& # THE
e 2] A ou cnion

'EETER‘TCIA Junta de Andalucia SOCIETY international fellowships

UNIVERSIDAD Cofinanciado p!
DE GRANADA la Unién Europea

The renormalization of the Standard

Model effective field theory

Mikael Chala

University of Granada

based on , ,

Particle Physics Seminar, Universitat Wien; March 4, 2025



The SMEFT is the SM extended with effective
operators

(Probably) the most reasonable model of new physics
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If probed by experiments at very different scales,
|[Jenkins, Manohar, Trott, Alonso
‘13].

Interesting  theoretical aspects at dimension-8
(positivity, tree-loop mixing, test tools, ...)



How things work at lower energy dimension

Renormalization within simplified SM at dimension-4
and dimension-6
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How things work at lower energy dimension

Renormalization within simplified SM at
and dimension-6
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How things work at lower energy dimension

Renormalization within simplified SM at
and dimension-6
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How things work at lower energy dimension

Renormalization within simplified SM at dimension-4
and
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How things work at lower energy dimension

Renormalization within simplified SM at dimension-4
and
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How things work at lower energy dimension

Renormalization within simplified SM at dimension-4
and
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How things work at lower energy dimension

Renormalization within simplified SM at dimension-4

and |Cheung and Shen ‘15; Craig, Jiang, Li, Sutherland ‘20|
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How things work at lower energy dimension

Renormalization within simplified SM at dimension-4

and |Cheung and Shen ‘15; Craig, Jiang, Li, Sutherland ‘20|
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How things work at lower energy dimension

Renormalization within simplified SM at dimension-4

and |Cheung and Shen ‘15; Craig, Jiang, Li, Sutherland ‘20|
F2¢2
6L F3 Fd)qu w2¢3 ¢6 O I O ?
v* \ 7z I~ _(f‘ '
Jipg?D N 7Y,
I M) T
“ sy ¢4D2/ . : - SM
w 7
2 o 0 | 0 '
,1754
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R R 772 42 (12)
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Besides pure , anomalous
dimensions of dimension-8 operators |[Murphy ‘20; Li, Ren,
Shu, Xiao, Yu, Zheng ‘20 not always phenomenologically
irrelevant

Simplest example:

Integrate out

absent at tree-level
dimension-6, one-loop dimension-6 and tree-level

dimension-8 |McC, Krause, Nardini ‘18; Duricux, McCullough, Salvioni ‘22,
12




The status of the SMEFT renormalization a few years
back:
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The status of the SMEFT renormalization a few years
back:
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Babu et al i“:i Jenkins ot al ‘13
Chankowski et al "93 Jenkins et al ‘14
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Jenkins et al *18
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The status of the SMEFT renormalization a few years
back:
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2025 recipient

For outstanding contributions to the physics of baryons, including deriving many physical
properties of nucleons and hyperons in the large number of colors limit of quantum

chromodynamics and_derivi
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Elizabeth E. Jenkins
2025 recipient

For outstanding contributions to the physics of baryons, including deriving many physical
properties of nucleons and hyperons in the large number of colors limit of quantum

chromodynamics and deriving the renormalization group evolution of the standard model

effective field theory at one loop. 15




The status of the SMEFT renormalization a few years
back:
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The status of the SMEFT renormalization a few years
back:
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The status of the SMEFT renormalization a few years
back:

d5 d% dﬁ d% d5 X dg d'? dg d% X dfj d% d5 X d';' dg
d<4 (bosonic) v [7] X
d<4 (fermionic) v 7] X X
d5 v [66—68] v [71] v [71]

dg (bosonic) v [30] v [7-9] X X
dg (fermionic) v [30] v [7-9,69] X X X X
d; v [71] v [7T1] v [22,70]

ds (bosonic) % X X X
ds (fermionic) X X X X X
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The status of the SMEFT renormalization a few years
back:

2106.05291 ds d? d 4 dsxdg dr dt 2 x dg 2 devodi da
d<4 (bosonic) v [7] X
d<4 (fermionic) v 7] X X
ds v [66-68] V1] v [n]
dg (bosonic) v [30] v [7-9] X X
dg (fermionic) v [30] v [7-9,69] X X X X
d; v[11] v [ v [22,70]
ds (bosonic) % X X X
ds (fermionic) X X X X X

L6 () 8
e . ¢4 D 2 % ¢2 D 2 . ¢6 D 2
° g . 4/ rd A2 A2 /4 A4

S O Oyipe = (676)D(¢79)
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\ 19



More generally, certain aspects of the tull anomalous
dimension matrix well understood [Craig, Jiang, Li, Sutherland:

2001.00017]

8| x4 X302, X2 H?, 2P big
XE#’?H: XL’QDQHS:
= XL?,[)‘:L 1,[)4H2
6 A X1 HAD?, HSD?, $2H5
XypD, | X3H, $OHAD,
XPHD?, | XpgppHD, | PP H?
2‘/-),ﬁl‘DQ 7.,D2H3D2,
X292,
V*HD
4 o XrH'D?, XZHY,
X XpH2D?, | X%¢2H, Xpo?HS,
HD?, XpeOH?D, | AH?
XL Xpy$D, | $2H3D?,
XR¢2HD2: XqubzipBQ:
X W?HD?, YPHD
YOHD?,
wQQ/;QDQ
2 X2H?D?, X3H?,
X24yD, XZP°H,
Xp?HD?, | Xpt
1/)4D2
0 X4
0 2 4 6 3
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More generally,

well understood |Craig, Jiang, Li, Sutherland;
2001.00017]

8| X3 S X o, P2 Hb H?
X2y2H, X2 HS3,
- Xyt Y H?
6 X H D X H'D?, HSD?, P2 H®
X2ypD, Xiy°H, Yy HAD,
X y?HD?, Xy H?2D, | 42 H?
.L,L,:l D2 1;‘.‘)2 H3 DQ,
XLy,
Q;')g't,EHD
4 Xixz XaHD" X H
X XgrH?D? | X3¢*H, Xpy?H3,
HAIE XpypH?D, | *H?
XL XryyD, | Y2H3D?,
Xpy*HD?, | Xpi9?,
X W*HD?, Y3HD
Y H?D3,
2p? D?
2 X32H?D?, X3H?,
X34PD, X30%H,
XR’QBQHDQ, Xpt)
'l,-‘T/"lDQ
0 Xy
0 2 4 6 8

w
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More generally, certain aspects of the tull anomalous

dimension matrix well understood [Craig, Jiang, Li, Sutherland:
2001.00017]

be X302, X2 H?, Y2 HP HE
XEwZH: XL’QDQHS:
- XL?,[)‘:L 771)41¥2
X2H2D?, X, HAD?, HSD?, D2HS
X2ypD, X3JPH, Y HAD,
XPHD?, | XpgppHD, | PP H?
?/)4D2 7.,D2H3D2,
X292,
V3 PHD
X2X2, XrH'D?, X2H*,
Xy XpH2D?, || XZ¢2H, Xpo?HS,
HADY, Xpy$H?D, | G*H?
XLXRT:MED: 1:])2H3D2:
XRTp?HDQ: XqubzipBQ:
X, 02HD?, | y3HD
Y H?D?,
wQQ/;?DQ
XRHD?, XEH?,
X249D, XZP°H,
Xry?*HD?, Xyt
1/;4D2
Xk
0 2 4 6 3
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More generally, certain aspects of the tull anomalous
dimension matrix well understood [Craig, Jiang, Li, Sutherland:

2001.00017]

g [ X3H?, o Y2 H5 H3
X2y?H, X2 H3, Q
- Xt VAH? 7
6 X H2D2, Xy HAD?, HSD?, P2 HS d (1)
X3ypD, | X3PRH, Y HAD, Cp2¢2 D2 (1)
X?HD?, | X wpH?D, | 4202 H? 2! p ~ VCe242 D2 + .-
YiD? Y2H3D?, H :
X202, alny sign
V3 PHD
4 L XpH'D?, X2H:
XpXpHD?) | X30°H, XpU?H?,
HiDA, XpyoH?D, | ¢*H?
X XpypD, | Y2H3D?,
Xry*HD?, Xry*y?,
X ?HD?, | Y3HD
Y H?D?,
wQ,qT;?DQ
2 X32H?D?, X3H?,
X2y9D, X242 H.
Xpy?HD?, | Xpo*
0iD?
0 Xi
0 2 4 6 8
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More generally,

well understood |Craig, Jiang, Li, Sutherland;

