeros (denoted by 0) for which
all contributions in the Green basis are vanishing (they can result simply from the absence
of Feynman diagrams or from CP conservation reasons). For example, the first row in 7/,

C
¢4
reflects that there are no one-particle-irreducible diagrams with four Higgses involving the
insertion of one six-Higgs operator and one four-Higgs interaction. Instead, those denoted
by () ensue from non-trivial cancellations between different counterterms in the Green basis
which, on-shell, add to zero. For example, the (23) entry of 7/ g0 vanishes because the
Cp244
(1) =(7)
W2 ¢4 W¢4 D2

cancel in Eq. . Zeros as this one
might be understood on the basis of the helicity-amplitude formalism [54}|55].

terms proportional to cypcem in ¢ and ¢

3. Related to the previous point, we find the very surprising result that the Peskin-
Takeuchi parameters [56] S and U are not renormalised by tree-level dimension-six oper-
ators to order v*/A*. Indeed, these observables read [17,[27]:

1 v2 1 vt 1 _ vt (3)

_ (
1677['5 = E C¢WB + CWB¢4F ) 1677[' - FCW2¢4 ) (40)

with Ogwp = (¢To! (b)WI B, (Note that U arises only at dimension eight.) What
we find is that c( ) , and c( ) 4, do not renormalise because the direct contribution

W B¢ W2¢
cancels that from the redundant operator OI(/V)¢4 p2- This fact, together with the non-
renormalisation of ¢4 g found in Refs. [9], shows that both S and U are not triggered by
dimension-six tree-level interactions at one loop.

4. The Wilson coefficients 05154), 0554) and C;) are subject to positivity constraints [33].

In particular, c((]%) >0, c( ) + c( 4) > 0 and c( 4) + c( ) + c( ) > 0. These inequalities should
reflect in the correspondlng matrlces
To see how, let us first note that there exist well-behaved UV completions of the
SM that induce, at tree level, the operators cg, cyp and cyn with arbitrary values; see
Appendix[C|for a particular example. The values of the dimension-eight Wilson coefficients
((;4), 05;4) and ! 4) at any energy pu < M triggered by double insertions of the dimension-
six operators scale differently with the model couplings than the tree-level contribution
(which in general can not be avoided). In particular, within the model of Appendix we
have ~ x*/M* versus ~ x?/M?. This suggests that both contributions must satisfy the
positivity bounds separately. Indeed, in the limit of scale-invariant dimension-six Wilson
coefficients, we can check that:

1 M
16777 = 5(5¢4p + 16¢spegn + 16¢30) log >0, (41)
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16 M
167> [05514) + c((;)} = g( iD — CyDCy0 + 203,5) log m >0, (42)
M
167> [cf;) + c((;) + cfzi)} = 3(0213 + 803@) log m >0; (43)

for arbitrary values of cyp and cym. (Fermionic Wilson coefficients do not modify these
relations because they contribute as sums of modulus squared and therefore positively, as
a result also of very fine cancellations between positive and negative terms in Egs. )
Note that these inequalities hold non-trivially; for example c(14) is negative in a neigh-
bourhood of its minimum. It should be possible to extend this kind of analysis to other
operators (which do not renormalise within the assumptions we make in this work), thus
providing interesting cross-checks of the anomalous dimensions (or new bounds on Wilson

coefficients).

5. Among the non-vanishing entries in the different s, we find values that depart
significantly from the naive estimate of O(1). The most notable of these, not suppressed
by gauge or A couplings, are the 126 in 7(’1)8 and the 96 in v/, ; see Appendix ﬁ As we

C
¢6

discuss below, these large numbers can have important low-energy implications.

6. Although we do not aim to exhaust all possible phenomenological implications of
the running of the dimension-eight operators, we would like to stress that the T" parameter,
defined by [17]

1 9y V2

ol =——— [C¢D + 05156)1\2] , (44)
with oo ~ 1/137 being the fine-structure constant, receives contributions from the operator
Ogua only at order vt /A* (because ¢sp is not renormalised by one insertion of Oy,q; see
Ref. [§]). Using bounds on 7" from Ref. [57], and assuming that only c4y, is non-vanishing,
we obtain cgp, < 5.9 for A = 1 TeV. This constraint is competitive with the value cgy, < 5.3
reported in Ref. [5§].

