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Effective field theories for lepton dipole
moments: updates and applications
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The Standard Model of particle physics
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The Standard Model of particle physics is the theory describing
three of the four known fundamental forces in the Universe.
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Round the corner

High-energy physics is entering the ballistic age.

Low-energy physics is progressing towards unprecedented
sensitivities on (beyond the) Standard Model observables.

Either new physics is weakly coupled with standard matter or
we are in presence of a considerable scale-separation between
the world that we know and what is beyond it.

Effective field theories are the best tools to describe a system
with well-defined scale separations.
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Lepton dipole moments

Dimension-six operators contribute to the Wilson coefficients
Crr and Crg of the dipole interaction:

1
Vi (Crop3)wr + Crr(03) wr) (py), -

Anomalous magnetic and electric-dipole moments:

a; &E(CTR+CTL)\p%_,O CPC

dl X %(CTR — CTL)‘p%HO CPV
In terms of effective coefficients:
2 21/4 21/4
= hwel, 4= el
(& \/GFA2 g vV GFA2

If flavour is not diagonal, then the momenta are “transitional”.
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Low-energy Effective Field Theory
Leg = LqED + Lgcp + % Z CiQi,

and the explicit structure of the operators is given by

Dipole
Qery ‘ em, (Lo Ppl,)F, + Hec.
Scalar/Tensorial Vectorial

Qs (L, Pl )(IsPly) + Hee. Qvrr | (" Prly)(IsyuPLly)
Qvir | lpy"Prly) (L. Prl)
Qvrr | (17" Prly)(Is7uPrlt)
Qsi1q(1) (lpPrl,) (s Prge) + Hee. Qvigrr | (" Pole)(Gsyn Prar)
Qsta2y|  (IpPrlr)(@sPrgs) + Hec. Qvigrr | (Ipy" Prle) (57 Prar)
Qrig | (lpo"” PLly)(@sop Prar) + Hee.|| Quigre | (v Prly) (@57 Prar)
Qvigrr (p’Y Prly)(Gs7uPrat)
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Muon LFV transitions below the EWSB scale

Leg = LQED + LQCD

1 D ~D V LLAV LL VLRAV LR S LLA~S LL
+ p{CL o+ ). (Cff Off "+ Cpy 705" + Cfp 7 Of )
f=q,£

+ Y (CHIFOLEE + CRER OfER ) + CLOE, + L +» R} +he,

h=q,T

and the explicit structure of the operators is given by
=em,, (o' Prp) Fu,

OY = (ey" Prp) (FyuPLf)

Of "7 = (ey*Prp) (fuPrf),

OF | = (ePrp) (FPLS),

On LB = (ePpu) (RPrR) ,

OEhLL = (EO'MVPL;,L) (EO’”VPL”L) ,

OL

9g = Qs muGp (ePrp) GZVGQVA
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Low-energy LFV observables

Neutrinoless radiative decay

(el +lerl’)

Qe
Br(p —ey) = A4F

Neutrinoless three-body decay

a2m 2 m
B N O D‘ D‘ 1 CREE Tl
r( — 3e) 127rA4FH (‘CL ‘CR I
mb 2
il CS LL‘ 16’CV LL‘ 8‘CV LR
* 3(16msAiT, ( ‘ T16]Ce ™|+

2 2 2
+los v sormn g slox mef)
Coherent conversion in nuclei

m5 2
DYoo = 4 [eCP Dy +4(GrmumyCEF S + CLR VP +p = )| +L & R
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Interplay between 1 — ey and p — 3e

A. Crivellin, S. Davidson, GMP and A. Signer, arXiv:1611.03409 [hep-ph].
Below the EW scale, four-fermion vs dipole:

10 T T
s MEG (2016)
C LL ~14
ee sl MEG Il (BR<4-107")
SINDRUM (1988)
. Mu3e (BR<107"?)
Mu3e (BR<107'%)
-5 N
—10 .

1" -



Intro
fele}

uv
000000000

EFT
00000@00000

SMEFT 2L
0000000000

000000000

Conclusion
o]

Dipole evolution below the EWSB scale

At the two-loop level, in the tHV scheme:

. Q m
P =160 QI CP |- (o5 e[
m

S LL
ee

a

CS LL
(47T) 12223

8Qn mp
+ Z (4m) my,

o[G0 - )