8| X3 S X o, Y2 Hb H?
XEQJPH: XL#JQHS:
- Xyt Y H?
6 X H D X H'D?, HSD?, 2 H5
XD, XET_/)("?H . wzbff‘lD,
Xpp*HD?, | XpgpH?D, | fp°H*
’L-D4D2 w?HSDQ’
X2,
Y3 HD
4 XXz, XpHAD?, Xﬁ{f‘*,
X XgrH?D? | X3y*H, X’ H?,
HAD?, XpypH?D, | ¥*H?
XL XryyD, | Y2H3D?,
Xpy?HD?, Xpip??,
X W2HD?, YPHD
W H?2D3,
?f";‘z’i,’f_f?DQ
2 X32H?D?, X3H?,
X}%ﬂwD, Xl%iq/ng,
XR’yﬁQHDQ, Xgpi
'l,-‘T,"iDQ
0 Xi
0 D 4 6 8

w

(1)
depz2g2 (1)
any sign

’y:

Similar results from angular-momentum
conservation  [Jian, Shu, Xiao, Zheng
2001.04481], but positivity further restricts
the signs [MC 2301.09995: MC, Li 2309.16611]
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More generally, certain aspects of the tull anomalous

dimension matrix well understood |McC, 2301.09995; MC and
Li, 2309.16611]

1 2 3 ~(1 ~(2 ~(1 ~(2 ~(3 ~(4 1 2 1 2
C‘E{,A)Dd. cibd)Dd C‘E!,d)Dd Cizeﬁnﬂa Ciz::pnﬂa C:Ez;,zDs cgﬂjpﬂnﬁ ngizﬂs C.'IE*;FD‘-" Ceip2 C_fd}_—p CLLQ Cfﬁgkﬂﬂ C;S:E,zﬂz

(1)

Chigapz  + + + [0] —~ (0] - [0] — 0 0 0 0 0
Corgrpr +  + o+ 0 0 [0] - [0] - o 0 0 0 0
&ape  + + + x x [0] —~ [0] — - 0 o [o] —
Goaps +  + 4+ [0] - x x X % o - - [0 _
Eaaps + + [0] - « x . . 0 ~_ — [0 _
cepp 0 0 0 [0] - 0 0 0 0 — 0 0 [0] -
cppp 0 0 0 0 0 (0] - [0] - o - - [0 -
cewip 0 0 0 [0] — 0 0 0 0 0 0 0 0] -
Cawsp 0 0 0 0 0 (0] - [0] - o - - 0 0
c§§i2 D2 0 0 0 @ — @ — @ — — — — X X
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More generally, certain aspects of the tull anomalous

dimension matrix well understood |McC, 2301.09995; MC and
Li, 2309.16611]

1 2 3 ~(1 ~(2 ~(1 ~(2 ~(3 ~(4 1 2 1 2
C‘E{,A)Dd. cibd)Dd C‘E!,d)Dd Cizeﬁnﬂa Ciz::pnﬂa C:Ez;,zDs cgﬂjpﬂnﬁ ngizﬂs C.'IE*;FD‘-" Ceip2 C_fd}_—p CLLQ Cfﬁgkﬂﬂ C;S:E,zﬂz

@ 92 g2 92
Cwep T T g [0] — [0] - [0] — 0 0 0 0 0
Corgrpr +  + o+ 0 0 [0] - [0] - o 0 0 0 0
&ape  + + + x x [0] —~ [0] — - 0 o [o] —
Goaps +  + 4+ [0] - x x X % o - - [0 _
Eaaps + + [0] - « x . . 0 ~_ — [0 _
cepp 0 0 0 [0] - 0 0 0 0 — 0 0 [0] -
cppp 0 0 0 0 0 (0] - [0] - o - - [0 -
cewip 0 0 0 [0] — 0 0 0 0 0 0 0 0] -
Cawsp 0 0 0 0 0 (0] - [0] - o - - 0 0
c§§i2 D2 0 0 0 @ — @ — @ — — — — X X
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More generally, certain aspects of the tull anomalous

dimension matrix well understood |McC, 2301.09995; MC and
Li, 2309.16611]

1 2 3 ~(1 ~(2 ~(1 ~(2 ~(3 ~(4 1 2 1 2
C‘E{,A)Dd. cibd)Dd C‘E!,d)Dd Cizeﬁnﬂa Ciz::pnﬂa C:Ez;,zDs cgﬂjpﬂnﬁ ngizﬂs C.'IE*;FD‘-" Ceip2 C_fd}_—p CLLQ Cfﬁgkﬂﬂ C;S:E,zﬂz

@ 92 g2 92
Cwep T T g [0] — [0] - [0] — 0 0 0 0 0
Corgrpr +  + o+ 0 0 [0] - [0] - o 0 0 0 0
@ps +  + o+ o PP m - - o0 o [ -
Dpe ¢+ + [ - o« e« o« 0 - - @ -
Eaaps + + [0] - « x . . 0 ~_ — [0 _
cepp 0 0 0 [0] - 0 0 0 0 — 0 0 [0] -
cppp 0 0 0 0 0 (0] - [0] - o - - [0 -
cewip 0 0 0 [0] — 0 0 0 0 0 0 0 0] -
Cawsp 0 0 0 0 0 (0] - [0] - o - - 0 0
C§3i292 0 0 0 @ — @ — @ — — — — X X
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More generally, certain aspects of the tull anomalous

dimension matrix well understood |McC, 2301.09995; MC and
Li, 2309.16611]

1 2 3 ~(1 ~(2 ~(1 ~(2 ~(3 ~(4 1 2 1 2
C‘E{,A)Dd. cibd)Dd C‘E!,d)Dd Cizeﬁnﬂa Ciz::pnﬂa C:Ez;,zDs cgﬂjpﬂnﬁ ngizﬂs C.'IE*;FD‘-" Ceip2 C_fd}_—p CLLQ Cfﬁgkﬂﬂ C;S:E,zﬂz

@ 92 g2 92

Cwep T T g [0] — [0] - [0] — 0 0 0 0 0
Corgrpr +  + o+ 0 0 [0] - [0] - o 0 0 0 0
o+ + HeoreEls @ P @ - - 0 0 @ -
De ¢+ + DT - e« o« 0 - - @ -
Eaaps + + [0] - « x . . 0 ~_ — [0 _
cepp 0 0 0 [0] - 0 0 0 0 — 0 0 [0] -
cppp 0 0 0 0 0 (0] - [0] - o - - [0 -
cewip 0 0 0 [0] — 0 0 0 0 0 0 0 0] -
Cawsp 0 0 0 0 0 (0] - [0] - o - - 0 0
C§3i292 0 0 0 @ — @ — @ — — — — X X
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The current status of the SMEFT renormalization Mc,
Gueds, Ramos, Santiago 2106.05291; Bakshi, MC, Diaz-Carmona, Guedes
2205.03301; Bakshi, MC, Diaz-Carmona, Ren, Vilches 2409.15408|

See also [Zhang 2310.11055; 2306.03008; Bakshi and Diaz-Carmona
2301.07151; Boughezal, Huang, Petriello 2408.15378|

d5 d% dﬁ d% d5 X dg d7 d% d% X dﬁ d% d5 X d';' dg

d<4 (bosonic) v 7]

d<4 (fermionic) v [7]

ds / [66-68] 2 [

dg (bosonic) v [30] Vv [7-9]

dg (fermionic) v [30] v [7-9,69]

d; VI v v [22,70

ds (bosonic) v
X

ds (fermionic)

XN XN
DN NN NN
XN X
AN R
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Some other partial results:

Accettulli Huber, De Angelis; 2108.03669
Helset, Jenkins, Manohar; 2212.03253
Asteriadis, Dawson, Fontes; 2212.03258
Bakshi, Diaz-Carmona; 2301.07151

Assi, Helset, Manohar, Pagés, Chia-Hsien Shen;
2307.03187

Boughezal, Huang, Petriello; 2408.15378
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How do we organize the computation?