7. We would also like to emphasize the importance of one-loop v*/A* effects for the EW
phase transition (EWPT) ensuing from modifications of the Higgs potential [16,59-63].
To this aim, let us assume that cg4 is the only non-vanishing Wilson coefficient in the UV,
and let us neglect gauge and Yukawa couplings. The Higgs potential in the infrared is then
provided by running Lyv down to the EW scale. In the leading-logarithm approximation,
this reads:

e AloE s ) 0 + g log o, (49)
where ¢y is evaluated in the UV, and the renormalisable couplings are assumed scale-
invariant for simplicity. (The first logarithm can be read from Ref. |7].) In both |¢|® and
|#|® we have included only the dominant corrections.

Following Refs. [164/64], we know that the EWPT is first order and strong as required
by EW baryogenesis [65] provided that 500 GeV < A/\/cex S 750 GeV, where we have
defined ceg = ¢4 + 3/2 v2/A2c¢s. Fixing, as a matter of example, A = 1 TeV, it can be
easily checked that this occurs for:

1L7TeV ™2 < ey $3.7TeV 2 (46)

C
Vo~ 16+ A9l + 55 (1 -

if the running of cys is neglected, whereas if we account for it we obtain:

1.5TeV 2 < ey $2.6TeV 2. (47)

14
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d5 d% d()' dg d5 X d()' d7 dé d% X d5 d% d5 X d7 ds
d<4 (bosonic) [ X
d<4 (fermionic) |7 X X
ds 6668 1] 1]
dg (bosonic) |30] [7H9! X X X
dg (fermionic) 130 |7H9]/69] X X X X
dr |71] |71] |22}|70]
ds (bosonic) X X X X
dg (fermionic) X X X X X

Table 5: State of the art of SMEFT renormalisation. The rows represent the operators
(defined by their dimension d) being renormalised, while the columns show the operators
entering the loops. Note that there are no bosonic interactions at odd dimenston. Blank
entries vanish. A tick represents that the complete contribution is known. The
indicates that only (but substantial) partial results have been already obtained. The X
indicates that nothing, or very little, is known. The contribution made in this paper is
marked by gm.
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The 30 % difference in the upper limit evidences the potential importance of both dimension-
eight operators and their running.

To conclude, let us remark that our results comprise one step further towards the

one-loop renormalisation of the SMEFT to order v*/A* This endeavor was initiated
in Refs. [4-9] (see also Refs. [66/68] for the renormalisation of the Weinbeg operator)

and continued in Ref. [69] (for baryon-number violating interactions), Ref. [30] (which
includes the renormalisation of dimension-six operators by pairs of Weinberg interactions),
Refs. [22,/70] (which involves the renormalisation of dimension-seven operators triggered
by relevant couplings) and Ref. |[71] (in which neutrino masses are renormalised to order

v3/A3, including arbitrary combinations of dimension-five, -six and -seven operators).

Some partial results of renormalisation within the dimension-eight sector of the SMEFT
can be found in Refs. [19}|72]. See Table [5| for a summary of the state of the art.

In forecoming works, we plan to extend the results of this paper with the inclusion, in
the UV, of the operators of dimension eight that can be generated at tree level. We will
also consider the renormalisation of non-bosonic operators. The latter can be induced, in

particular, by field redefinitions aimed at removing the operators Ogpg, (’):ZS p>» Owpg and

o ; see Appendix Consequently, our current findings lay the basis for future work

W¢4D2 9

in this direction.
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»1 A Removing redundant operators

202 The redundant operators generated in the process of renormalisation can be removed upon
203 performing suitable perturbative field redefinitions, for example ¢ — ¢ + %0, where O
204 is called the perturbation. We are interested in the effect of these field redefinitions to
205 linear order in the perturbation (because O is loop suppressed and therefore quadratic
206 powers of this term are formally two-loop corrections), which can be implemeted through
207 the equations of motion of the SMEFT to order v2/A? [53]. These read [73:

D*¢' = —p*¢" — 2X\(¢T )" + % {3%(@%)%)%" +2c50¢'0(6'9)