116

CV RR

V RR
Crn

1220y

9 o _<

ate (116
(4m)2 \ 9

4Qth

—; ) <6Qth+

Qe

B zh: (47)2

Qe

B ; (4m)2

< 6Q7Q +

)

4Qth )

m
4QF Qe T CRER O = mn) + 1.
m

— +38
9+

A. Crivellin, S. Davidson, GMP and A. Signer, JHEP 1705 (2017) 117.

m
m

) )
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In absence of interplay at the EWSB scale

Br(ut —ety)

Br(ut —eteeh)

Au/Al
Bru—»/e

42-107%  40-107*% | 1.0-1072  50-107% | 7.0-107¥  1.0-1071F

cP | HOMIGRE 31107 | 20.107  14-107% | 201077
cstt | 48.10°5 151070 | SENE0SH BRNOTS | 14103
csit || PEMIOTH RN | 46-10°  33.107 | 7.1-107C
cser || MEMeES  37-1077 | 24.100°  1.7-107% | 2.4.10°
crir | BT 9010710 | 57-10%  4.1-107° | 5.9-10°8
Catt |l 28.10%  86-1077 | 54-107°  3.8-1076
chit | BN 6410710 | 4110 291079
CYER | 30.1075 94.10-¢ | [2HNI0SH [IENI0S
cLiR 3.0-107° 94-107° | 1.6-107°  1.1-107°
CYER | 10-107*  32.107° | 53-107°  3.8-107°
ChLEr | 35-107%  11-107% | 6.7-107°  4.8-107°

CiA 13-107% | 65-107°  4.6-107*
chV || 21107 641071 | 6.7-107°  4.7-107°

Limits on the various coefficients C;(mw ) from current and future experimental con-
straints, assuming that (at the high scale my ) only one coefficient at a time is non-vanishing and
not including operator-dependent efficiency corrections.
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Interplay at the EWSB scale
Mu3e money plot

H =y

VRR o —
cV : . MEG

T T

T T
(Br<4.2.107%)

) R R T O | == MEG (Br<4.107")

: = SINDRUM (Br<10~'2)

: : == Mu3e (Br<5-107")

107 : et : — SINDRUM Il (Br<7-10"%) [3
: : | == COMET (Br<107)

Conclusion
o]
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Interplay at the EWSB scale
COMET/Mu2e money plot (1)

M=y

= MEG (Br<4.2:107%)
|| == MEG (Br<4-107)
== SINDRUM (Br<10""?)
= = Mu3e (Br<5-107"%)
107 H == SINDRUM I (Br<7.107%) |
== COMET (Br<10'%)

VRR
Cbb

10° 10°
10" 10"
107} 10°
10° 10°
10”7 10”7

-10° -10° -10° -10° -10° 10 107 107 107 10

DA
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Interplay at the EWSB scale
COMET/Mu2e money plot (2)

M=y

SLR — 10-13 : :
Cbb 10° ] MEG (Br<4.2-107") L o]0
== MEG (Br<4-107) : :

— <1012 : : :
10t SINDRUM(Br_loV ) N G e
== Mu3e (Br<5-10 %) : :
2 [| == SINDRUM Il (Br<7-10")

== COMET (Br<107')

10 10
10" 10
10° oo i ] (SRS 10°
10° 10°
107 Foo g e ] (R 107
10° 10°
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MEG/MEG-II money plot

Br(u—ey) pp |u =my Br(u—3e)

— Br(uAl—eAl) : '
1070 || == MEG (Br<4.2:10°%)
== MEG (Br<4-107%)

L ‘ 10—12
1071 [| == SINDRUM (Br<10"'2) [ :

{1071

== Mu3e(Br<510%) | 1013
107"} == COMET (Br<1071%)
1072} ‘ o
1071 | : {1077
1

10—14

10—15

10—16
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Br(uAl—eAl)
[m] = = =

Conclusion
o]
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The doubly Charged SU (2)-singlet scalar

Minimal model for neutrino mass generation
SM + 1 SU(2)-singlet doubly charged scalar: S3*

It couples only with right-handed charged leptons:

AL = (D,STH)T (DRt + ()\ab (CR)em ST + h.c.)
+ X (HTH) (S7787%) 4+ 2 (S778+)* 4 finv]
Aap CONSsists of six independent complex parameters.