We match the UV divergences of Green’s tunctions
onto a basis of off-shell-independent operators

A Fd
LY s
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But off-shellness requires introducing more operators
than physically independent:

L =c1(¢79)? (6" D%¢ + h.c.) + c2(0T9) (D ¢ D) + - -

’ ¢ — c1(¢79)’ = 4L = c1]9[® 31



First challenge: building a basis of off-shell-
independent operators [MC, Diaz-Carmona, Guedes 2112.12724]

O = _D#((?':'T@)D“BWBM o D#(éfé)DpBvaP
= —D,(¢'¢)D*B*B,, — D,(¢'¢) D’ B**B,,

= —D,(¢'¢)D*B*B,, — O,
O, = D,(¢'¢p)D*B**B,,,

O, = (D*¢'¢ + ¢' D*¢)B**B,,,
O; = D,¢'D*¢B"*B,), .

1
=0 = —-Q—Dp(qbfqb)D“BP”Bpp

1 1
= 5 D*(¢'¢)B*B"” — £ D,(¢'¢)B” D"B,,

1
= - DX(6'9)B™B,, - O,

1
=l — ZDZ(&@)BWBW
1 1
= —7(D*¢'¢ + ¢' D*¢)B** B, — 7(2Dy¢' D"$) B* By

1 1
__lo,- 1o,
4% 277 32



First challenge: building a basis of off-shell-
independent operators [MC, Diaz-Carmona, Guedes 2112.12724]

Strategy: compute amplitudes evaluated at off-shell
momenta

Matrix of coefficients with det(M)=2 ¢'¢p — BB

. . . ! W /
A = —ici(K3334 + 2K3434 + K344 — Kyz33 — 2Ky334 — Ky3as)
. ! !
+ dico(2K2234 + 2K2334 + 2K2434 + K3334 + 2K3434 + K3444 — 2K 300 — 2K 4393
/ N, . / L
— 2Ky394 — Ky333 — 2K — 2Ky334 K4344)

Y -~ -~ -~ .—"'f -~ - .
— dic3(Ko231 + Kassa + K2431 — K390 — K4323 — K4324)

Kijki = €3 - €4(pi - ;) (P - 1) 3



A basis of off-shell-independent bosonic operators:

Operator Notation Operator Notation
% (¢'9)" Oy
8 (¢'6)*(Dug' D) o (6'9)(¢'0'6)(Dus'c’ D*0) o
% ()2 (? DPed + ho o2 '----IJ,’J:.'--.IJ Fer) o

(D¢ D,0)(D*¢' Do)

o

Operator Notation Operator
(Dot DP )W Wi Ol (DHg! D)WL Wi
(D#ot D, 6) WL e O ie! 7K ( Drglal DYg) W Wie
(D glal D)W WK — WL WEP) Ofkp ™ (D gla’ Do) (WL WP + W, W i)
il K (pla! DV — D i ol ) D, W WE - of K Y 6D, D, WIH I
1) D, oW W i Do Dot e) D, WIEN -':
D.¢ + D,¢t¢) D, Wil O D,é — D,tg) D, Wikely/ 1
D W' (D, ¢t D, o)WeDeW]
) ), @)W e D D, 1D, ¢) DEW e iV]
Dttty — ol D) DFW TP Dl ) D, WIre K
K(ate! DV Wolgl ) D, Wik ol
(DHéfal D,0) B, Wi [ N (Degta’D,g)B,, Wi
i(Drgta’ D) (B, Wir — B, ,Wir) (o 5/ M- (Drgta’ DV o) (B, Wie + B, ,Wir)
(DG " DG BuW,” — BuWo?)  Ofpape (D¥gla’ D"9)(BuyWo? + BupW,?)
fa! Doy — DGl a’¢) D, BYPW] o o' D'6 + D'¢la’p) D, BHW!
. O a'¢) DBy, D, W
A ou D, gt ) B, DEW Tve
’3 (D, 7' D¢ A
ola’g)(D*BY )W
if D" afal I
Oy
(D#¢1D*¢)B,,B,° O (D#of D,0)B,, B
(D*¢' D, ) B, , B O 1 D,¢)D, B B
DD D, D¢ ¢) B B o, D,D,B*B
D, ) B, ) D,¢'¢)D,B"*" B
)26 + Dot g) BB, (¢! D*¢ — D*¢'¢) BB,
D, ), D, Bee By (‘.I.' D.o¢ — D,¢le)D,
(D" D) G, G 0 2
(D¢ Do) Gt G O !
i(¢! D, D, — D, Dy o)GeGA o5 ), D, G GA
p A Qs Do+ Duote) D, GAeeGA
l[. o stp? D? -
oy o D, Iy

Notation

o

W22 D2

)

W2g2n?

Oill]

W2g2n?

(2)
OH'B.J-’ i
(1)
OirBo? o2

O\'h]

WEBaD?

()
Qe
Opsgan

O[?J

G D2

o (D' D,0)(D*¢! D*0) o
(D*¢"D,6)(D"¢' D, ) o D,&' D*6(¢' D% + h.c.) ol
,"J_::'- DEa(o'iD*¢ + h.e.) ) D (D@l D, I o
% (D, ole)(D*p'iD h O h.e o
DFatey) (1D g h oY ) ()
(o D*G) (D% L h.c a5
D,é'6)( D*¢tiD?¢) + h. O
. FABC(glg)GAr GBrGGH O FABC (¢l )G A+GBPGGH o5
T rIuprrdanir K 1 1K rTurqr JoTir K i (2
& K (G G)W I W Io W Kn Ofhes €K (1 GYW LW o K &,
¥ (gtal 9)BrWIPW s O XS R BWIWEs 4 BRWIWEe) O,
{(ﬁfﬂ)QGich'”’ ()([’13"“1 (OTG)Q(_}:}‘JG.%FJ: O:[’,E—’Jo‘
?e- {O_;r.)):"[ 1_.:”.[ Ve O::_J?o‘ (¢T¢)? H-JVH_.-:,H, C):‘Z_]Eﬁal
B (¢'a’0)(la )W), Wk Ofags (@'alg)(¢a” )W/, WImw O
(¢7¢) (oo’ 0) W], B o (@1e) (¢’ o)W, B oL
(¢'¢)*B,. B* Ofi g (¢'¢)2B,., B ¢/
(Dyota’ Do — D*¢la! Dy D, Wi D,ota' D% + D¥gta! D) D W g
Eh D,D,ate! D¢ — DP&i el D, Do) D, Wk
o“.ﬁ— T 2 N2t A\ s ) 2 42 ) a1 2
N (Do D g ,-a.-,-;_.u,}_:.-; g .t v+ D' D) DB o
i(D,D,otD*¢ — D¢t D,D,e)D,B"
i(¢o)(D*ota’ D )W), O i i(¢1)(D*¢la’ DY) W1, ol
[ i€!% (¢10")(Dreto? D )W O sape i€!7X (107 6) (D o'a? DY o)W Ofvsne
<
§ ig) D, Wik (D gia’d + he. O, (olo) D, W (D, olic'o + h.e.) O a2
(D, ¢t o) (ota? D, o)W K L i(¢fe)(DroT D¥9)B,, v A
i(¢'o)(Drot D) B, as. to) D, B (D, otip + h oL,
= D?¢' D, D,D*D¥¢ O,

classes



We have also worked out how physical terms are
shifted upon removing redundant ones; caveat only
linear terms -equations of motion |Criado, Perez-Victoria ‘18]

e.g.