— C4D [(Dﬂ(p)i (¢T<ﬁu¢) + oM <¢TDM¢>} } +oen, (48)
9 B,y — ¢T Do+ C¢>D 91 (¢T¢) (qﬁiﬁm) Foe, (49)
DWh, = 261Dl + <2, (61070) (611D s) + - (50)

208 where the ellipses represent fermionc operators, on which we are not interested. The
29 following relations hold on-shell:

2
Oppe = % [O¢>D +404p — Lcd,DO(b] + 915D [ 200 45 + 3(9( ) + 202 )} cee

2 A2
(51)
/ 1 2| 114 2
Oyp = =5 | = Opn — 2°[8[" — 40Oy +£ Az (cop —8c40) Op
= L (Bey — 162eqn + 22om) Ogs + (8¢um + cop) O + 265002 | + -

A2 ® $0 »D @3 | ¢D #5 »D @8 )

(52)
3 2 44 w
Owpg = —92| — §O¢D —2p7[¢|" — 4XOy + £ A2 (2c4p — 8cgn) O
A |:(60¢ — 16Acgn + 4)\C¢D) O¢8 + (80¢g - 26¢D) O(l)] +- (53)

a0 where the ellipses encode again fermionic interactions. The operator O¢ p gives no contri-
30 butions to the bosonic sector.

302 To arrive at these results, we used the following identities:
9P (6 Do) (D616) = [0532 - O;?} , (54)
0P (611D0)" = 304 + 208 + ng? , (55)
6['Oj¢f* = 20§ + 0. (56)
33 In turn, the redundant dimension-eight operators become, on-shell:
Of) = —2p205 — 40O4s | (57)
04 = 12| = Ogp — 22|0|* — 1004 | — 1O | (58)
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0f) = ~24204p — 2 [05;6) + O;%)] , (59)

0f) =242 {MW + 4)\(94 +8A20,s, (60)

oL = 2 -,u,2|¢]4 + 4)\(’)4 +AN Oy, (61)

oL =42 _u2|¢>|4 + 4>\O4 +4AN20s (62)

Of;f) = 2 _2O¢D + Opn — 2/\O¢] +2 [QA(’)(;Q + )\(92)26) —2X20s | | (63)

O e = 922 1205+ 508 = 20045 + -] | (64)
ON i = 411{922 26205 + Olh s + O ] + 510\ + 80K, e

— 69200 + 9201 + 292AO§}8)} : (65)

O = =2 | 1205 +30%) + 205 ~ 2204 ; (66)

304 where again the ellipses represent terms on which we are not interested in this work. The
305 operator (’)(? contributes only to fermionic interactions.

306 Altogether, these equations lead to:
4
u? s 4 8 11
A=A — AQCfi)D A4|:_2(C<(f74) ())+C( )—l-C( ):|7 (67)

2
Co = Cp + 2XCyp + 51 A4 [ (cop +2¢40)cs — (cpp — Begn) (cp + 292¢w Do)

— 2G2CyDCW D¢ — J1C4DCBDG — 40((;3) + 4>\{ 20(4) + 40( ) 4+ 26((;5140) + 26(;141) - ((;5142)}
+ 92C$/)¢4D2 + 922 %/I7/)¢4D2 + 916%@2] ) (68)
p? (1
C¢D — C¢D + 21\4 |: (C¢D + 26¢|:|)C¢D (i) + C((;f):| y (69)
1 p ()
CoO — Cpn + C¢D + A (C¢D + 20¢>D)C¢D Cpa + Coa | (70)

307 where we have already normalised canonically the Higgs kinetic term; as well as

Cg8 — Cp8 — 91)\CBD¢C¢D — (C:bD + QQQCWD¢) (3C¢ - 8)\C¢[] + )\C¢D) (71)

— 299 A\eWD¢CoHD — 4)\0( ) +4)\? [205;) + c((;‘lo) + c((;‘ll) 02)142)]

6 g2 7 3
+ gg)\cg/v)&DQ + )\CE/V')¢4D2 + 91ACSB;54D2 )

(2000
Cc

3
;6) + - 91¢BD¢CHD — (8C¢D + C¢D) + 392CWD¢>C¢D (72)