Lepton Flavour Violation
S. F. King, A. Merle and L. Panizzi, JHEP 1411 (2014) 124
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The doubly charged SU(2)-singlet scalar

Neutrino masses are generated at the three-loop level:

)°

la (Ip)° W

Via

Effective Field Theory:

§

A (D, H®) (D*H") —2HTH® (D, H") (D"H")

+H°H’ (D,H") (D"H")] + h.c.

S. F King, A. Merle and L. Panizzi, JHEP 1411 (2014) 124

Conclusion
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Current low-energy experimental limits

Br[rT —»efe®e] < 14x107° P(M~M)=24x10""
Br [TJF — Mﬂﬁﬁ] < 12x1078 (for right-handed currents)
Br [r¥ — eﬂﬁﬁﬁ] < 16x107°
Br[rT — ,uﬂei,uq:] < 98x107° Brﬁ:e <7x107"
Br[rF = uFefet] < 11x107° g
Br[rf = efp®et] < 84x107° Brir= el = 880 8

F T —12 Brir =] < 44107

Br [t —efete™] < 1.0x10 Briu—ey] < 42x107"

SINDRUM Collaboration, Nucl.Phys. B299 (1988) 1-6
MEG Collaboration, Eur.Phys.J. C76 (2016) no.8, 434
HFLAV Collaboration, Eur.Phys.J. C77 (2017) no.12, 895
BaBar Collaboration, Phys.Rev.Lett. 104 (2010) 021802
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Low-energy effective Lagrangian and the matching

¢ Diagrams in Fig. (b) match into the diagram in Fig. (a)
e Diagram in Fig. (d) matches into the diagram in Fig. (c)
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Low-energy effective Lagrangian and the matching

Dipole
Qeny ‘ emy (Lo Pl )Fpy + Hec.
Scalar/Tensorial Vectorial

Qs (IpPrlr)(IsPrl) + Hec. QviLr (Lpy* Prly) (s PLlt)
QvLr (Ipy* Prly) (Lsvu Prl:)
QVRR (Ipy* Prly ) (Isyu PrlL)
Qs14(1) (IpPrlr)(@s PLgt) + Hee. Quigrr | (py"Prlr)(@svuPrLat)
Qs1q(2) (IpPrlr)(Gs Prat) + H.c. Qvigrr | (py"Prly)(@svuPrat)
Qrig | (po" Prly)(@sopwPrar) + He. || Qvigrr | (py" Prlr)(@svuPrat)
Qvigrr | (p7*Prlr)(@svuPrat)

AN

CErst (mw) = Tp CPr (my) = S Z (Mo Xpw)
w=1

A. Crivellin, M. Ghezzi, L. Panizzi, GMP and A. Signer, arXiv:1807.10224
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Low-energy effective Lagrangian and the matching

Branching ratios at the physical scale:

Z /\Pw )‘rw

amp

+ +
BR(ly = I) = (2472)2mil
28

M Aps *[Are |

+ +FE
BR[IF — [FI]1f] =~ 6T miT,

mS a2 Dn
=t 2V, P 1 AT
p—>e (1271')2771% ( + 3 V og 1w

ms 062
Ty (2 (G ))

Z >\2w)‘1w
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Signatures at CLIC
Stage | Stage Il Stage lll

Vs 380GeV 350GeV 1.5TeV 3 TeV
L 0.9/ab 0.1/ab 2.5/ab 5/ab

Topologies

e+ LS e — |t

1

Z, Y S 1

S**I

- 1

\‘ ¥
e— s e+ —_—

Pair production Single production t-channel

® Pair production limited by phase space to probe Mg < 1500 GeV
® Single production can probe twice as much (in principle)

® The t-channel probes the dependence of mass-Yukawa up to any mass, but
requires St to interact with electrons
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t-channel