D 1 , d 2 2 3(3,(9;¢2ng1 (1) 3 (3) (3)
¢,[~.~ — Fd)ﬁ + 5(1}32[)19192 _ 4 - Schszdgl/\ — =G qf)ﬂDdgng il SF ¢2DLQ1/\
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For later works we use most modern methods for
computing Green’s bases [Fonseca 2307.08745; Ren, Yu, 2211.01420]

We also worked out new methods for removing
unphysical terms (more on this later)

How to organize the full computation? First bosonic
sector, then two-fermions, then four-fermions:

¢4D2 _>¢3¢2 ¢2¢2D%¢2...
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Some results for dim-6 X dim-6 — dim-8

\\ // //...-— /// f'/ - /(/
e \\ //’-l‘h\ //"- r—-O' 4 _‘__O_i /'/ "O-‘——
} ~-- \ \“\ ~ o E
7 \ \ LS
Y 1) Cp CopD Coll el 3 Copr Coud Chrd / (1) .3
CB2¢,4 ;Y “dYr, R R ’ycg Ce CopD Cqu C‘i”!’L Cqb‘!)L Cff)’ﬂbR Copud C’PRQ‘)
Co -0 U O 9 0O 0 O Cé % % ¥ 0 =% 0 x X
CéD x 0 0 O 0O 0 O CéD W M B e K X
Coll 0 O 0 0 0 0 CoOl x 1] X 0 % X
C%);L x 0 0 0 O C((ﬁlu)m x x x 0 X
e X B U W0 e x x 0 X
Copr X 0 0 Corhp X 0 X
Coud X 0 Coud X 0
CYro 0 Cyro X
\ 2 2 \ M 2 W
b (5C¢D — 24cypeyn + 24%5) v CoD 2 (1UC¢D—4C¢DC¢D) A2 3



Some immediate implications
1. Loop-generated operators are not renormalized

2. Peskin-Takeuchi parameters are not renormalized

v? @ 1 1, v

1
Tor” — A2 |“WE T Wespa| 0 TgrU = pawry

3. Some anomalous dimensions

(35;) =z (52’1‘1‘[&?]%&?] + ‘E)b'].’r[(cé)?)Tcg;)] + 24Tr[(cguq) T Cud) — 16copCon
+ TC?f)D e 40Cc2b|:|) .
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Some immediate implications

4. Positivity bounds are preserved

Eb%l) O C()_|_C()_O7 C(l)—I—C()—I—C(B)

>0
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Some immediate implications 7

4. Positivity bounds are preserved \

@50, ) +c® >0, 4+ >0

Cpa = ¢ — — a2

1 M
1672 = 5 (5¢3p + 16copcsn + 16c55) log — > 0,

16

i M
1672 [ 5514) 1 6254) 5 (C¢D — CpDCyO T+ Q%D) log— >0,

I M
1672 { Eb‘l) + c((;) + 0;4) S(C%D -+ 8(3%5) log ? =)z

H

1




Some results for dimension-8 — dimension-8

‘ ®4D4 B04D2 L;[’r(b4D2 B2 (;')4 H;"FQQI)4 I’i’rB(,ﬁ:l G2 @4 @6D2 @8
B26*D* g2 0 0 0 0 0 0 0 0
W2¢2D? | g2 0 0 0 0 0 0 0 0
W B$2D? [Ng1gs 0 0 0 0 0 0 0 0 loop-level
G242D? | 0 0 0 0 0 0 0 0 0 generated
Hr- 0 0 0 0 0 0 0 0 0 operators
W=Bg* 0 0 0 0 0 0 0 0 0
GE¢? 0 0 0 0 0 0 0 0 0
o' D! g2 0 0 0 0 0 0 0 0
B¢tD? | g1g2 A 0 0 0 0 0 0 0
WetD? | g3 0 g2 0 0 0 0 0 0
B*' | gigz @) 9192 A 0 ng2 0 0 0
W2t | g g9 9 0 A g 0 0 0
W Bo* g195 g2 A g1 A 9192 9102 A 0 0 0
G?¢* 0 0 0 0 0 0 a 0 0
¢° D> gy g1 A GaA 0 0 0 0 A 0
o S TR S0 S -2 SN W /1179 W A G




Some results for dimension-8 — dimension-8

‘ ®4D4 B04D2 I’I’r@4D2 B2 (;')4 ["1;';2@4 I’VBQIF:J G2 ¢4 ¢6D2 @8
B2y’D? R 0 0 0 0 0 0 0 0
W242D? | g2 0 0 0 0 0 0 0 0
W B¢*D? | g19s 0 0 0 0 0 0 0 0 loop-level

G22D? | 0 0 0 0 0 0 0 0 0 generated
| i 0 0 0 0 0 0 0 0 0 operators

W2B¢?* | 0 0 0 0 0 0 0 0 0
G3¢? 0 0 0 0 0 0 0 0 0
¢t D* g3 0 0 0 0 0 0 0 0

B¢tD? | g1g2 A 0 0 0 0 0 0 0 .

WetD? | g 0 g 0 0 0 0 0 0 sizable departure
B*' | gigi A 9192 A 0 g2 0 0 0 from NDA
W2t g 09 9 0 A 9192 0 0 0 A

W Bo* g195 g2 A g1 A 9192 9102 A 0 0 0
G2 0 0 0 0 0 0 4 b W
¢® D> gy A G2 A 0 0 0 0 A 0 - //

0" U0 S SR SN W1V S GNP CP




Some results for dimension-8 — dimension-8

‘ o'D' Bé*D: WoD? B2t W2 WBe' G2¢* ¢D? 48
B2y’D? R 0 0 0 0 0 0 0 0
W242D? | g2 0 0 0 0 0 0 0 0
W B¢*D? | g19s 0 0 0 0 0 0 0 0 loop-level

G2?D? | 0 0 0 0 0 0 0 0 0 generated
I i 0 0 0 0 0 0 0 0 0 operators

W2B¢? | 0 0 0 0 0 0 0 0 0
G3¢? 0 0 0 0 0 0 0 0 0
$1D* g2 0 0 0 0 0 0 0 0

B¢*D? | g1g5 A 0 0 0 0 0 0 0 .

WetD? | g 0 g 0 0 0 0 0 0 sizable departure
B*' | gig3 @) 9192 A 0 g2 0 0 0 from NDA
W2 9 9195 9 0 A 9192 0 0 0 A

WBe' | g195 g A G192 Gigo A 0 0 0
G2 0 0 0 0 0 0 g2 0 0
¢ D? gy A G2\ 0 0 0 0 A 0 e

¢® A g1\ @A  gX PBX ek D L

29
i (3 i 2 5 4 u u\ *
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Some results for dimension-8 — dimension-8

| V2B PWed 2GR 2¢2DP Y205 2¢'D Y2 BOED PWED G D  2¢PD?
B2¢?D? 0 0 0 gi 0 0 0 0 0 0
W262D? | 0 0 0 g2 0 0 0 0 0 0
WBD?| 0 0 0 919> 0 0 0 0 0 0
G232 D? 0 0 0 g2 0 0 0 0 0 0
I "’n-;—‘ 0 0 0 0 0 0 0 0 0 0
W2B¢? 0 0 0 0 0 0 0 0 0 0
G342 0 0 0 0 0 0 0 0 0 0
¢ D 0 0 0 Iyt 0 0 0 0 0 0
B¢'D? 0 0 0 aily'* 0 0 |y 0 0 a1y’
W¢'D? 0 0 0 %1y 0 0 0 ly*|? 0 g2y
B! 9y 0 0 gily'|? 0 0 aly'l? 0 0 gy
W2g? 0 g2y 0 gy 0 0 0 go|y"|? 0 gy
WB¢* | gyt gyt 0  qgly* 0 0 27 R i 0 91929
G29* 0 0 gy 0 0 0 0 0 0 0
¢°D? 0 0 0 gy 0 ' F el gl 0 Yy
¢® 0 0 0 At Y P AT @A P gAY 0 Ay Y2
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Lower-dimensional operators renormalize too:

—94\u* r, — 16g2p1 (%V)¢4D2 28 [(r:gbgm : 5 (:éigm)ﬁlﬂz I

ey

d)ﬁlDd BG_J)LLDQ IVQI)LLDE B?d)d I’,V'Zéﬁl I-‘I"TBQ{?&l ngjél q{]ﬁD? d)ﬂ

2 10 0 0 0 0 0 0 0 0
c,ffl At gt gapt* 0 0 0 0 ut 0
N - B 0 0 0 0
W24 [ gap’ 0 Got* 0 1’ 0 0 0 0
WB* | qigap®  Gap*  qupt’ 0 0 T 0 g 0
G2 0 0 0 0 0 0 2 0 0
o I | Apt g1 12 gt 0 0 0 0 u> 0
o° | Nt dgp? A gl g g’ 0 At




Important implication: Certain positivity bounds are
broken |see also MIC, Santiago 2110.01624]

@50, B+ >0, @i+ >0
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Important implication: Certain positivity bounds are
broken |see also MIC, Santiago 2110.01624]
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What about two-fermion operators? [Bakshi, MC, Diaz
Carmona, Ren and Vilches; 2409.15408|

New complications: There’re much more operators,
redundant bosonic matter, on-shell relations crazy, ...