€6 2 2
4 5 (6 3 @ 3 @3
—2) 20( ) + 0(554) -2 254 ):| - 5920&/24132 - 5926%/)(254132 - 591059;4132 )
12 2 (7 3
((be) - 05256) + g1CBD¢CHD — C¢DC¢D - 2)\[ ©_ ((1,4 )] + gz %/)¢4D2 910( 3,4[)2 )
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E/Il/)2¢4 — %)QCM + 8 E/’[Y/)¢4D27 (73)

g/?/)2¢4 — Cg)/)2¢4 + 982 g/)¢4D2 9 (74)

1 1 g1 (7
(W)B¢4 - E/V)Bdﬂ T E/V)¢4D2 (75)

c(l)¢4D2 — C(l)¢4D2 + 2 (7)¢4D2 (76)

x B Renormalisation group equations

300 For a given coupling ¢, we define:

de
¢ = 167T2Md (77)

si0  Thus, we have:

A D (5C%¢D - 24C¢DC¢|] + 24625) (78)

L
ALY
311

. =37 5 5 26 113
Cp D { 51 gicip + 892%1:) 35Mchp + 3 ~congicep — 5 —=cpngscon — Slegcsp  (79)

erd} CoD

— Tr[(ceg) 9 esn — 3Trl(cug) Ty )con — 6Tely" Ty (coua) eop + 4Tr[c) vy s
2
Ty®egp + 391 T Tr[cpalcop

2 2 8 , 2
+ 391Tr[0¢e]C¢D + 391Tr[ cleop — ngTr[ ceop — 391Tf[ cWegp — 8g3TY[cl g

+ 320/\C¢DC¢D — 3Tr[cd¢y T]C¢D — Tr[ce¢yeT]c¢D — 3Tr[cu¢y“T]c¢D — 3Tr[(cd¢)

+ 12Tr[c Eb)ydydT]c¢D + 12Tr[c§;)y“y”T]c¢D — 6Tr[chuay®

4 20
- §g%TJf[C¢u]C¢D — 6405 — gcimgf +20c5005 + 222¢4c4m + 24cenTr(casy™]

+ 80¢DTr[ce¢yeT] + 24C¢DTr[cu¢y"T] + 24C¢DT1"[(Cd¢)T d] - 12TI‘[(Cd¢)TCd¢]
+ 80¢|]T1“[(Ce¢)T e] 4T1“[(ce¢) Cefb] + 24C¢D’I‘r[(cu¢)Tyu] - 12T1“[(Cu¢) Cud)]

~ 203 Trl(cga) cga] — 203 T (cge) o] — ST el — ATyl

+ BT ] — A3 TrI(S ] — S Tr{(el) ] + agh () el

— QQQTY[(Cqm)T%u] + G Tr(cpua) Copud] — G3Tr[(Cua) Coua) + 48conTr[y Ty (cpua)

— 6Tr[capy™ ] 6T1r[cd¢der s )] 2Tr[ceg eTc(l)] 2T1r[ce¢yeT @ )] + 6Tr[cyupy"t qu)]

[

— 6Tr[cugy™Te ( )] + 6Tr[cpay? cap] + 2Tr[cpeycey] — 2Tr[c ((bl)ye(cw)T] - 320¢5Tr[c( )yeyd]
[
S

"

— 2Ty c;, y(ces)] = 6T[el)'y " (can) ] + 6Trleg)y" (cuo) ] — 96esr Tr[efy'y "y "]
— 6Tr[cs) y? (cap)'] — 966¢|]TI‘[C((15 )y“y“T] 6Tr[c((;)y“(cu¢)T] — 6Tt [cpuy™ cug)
+ 486¢DTY[C¢udydTy"] + 6Tx[(cag) 'y epa] + 2Tr[(cep) 'y cge] — 6Tx[(cun) 'y coul
+ 6Tr[cpay™Tyesa) + 2Tr[cpey®yCese) + 2Tr]c (l)yeyeT (1)] + 2Tr[c ((M)g/eg/eJr C(Pl)]
- 4Tr[c§,, y %zﬁ] - 2Tr[c¢2yeye*c§ﬂ - m[cf?yewc;}] — ATr[ely v cey
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)] —|—6Tr[ (3)ydydTC§,q)]
]

wﬂwww*nlm@w%w«wﬁwww;

- 12Tr[c((bq)y cpay™] — 6Tr[c((b) ugyut (1)] + 6Tr[c; (8 )y”y“Jr <(15 + 12Tr[c ((b)y couy™]