So far, we have addressed dim-6xdim-6—dim-8, while
dim-8—dim-8§ is ongoing
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What about two-fermion operators? [Bakshi, MC, Diaz
Carmona, Ren and Vilches; 2409.15408|

New complications: There’re :
redundant bosonic matter, on-shell relations crazy, ...

[{* Dim-8 Green's basis *)

ExpandIndices[aleH5[f1,f2] Phibar[11] Phi[11] Phibar[12] Phi[i2] LLbar[sp1,13,f1] ER[sp1,f2] Phi[i3]]
xpandIndices[aquH5[f1,f2] Eps[i3,14] Phibar[i1] Phi[1i1] Phibar[i2] Phi[12] QLbar[spl,i3,c1,f1] UR[spl,c1,f2] Phibar[i4]]
:= ExpandIndices[aqdH5[f1,f2] Phibar[11] Phi[i1] Phibar[i2] Phi[i2] QLbar[sp1,13,c1,f1] DR[sp1l,c1,f2] Phi[13]]

th 043 .)
012H2D31 ExpandIndices

. N ‘)
E D31[f1,f2] 1 1 1 DC[LL[sp2 2],nu] (DC[DC[Phibar[i2],nu],mu]+DC[DC[Phibar[12],mu],nu]) Phi[i2]]
012H2D32 ExpandIndices[a
a
a

SIB“[fl f2] iy DL[LL[pr.Il f2],nu] Phibar[i12] (DC[DC[Phi[i2],nu],mu]+DC[DC[Phi[12],mu],nu])]
2D33[f1,f2] 1,i1,f1] 2 j 1 Ga[mu,spl,sp2] DC[LL[sp2,12,f2],nu] (DC[DC[Phibar[i3],nu],mu]+DC[DC[Phibar[i3],mu],nu]) 2 Ta[j1,13,14] Phg
2D34[f1,f2] 1,11,f1] 2 j1,11,1 Ga[mu,spl,sp2] DC[LL[sp2,12,f2],nu] Phibar[i3] 2 Ta[j1,13,14] (DC[DC[Phi[i4], nu]‘mu]+DL[ C[Phi[14],mu],nig

012H2D33 ExpandIndices
012H2D34 := ExpandIndices

H
H

12H
12H
12
12|

0e2H2D31 := ExpandIndices[ae2H2D31[f1,f2] ERbar[sp1,f1] Ga[mu,spl,sp2] DC[ER[sp2,f2],nu] (DC[DC[Phibar[i2],nu],mu]+DC[DC[Phibar[i2],mu],nu]) Phi[12]]
Oe2H2D32 := ExpandIndices[ae2H2D32[f1,f2] ERbar [spl,f1] Ga[mu,spl,sp2] DC[ER[sp2,f2],nu] Phibar[12] (DC[DC[Phi[1i2],nu],mu]+DC[DC[Phi[12],mu],nu])]

(=]

0gq2H2D31 := ExpandIndices
0q2H2D32 ExpandIndices
0q2H2D33 ExpandIndices
0q2H2D34 := ExpandIndices

2D31[f1,f2] QLbar[sp1,11,c1,f1] Ga[mu,spl,sp2] DC[QL[sp2,11,c1,f2],nu] (DC[DC[Phibar[i2],nu],mu]+DC[DC[Phibar[i2],mu],nu]) Phi[i2]]
)32[f1,f2] [spl, cl,f1] Ga[mu spl,sp2] DC[QL[sp2,11,c1,f2],nu] Phibar[i2] (DC[DC[Phi[i2],nu],mu]+DC[DC[Phi[i2],mu],nu])]
[sp
[sp1

I T T
o

[N i v

=]

(=]

)33[f1,f2] QLbar 1,11 ,f1] 2 Ta[j1,i1,i2] Ga[mu,spl,sp2] DC[QL[sp2,12,c1,f2],nu] (DC[DC[Phibar[i3],nu],mu]+DC[DC[Phibar[13],mu],nu]) 2 Ta[j1,i3,@
34[f1,f2] QLbar ,f1] 2 Ta[j1,11,12] Ga[mu,spl,sp2] DC[QL[sp2,12,c1,f2],nu] Phibar[13] 2 Ta[j1,13,14] (DC[DC[Phi[i4],nu],mu]+DC[DC[Phi[14]Q

NN NN

H2

0Ou2H2D31 := ExpandIndices[au2H2D31[f1,f2] URbar[sp1,c1,f1] Ga[mu,spl,sp2] DC[UR[sp2,c1,f2],nu] (DC[DC[Phibar

[i2],nu],mu]+DC[DC[Phibar[i2],mu],nu]) Phi[i2]]
0u2H2D32 := ExpandIndices[au2H2D32[f1,f2] URbar[sp1,c1,f1] Ga[mu,spl,sp2] DC[UR[sp2,c1,f2],nu] Phibar[i2] (DC

iz
[DC[Phi[12],nu],mu]+DC[DC[Phi[12],mu],nul)]

]
)C
0d2H2D31 := ExpandIndices[ad2H2D31[f1,f2] I DRbar[spl,c1,f1] Ga[mu,spl,sp2] DC[DR[sp2,c1,f2],nu] (DC[DC[Phibar

[1i2],nu],mu]+DC[DC[Phibar[i2],mu],nu]) Phi[12]]
0d2H2D32 := ExpandIndices[ad2H2D32[f1,f2] I DRbar[spl,cl1,f1] Ga[mu,spl,sp2] DC[DR[sp2,c1,f2],nu] Phibar[i2] (DC

i
[DC[Phi[12],nu],mul+DC[DC[Phi[12],mu],nul)]

2]
DC
(* OudH2D31 := ExpandIndices[audH2D31[f1,f2] I URbar[spl,c1,f1] Ga[mu,spl,sp2] DC[DR[sp2,c1,f2],nu] Eps[i3,12] Phi[i2] (DC[DC[Phi[1i3],nu],mu]+DC[DC[Phi[i3],mu],nu])] *)

OudH2D31 := Sum[ExpandIndices[audH2D31[f1,f2] I URbar[spl,cl,f1] Ga[mu,spl,sp2] DC[DR[sp2,cl,f2],nu] Eps[i3,12] Phi[i2] (DC[DC[Phi[i3],nu],mu]+DC[DC[Phi[i3],mu],nu])],{i2,1,2},{1i3, 1.

(* Redundant *)

012H2D35S := ExpandIndices
012H2D36 ExpandIndices
012H2D37 ExpandIndices
012H2D38 := ExpandIndices
012H2D39 ExpandIndices
012H2D310 ExpandIndices

i2]]
H2 »11, 3
‘ ,i1,f1] Ga[mu,spi1,sp2] DC[LL[sp2,11,f2],nu] DC[Phibar[i2],mu] DC[Phi[i2],nu]]
H2D38[f1,f2] I LLbar[sp1,11,f1] Ga[mu,spl,sp2] DC[LL[sp2,11,f2],nu] DC[Phibar[i2],nu] DC[Phi[12],mu]]
H2D39[f1,f2] LLbar[spl,i1,f1] Ga[mu,spl,sp2] DC[LL[sp2,11,f2],nu] DC[Phibar[i2],mu] DC[Phi[i2],nu]]
H2D310[f1,f2] LlLbar[sp1,11,f1] Ga[mu,spl,sp2] DC[LL[sp2,11,f2],nu] DC[Phibar[i2],nu] DC[Phi[i2],mu]]
[ Read 484 lines ]

N N NN N




What about two-fermion operators? [Bakshi, MC, Diaz
Carmona, Ren and Vilches; 2409.15408|

New complications: There’re much more operators,
, on-shell relations crazy, ...

Example: renormalization of Oy = (Ipe)d'¢

T Fd rd ~ -—— 7
ff N 4 4 ~ ,/ \\ /
‘(/ Fd ~ 7
\ AN N
~ / A" A"
i ~ ~

. i 1 3
(egmn) ™ =~ | 8(3¢s0 = 4D)Cemn + 2eepmpCaem = 2Coimp + 3Colmp)Ceppn
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What about two-fermion operators? [Bakshi, MC, Diaz
Carmona, Ren and Vilches; 2409.15408|

New complications: There’re much more operators,
, on-shell relations crazy, ...

Example: renormalization of Oy = (Ipe)d'¢

(O Redundant dim-6 Physical dim-6 X  Higgs mass
insertion

O Redundant dim-8 @ Renormalizable
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What about two-fermion operators? [Bakshi, MC, Diaz
Carmona, Ren and Vilches; 2409.15408|

New complications: There’re much more operators,
, on-shell relations crazy, ...

Example: renormalization of Oy = (Ipe)d'¢
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What about two-fermion operators? [Bakshi, MC, Diaz
Carmona, Ren and Vilches; 2409.15408|

New complications: There’re much more operators,
, on-shell relations crazy, ...

Example: renormalization of Oy = (Ipe)d'¢
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What about two-fermion operators? [Bakshi, MC, Diaz
Carmona, Ren and Vilches; 2409.15408|

New complications: There’re much more operators,
redundant bosonic matter, on-shell relations crazy, ...

Example: renormalization of Oy = (Ipe)d'¢
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What about two-fermion operators? [Bakshi, MC, Diaz
Carmona, Ren and Vilches; 2409.15408|

New complications: There’'re much more operators,
redundant bosonic matter, on-shell relations crazy, ...

In[2l:= Length[cleH5[a, b] /. redundancies]
Out[3)= 108

In[2:= cleH5[a, b] /. redundancies

3 3
Out[2]= 3WCHE alphaReHDl [a, b] - 8WCHbox % alphaReHD1 [a, b] + 2WCHD 2 alphaReHDl[a, b] + — WCHG alphaReHD2 [a, b] - 4 WCHbox 1 alphaReHD2 [a, b] + WCHD 2 alphaReHD2 [a, b] - — WCHG alphaReHD4 [a, b] + 4 WCHbox 3. alphaReHD4 [a, b] - WCHD  alphaReHD4[a, b] +
i i
3
2 xalphaRleH3D211[a, b] - 2 A alphaR1eH3D214 [a, b] + A alphaRleH3D215[a, b] + 31 A alphaRleH3D216 [a, b] + 2 A alphaR1eH3D27[a, b] + 2 1 A alphaRleH3D29[a, b] - — alphaRHDp WCeH[a, b] - i alphaRHDpp WCeH[a, b] - alphaRHep[jl, b] WCeH[a, j1] +
z
1
ialphaRHepp[jl, b] WCeH[a, j1] - alphaRHl1lp[a, j1] WCeH[jl, b] - i alphaRHllpp[a, j1) WCeH[jl, b] - alphaRH1l3p[a, j1] WCeH[jl, b] - i alphaRH13pp[a, j1] WCeH[jl, b] - alphaRH&3 YE[a, b] + i alphaRH&4 YE[a, b] + — alphaRBH4D23 gl YE[a, b] +
4
1 1 1 1 1 1
— alphaRWH4D26 g2 YE[a, b] + — alphaRWH4D27 g2 YE[a, b]| + 2 alphaRHDp WCHbox YE[a, b] - — alphaRHDp WCHD YE[a, b] - — i alphaRHDpp WCHD YE[a, b] - — alphaRBDH g1 WCHD YE [a, b] - — alphaRWDH g2 WCHD YE[a, b] + 2 alphaRH418 A YE[a, b] +
4 8 4 2 4 4
1 1 1
2 alphaRH411 A YE[a, b] - alphaRH412 A YE[a, b] + 4 alphaRH48 A YE[a, b] + — alphaReHD2bar[jl, Gen8] WCeH[jl, b] YE[a, Gen8] - — alphaReHD4bar[jl, Gen&] WCeH[jl, b] YE[a, Gen&] - — alphaReHD2[jL, b] WCeHbar[jl, Gen&] YE[a, Gen8] +
8 8 8
1 1
alphaReHD4[j1, b] WCeHbar[jl, Gen8] YE[a, Gen8] - — i alphaRe2H4D2[j1, b] YE[a, j1] + alphaRe2H4D3[j1, b] YE[a, j1] + 1 alphaRHDpp WCHe [j1, b] YE[a, jl] + — alphaReHD2bar (31, j2] WCeH[jl, b] YE[a, j2] +
2 4

1 1 3
alphaReHD3bar[jl, j2] WCeH[jl, b] YE[a, j2] + — alphaReHD4bar[jl, j2] WCeH[jl, b] YE[a, j2] - 2 i alphaRHDpp WCHe [j2, b] YE[a, j2| + — alphaReHD2bar [Gen8, j1] WCeH[a, j1] YE[Gen8&, b] + — alphaReHD3bar[Gen8, j1] WCeH[a, j1] YE[Gen8, b] +
4 8 4

00 [ R 00 |

alphaReHD4bar [Gen8, j1] WCeH[a, j1] YE[Gen&, b] - '}; alphaReHD2[a, j1] WCeHbar[Gen8, j1] YE[Gen8, b] + i alphaReHD3[a, j1] WCeHbar[Gen8&, j1] YE[Gen&, b] - galphaReHD"\l[a, j1] WCeHbar[Gen&, jl] YE[Gen8, b] +

5 alphaR12H2D333[a, 31] YE[j1, b] + A alphaR12H2D335[a, j1] YE[il, b] + % ialphaR12H4D5[a, j1] YE[j1, b] + alphaR12H4D6 [a, j1] YE[j1, b] + alphaR12H4D7 [a, 1] YE[jl, b] - i alphaR12H4D8[a, j1] YE[jl, b] - i alphaRHDpp WCHLL[a, j1] YE[j1, b] +

i alphaRHDpp WCH13[a, j1] YE[jl, b] - i alphaR1leH3D213bar[j1, j2] YE[a, j2] YE[j1, b] - 3 ialphaRleH3D216bar[j1, j2] YE[a, j2| YE[j1, b] - é i alphaRleH3D2Sbar [j1, j2] YE[a, j2] YE[j1, b] .-ia'lphaReHDZhar’[j?, j1] -WCeH[a, j1] -YE[j2, b] -
alphaReHD4bar[j2, j1] WCeH[a, j1] YE[j2, b] + 2 i alphaRHDpp WCH11[a, j2] YE[j2, b] - i alphaReHD2 [a, j2] WCeH[jl, b] YEbar[jl, j2] + % alphaReHD3 [a, j2] WCeH[jl, b] YEbar[j1, j2] - ialphaReHDd[a, j2] WCeH[jl, b] YEbar[j1, j2] +
alphaRleH3D211[j1, b] YE[a, j2] YEbar[jl, j2] + i alphaRleH3D215[jL, b] YE[a, j2] YEbar[jl, j2] - s ialphaRleH3D216[j1, b] YE[a, j2] YEbar(jl, j2| - ialphaﬂleHBDZT[jl, b) ¥E[a, j2] YEbar[jl, j2] -