32 2
+ 6Tr[c¢uyuTyuc¢u] + Ec(ﬁgg%”[‘r[cél)] + 320¢DgQTr[c§bq)]}M2 ,

2

. p

CoD D (—1063513 + 4C¢DC¢[|) F , (80)

: 3 2 o\ K

C¢|j D) _§C¢D — 14C¢DC¢D + 366¢D p . (81)
Cgs = —126¢], — 60c;pA* — 864ci0A* — 4(chp — 10cyncen + 32¢50) N> (82)

+ 48¢4(15¢p + 18Acgn — degn) X + égg (c?w — 12¢40¢4p — 24T [(c4a) e ga)

— 8Tv{(ce) oe] — 16Trl(cly))ely)] — 48THI(cf) el — 24Trl(c) el

+ 12Tr[(c¢ud)Tc¢ud]) A+ 112 I'h <3C¢D depncep — 16%‘3 64Tr[(cél))Tc§53)]

_ 192Tr[(c((bq))Tc§);] - 24Tr[(C¢Ud)Tc¢ud]> A+ 112 < 5¢ip + 20csncen — 165

1
+meN@H%MUN@1@mmwwwy+ﬁ—w%u%D
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oy = 5703 (3%,3 + 24Tx(cga) cpa] — 48Tr(cl)) el ]+ 48THI(E ) L)) (89)
— 144Tx[(c§) )] + 24T (cgu) gl + 24T (cpua) coual + 8Tr[(coe) Tegel
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+ 16Tr[(c§)))T (1)}) 7

21



313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

SciPost Physics

. 1
C%ﬁEﬁG@ﬁmm@ﬁ%p@m@N@H%m@pg] (90)

— 144Tx[(c§) )] + 24T (cgu) gl + 24T (cpua) coual + 8Tr[(coe) Tegel
16T el})).

K = 31 <3c3m + 24T (cga) cga] — 48Tr((c)) ] + 48Tr((cf) el (1)
— 144Tx[(c§) )] + 24T (cgu) gl + 24T (cpua) coual + 8Tr[(coe) Tegel

+ 16Tr[(c§}l))fc§}l)}) .

C Ultraviolet completion of the Standard Model

The purpose of this appendix is proving that there exists at least one UV completion of
the SM that induces arbitrary values of ¢4, cyp and cg. To this aim, let us extend the SM
(for u? = 0) with three colorless scalars: S ~ (1,1)g, Zo ~ (1,3)p and Z1 ~ (1,3);. The
numbers in parentheses and the subscript indicate the representations of SU(3)., SU(2),
and U(1)y, respectively.

Let us assume that they all have mass M much larger than the EW scale, and that
the new physics interaction Lagrangian is:

Lxp = ksSHTd+ AsS20T ¢ + wz, ¢'Z800e + (m:;%f o + hoc. ) . (92)

(Other triple and quartic terms are allowed, but we just ignored them for simplicity.)
Then, by integrating out the heavy modes at tree level at the scale M, we obtain [46]:

S _ _ Ls

A2 T TSy

¢¢D 2 2 2

a2 = g 2hE T RE),

Col 1

5 = gapa(4E, RE, —RB). (93)

Obviously, ¢4 can have arbitrary sign by just tuning As. Likewise, cgp can be made
arbitrarily negative provided kz,/kz, < 1, and positive otherwise. Notwithstanding this
later choice, cgn will be positive for small enough ks and negative for large values of this
parameter. In summary, the signs of the three tree-level generated dimension-six operators
are arbitrary and uncorrelated.

In the process of integrating out the fields of mass M, dimension-eight operators arise
too. With the help of MatchingTools [74], we find that (see also Ref. [33]):

(1) 2 (2) 2 (3)
¢t _ ME ¢t _ QME ¢t _ 2 2
A4 _47\13’ A4 _8n[é ’ A4 - n[G(KS_”EO)- (94)

Contrary to the dimension-six Wilson coefficients above, these couplings fullfill the posi-
tivity bounds 057524) >0, c( )+ c( ) >0 and c( )+ (2) + 0(3) > 0 obtained in Ref. [33] for
arbitrary values of the /-;s
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