i alphaRleH3D29(j1, b] - ¥YE[a, j2] YEbar(jl, j2] - % alphaR12H2D321[j1, j2] YE[a, j3] YE[j2, b] YEbar[jl, j3] + i alphaR12H2D324 (j1, j2| YE[a, j3] YE[j2, b] ¥YEbar[jl, j3] ,ialphaRl?_HZDs?_S[jl, j2] “YE[a, j3] YE[j2, b] - ¥Ebar[jl, j3] -
alphaR12H2D333[j1, j2] YE[a, j3] YE[j2, b] YEbar[jl, j3] - é alphaR12H2D335(j1, j2] YE[a, j3] - YE[j2, b] - ¥Ebar[jl1, j3] - i alphaR12H2D336[j1, j2] YE[a, j3] - YE[]2, b] - YEbar(j1, 3] - ialphaR12H2D333[j1, j2] < ¥E[a, j3] YE[j2, b] - YEbar[jl, j3] +
alphaR12H2D37(j1, j2] YE[a, j3] YE[j2, b] YEbar[jl, j3] + i alphaR12H2D38([j1, j2| YE[(a, j3] YE[j2, b] - YEbar[j1, j3] - i alphaReHD2[j2, b) WCeH[a, j1] YEbar[jz, j1] pialphaReHm[jz, b] WCeH[a, j1] - YEbar[j2, j1] -

alphaRleH3D211[a, j1] YE[j2, b] YEbar[j2, j1] - ; alphaR1leH3D213[a, j1] YE[j2, b] YEbar(j2, j1] - i alphaRleH3D215[a, j1] YE[j2, b] YEbar[j2, j1] - S i alphaRleH3D216[a, j1] YE[j2, b] YEbar[j2, j1] + i alphaRleH3D27[a, j1] YE[j2, b] YEbar[j2, j1] -
i alphaRleH3D29(a, j1] YE[j2, b] YEbar(j2z, j1] - % alphaRe2H2D319[j1, j2] YE[a, jl] YE[]3, b] YEbar[j3, j2] + i alphaRe2H2D35(31, j2] YE[(a, j1] YE[j3, b] YEbar[j3, j2] fialphaREZHZDss[jl, j2] ~¥E[a, j1] YE[j3, b] YEbar(j3, j2] -
alphaR12H2D321[a, j1] YE[jl, j2] YE[j3, b] YEbar[j3, j2] - i alphaR12H2D324 (a, j1] YE[jl, j2] YE[j3, b] ¥YEbar[j3, j2] - i alphaR12H2D325[a, j1] YE[j1, j2] YE[i3, b] YEbar(j3, j2] + éalphaRllHZDsaa[a, j1] ¥YE[jl, j2) YE[j3, b] YEbar[j3, j2] +

1 1 1
alphaRl2H2D335[a, j1] YE[jl, j2] YE[j3, b] YEbar[j3, j2] + - alphaR12H2D336(a, j1] YE[jl, j2] YE[j3, b) YEbar[j3, j2] - = alphaR12H2D338 [a, j1] - YE[il, j2] YE[i3, b] YEbar (i3, j2] - = alphaR12H2D37[a, j1] YE[jl, j2] YE[i3, b] YEbar[j3, j2] -
4 2 4

- N N R I I R R R

1 1 1
alphaRl2H2D38[a, j1] YE[jl, j2) - YE[33, b] YEbar[j3, j2] - = alphaRe2H2D319 i1, b] YE[a, j2] - YE[33, j1] YEbar[j3, j2] - ~ alphaRe2H2035[j1, b] - YE[a, j2] YE[j3, j1] VYEbar[j3, j2] - = alphaRe2H2D36[jl, b] - YE[a, j2] YE[3, j1] YEbar[i3, j2]
2 4 4



What about two-fermion operators? [Bakshi, MC, Diaz
Carmona, Ren and Vilches; 2409.15408|

New complications: There’re much more operators,
redundant bosonic matter, .

How to address this? On-shell matching at tree level!

Main point:

. this can be turn into a linear
system of equations whose solutions are how physical

operators are shifted in terms of redundant ones pic,

Lopez-Miras, Santiago, Vilches 2411.12798]
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On-shell matching: non-localities

Light bridges - >====§" -

(polynomial in

= local external momenta)
full EFT
J \ J
Y Y
non-local non-local
| Difficult to follow this cancelation analytically - Substitution of random-generated kinematics
. The procedure is to be numerical but exact - Rational kinematics

Spinor Helicity Formalism

momenta
[arXiv:2304.01589, arXiv:2202.02681] I Rational values for { polonzotlons} with symbolic masses m,

spinors
Satisfying...
“ Momentum co.n‘servotion
B _ 9044503 , 840960 p? - e o o
(p1+ pa)? — m2 1681920 8203543 m?2 Transversality

M =uap;-p3+

Taken from Javier Lopez-Miras, SMEFT-
Tools 2025 57



What about two-fermion operators? [Bakshi, MC, Diaz
Carmona, Ren and Vilches; 2409.15408|

¢2¢2D3 C¢4D2 Cqu Cw2¢,2D Cw2¢3 Cwé X¢2¢2D C¢4D2 C¢6 C¢2¢2D Cw2¢:)3 Cwél
C¢4D2 O 0 o 0 O C¢4D2 O 0 g 0 O
» 0 0 0 0 o 0 0 0 0
CdquﬁgD i 0 bkas Cd,ZCbQD q 0 g
Cop2 3 0 0 Cyp2¢3 0 0
Copd 0 Copd 0

Y2 P°D? | Cyapr Cys Cy2g2D Cy2gs Copt Xp°@° | cpip2 Cgo Cyagep Cy2gs Cy
Cpt D2 y 0 vy .Y Copt D2 0 0 gy 0 0
C 6 0 0 0 0 Cy6 0 0 0 0
Cy2¢2D Yy T Yy Cy2¢2D qy g 0
Cw2¢53 0 e C¢2¢3 0 0
Copt 0 Copd 0
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What about two-fermion operators? [Bakshi, MC, Diaz
Carmona, Ren and Vilches; 2409.15408|

Some cross-checks:
Positivity bounds

Manohar et al work from geometry

Angelis and Huber work using amplitudes

Further work:
Impact on electroweak observables, ...

Breaking of universality within the SMEFT |[wels,
Zhang ‘15|

59



Why to worry about a theory with several thousands
of free parameters?

1. The SMEFT is the low-energy limit of

2. Only few operators contribute at leading order to a
given observable

3. : new methods, new
tools, ...
4. New . positivity bounds,

evanescent operators, anomalies...
60



Outlook

The SMEFT RGEs are instrumental for testing the
theory against all experimental data (obtained at very
different scales)

As of now, almost all RGEs ensuing from loops of
tree-level operators have been calculated (and

partially cross-checked)

All results can be accessed at:

61


https://github.com/SMEFTDimension8-RGEs

Thank you!



Backup



It is obvious that there are zeros in mixing of specific
operators of different classes

It is , not even
with amplitude methods

O(;22D3 — Z(@’YMD 6)(D(’u 1/)¢T¢) + h.c.
Og3¢2D2 — (DM¢TDV¢)BMpBﬁ
e2$2 D3 — i(éVMDye)((ﬁTD(MDy)(b) + h.c.

\\\ \\\\\ 1 1

—/_/
c o A1)
_I_ O€2¢2D3



0 \ 3., 1, L 3,1
@i =@ = (43)(41) [4331]

2, ) 2, - 4.1
1, . 3 i i 31 3.
76(12) . 3—>c(1% . X E m
e<¢p<D BZ¢= D 2, 7 4 ., i 4 4,
_ / dLIPS(4'3")(4'1)[4"3'][3'1] Sk
(3'3)(34")

27 /2 . v 0
= / de/ dfsgce {#16“’5 + #oe?? 4 .. }
0 0
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A different

perspective:

)

from unitarity-+locality
[Adams, Arkani-Hamed, Nicolis, Rattazzi ‘06]

A(s) = ag + ags® + - - -

«4(38) S0 |
0i(p1) ~ pilps) 8 /7
i ° . >
»i(p2) 0j(p4)
A(s) = A(s,t =0)
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A different perspective:
, from unitarity+locality
[Adams, Arkani-Hamed, Nicolis, Rattazzi ‘06]

1
C(ngbQDz <0
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A different perspective:
, from unitarity+locality
[Adams, Arkani-Hamed, Nicolis, Rattazzi ‘06]

1
C(ngbQDz <0

But some others are not:

(e 3

0 - +1/2

Oeps = — (43)(41)[43][31]

2 4

0 -1/2
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A different perspective:
, from unitarity+locality

[Adams, Arkani-Hamed, Nicolis, Rattazzi ‘06]

1
C(ngbQDz <0

But some others are not:

10 \\\\ 3+1/2
Oty ps = < = (43)(41)[43][31]
2 4

0 -1/2

“Therefore”,

C.(ngqszz — #152;)¢QD3 + = #1 =0

69



1. For any (Cg)qsz Dsacg)¢2 D3) compatible with the

positivity bounds ( cg?qp e +c2, . <0 ), there exists

UV such that only (CS)¢2 Dg,cﬁiﬁ D3) (and lower-

dimensional [< ones) at tree level.

N
AN
N
N _
N

2. Within any such UV, compute (0 to order O(¢)

7N
s -
/
/

} s
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1. For any (Cg)qsz Dgacg)¢2 D3) compatible with the

positivity bounds ( cg?qp e +c2, . <0 ), there exists

UV such that only (cg)qg Dg,cg)qg D3) (and lower-

dimensional [< ones) at tree level.

N
AN
N
N _
N 4

2. Within any such UV, compute N to order O(¢?)

7N 4
s -
/
/
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1. For any (Cg)qsz Dgacg)¢2 D3) compatible with the

positivity bounds ( cg?qp e +c2, . <0 ), there exists
UV such that only (cg)qg Dg,cg)qg D3) (and lower-

dimensional [< ones) at tree level.

N
AN
N
N _
N 4

2. Within any such UV, compute N to order O(¢?)

7N 4
s -
/

See Minyuan’s talk 72



1. For any (Cg)qsz Dsacg)¢2 D3) compatible with the

positivity bounds ( cg?qp e +c2, . <0 ), there exists
UV such that only (CS)¢2 Dg,cﬁiﬁ D3) (and lower-

dimensional [< ones) at tree level.

N
AN
N
N _
N

2. Within any such UV, compute (  to order O(¢?)

7N
s -
/

/”/"—\\\ E
/// i (OWip2 \\\\
o 1 A(s)s®
VY NV YV Y N Y Y V> E(ﬂ) — Y (82 n 4)3 > 0
\ L ,' N v
\ —ip k"}’}/ /
I \\\\ /// 73
D |[Herrero-Valea et al ‘20]




1. For any (Cg)qsz Dgacg)¢2 D3) compatible with the

positivity bounds ( cg?qp e +c2, . <0 ), there exists
UV such that only (cg)qg Dg,cg)qg D3) (and lower-

dimensional [< ones) at tree level.

N
AN
N
N _
N 4

2. Within any such UV, compute (  to order O(¢?)

7N
s -
/

A
,/”,'——-\\\\ \i S
< N A(S) ~ —(Ba+ Bss” + Brast + -+ ) log -
/ /y(;}m? Y A
/ b o \
I 1
e J
—AVWVY WY WV WA b <
N } K* X‘\ . /\ﬂ o y
\ —ip” (e // =" ' Q/M
T A
s 7 + - ™ 74




1. For any (Cg)qsz Dsacg)¢2 D3) compatible with the

positivity bounds ( cg?qp e +c2, . <0 ), there exists
UV such that only (CS)¢2 Dg,cﬁiﬁ D3) (and lower-

dimensional [< ones) at tree level.

N
AN
N
N _
N

2. Within any such UV, compute (  to order O(¢?)

//’,f——-\\\ S
- W \—
h S

- N A(s) ~ —(B1 + Bss® + Brast + -+ +) log -
I/ "\,\.—}i/,LQ \\ A
%%W::W:::j B 4
\ - ,' X(p) = —Bs + Prap” + -
% RIS /
b — lim () = —fg > 0
g u—0

[~ 4
h v 75




So (s <0 in any of the aforementioned UV, and
therefoxl‘e for a,ll2values of (cg)q52 Dg,cig)CbQ ») compatible
with 022;2173 + Ciz)qpps <0

3. The beta function is linear in the Wilson
coeflicients:

Bg = 04(0222521)3 - Cg)qu:a) , a=0

Therefore,
(1) (2) (1)
O€2¢2D3 T O€2¢2D3 HCQBQCerl)Q
%,—/
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How do things change if we consider instead...?”
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1. For any (Cg)qsz Dsacg)¢2 D3) compatible with the

positivity bounds ( cg?qp e +c2, . <0 ), there exists

UV such thg,t only (CS)¢2 Dg,cﬁiﬁ D3) (and lower-
dimensional [< ones) at tree level.

2. Within any such UV, compute to order O(¢?)

A
W S

< N A(8) ~ —(Ba + Bes® + Brast + -+ ) log
// /y"’o}i,uQ \ A2
l’ r \‘|
. e _____ 1 . .

\\ —1u I{.”}’y // ’ »

\\\ ///

r \\\ /// ,




1. For any ('3 Cg)qp D3) compatible with the

e2p2 D3
positivity bounds ( cg?qp e +c2, . <0 ), there exists
UV such that only (CS)¢2 Dg,cﬁiﬁ D3) (and lower-

dimensional [< ones) at tree level.

2. Within any such UV, compute to order O(¢?)

A
//”f——-\\\ S
// \
// \\\ 2 4 1 S
/ v A(s) ~ —(Ba + Pgs” + fras” + -+ )log
/ /y(’o}i;ﬂ Y A
’ ~L7
A ! \ /
—AV VAWV AAA A AN 7
e e 1 h ‘ 7
\\ i \._/}fy /
\ i . -
F\\\ /// \\G//
\\\\\‘__”,// _|_ //// \\\\ 79




The dim-6 squared contributions tulfill positivity:

2 (1) (2) (1) (2) 3)
Ca =1, + Cyi =il T Cya T Cya >0
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The dim-6 squared contributions fulfill positivity:

cﬁ) >0, cff;) ies =i, CE;B e cf;) >0

¢ ¢*
8 11
16781 ps = 3 [ = 2eip)” = 5 (Cpipa)” + 46l paciri s

+3cky i, +2(ci)? — 2(ci))2+6(cy))? — 6(csn)? + 3ck, — 3c%ud] ,

8 9
16762 pe = 3 | ~ 2 pa)? = (e )? 2P

1 3 1 3
3y e —2c)? — 22 6(c)? - 6(c;;>2—3c%1u] |

(1) T (2 b

[ — 5(chiap2)” + g(CH4D2)2 — 2ChapaChip: T 4(0532)2 £l 12(C(H331)2 + 3¢t ud

16m°By1 s =

| oo
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Resorting to the UV to understand the IR is only a
trick. In general:

(1) Some tree-level O, obey ¢; > 0

(2) If O, involves fields not present in O, and c,

not constrained by positivity, then 7;; =0

N N
N\ N N
N N N N s
N N N N /
N AN N N s
N N N N /
N N N N /
N N N N s/
N N S /
N /
o e &
/ / 7 AN
y s e s N
Y s / N
/
Y v s N
/
Y s / N
/
s v v N
/
y s / N
, s/ 7 / N
Y /
s/
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Other aspects of anomalous dimensions:

Let us consider the mixing = — » @{ji

Positivity bounds:

220, cl+cd>0, d+cd+cl=0

1
C(ngbQDQ >0

From where we obtain:

D g = e+ 24 62) + B+ D) e+

:(CI—Fﬁ)Cqbﬁl (a+ B +7) ()—i—ac()
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Other aspects of anomalous dimensions:

D = el + 24 0) 5D+ ) 432+

= (a+B)cyd + (a+5+w>“+ac”+

1. The anomalous dimensions are positive

ey ne) nC)
¢4D4 ¢,4D4 ¢,4D4

Cotgepr  + + +

2. They fulfill
Y (1) (2 27, SO R J¢Y (3)

BQ¢2D2’ C¢4D4 B2¢2D2’ C¢4D4 B2¢2D2’ (;’54D4
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