N Electron pair production with R-pol beams

® Simulation with CALCHEP
including ISR and beamstrahlung .
® Standard acceptance cuts: E(l) >
10 GeV and | cos(0)| < 0.95 for
and 7 or 0.5 for e < 01 g
® For 7, final states, assuming a /*;
reconstruction efficiency of 70% S — CLIC 380 Gev
H —— CLIC 3000 GeV
* Significance without systematic =
errors: 5/ + B o001 2000 3000 5000 8000 10000
ms [GeV]
1 Muon pair production with R-pol beams 1 Tau pair production with R-pol beams
(S} (S}
I I
- = |
,3 0.1 ,;':“ 0.1
p - —— CLIC 380 GeV = 7 - —— CLIC 380 GeV
Z/ " —— CLIC 3000 GeV h_t —— CLIC 3000 GeV
N — 3=5 P — 3=5
p ——3=2 ——I=2
o.01 2000 4000 6000 8000 o000 002 2000 4000 6000 8000 10000

ms [GeV] ms [GeV]
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Complementarity with low energy

Yukawa couplings with electrons and muons

Low- and high-energy combined at CLIC

4
% gupmp———

~

<1073

/._

1074} M
—— CLIC 380 GeV o
_5| — CLIC 3000 Gev [
1072 i—17ev I
- ms=2TeVv o
105 104 10° 102 10!

An
® At CLIC the two Yukawas are mostly explored independently
mS1Aps 2]

L] i i N L S —
Through 1 — 3e the product of the Yukawa is constrained: BR(l, — l,lslt) =~ S 6(mTmiT,

BR(u — 3e)sinprum < 1072 and BR(1 — 3€) pruze < 5 x 10712
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An exercise in SMEFT: lepton EDMs

Assumptions: SM is merely an effective theory, valid up to
some scale A. It can be extended to a field theory that satisfies
the following requirements:

e its gauge group should contain SU(3)c x SU(2)r, x U(1)y;
¢ all the SM degrees of freedom must be incorporated;
e at low energies (i.e. when A — ), it should reduce to SM.

Assuming that such reduction proceeds via decoupling of New
Physics (NP), the Appelquist-Carazzone theorem allows us to
write such theory in the form:

(5) ) 4
L= £SM+AZC Q Zc QY +0(A3)
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Dimension-six operators

Qaw | = (ot en)r oWp,; Quip| = 'T'oBLW)
— 7 KV
Qes| = (lpgeer)ch“”' Qz(;) = (pyulr) (@)
QY = (¢liDu @)y i) QY = Gt @ ar)
> _ w

©) _ (Dl o), Qeu = (Epruer)(@sy ur)
anl (o1 )( TiyHlr) Ous = (ep’Y,uEr)(ds’Y‘udt)
Qpe = (so*sz)(epv er) Quu = pyulr)(@sy"usr)
Qep = (S" ‘P)(lperSD) Qua = (’Yulr)(ds’Y”dt)
Qu = Gyl sy ) Qie = (Bpruar)(Esr*er)
Qee = (épwer)(esv“et) (Queag | = (er)(dsa))

Qe = (pyulr)(Esyer) F _ .
Qp| = @OBLE™) Queau| = (per)ean(des)
Quiv| = (roWLB) Qicgu| = (Gowver)ej(@io™ )
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Leptonic tensorial current at the tree level

One dimension-six operator can produce tensorial current:
B. Grzadkowski, M. Iskrzynski, M. Misiak and J. Rosiek, JHEP 1010 (2010) 085

Working in the physical basis, we consider:
CeB — Ce'yCW - CeZ3W7
Cew — —Ceysw — Cezew,

where sy = sin(fy) and ¢y = cos(fyy) are the sine and cosine
of the weak mixing angle.

pr
ey
2

A

C _
Ley = ﬁQev +h.c. = (l,o" e )pF,, + h.c.

Writing on the back of an envelope. ..
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Matching LEFT and SMEFT

A W€ TREC LBVEL , THE OPERATORS WATCH I THE FOLLOWING WAY :

LEYT SNEFT
Heavy
Yoo YK+ ok
LEE f;{czf"ﬂ_“— H\nzgj'( 3@8 Bwn (N ABSENCE OF
ExPLC(T Foor-F&RoN
J«-é@w Jm e Hﬂ}\ SKP*S ﬁ,) CONTRIROTIoNS  IN SKBFT
7310 w«f V2 0 THE ANoMALOOS HIGES
? &Im )~ H@ kef worute G- (HhYaHe)
Wivy rPRODUCE & CLASSES
L R é {
CSM)S - JGpne OF FOOR -FERMON OFP&RARS
Im%&qu J_m;% Coe.,k(a) IN THE LOW-ENSRSY REGING,
TaNT;
sy@ ~ ‘7@ 3 YHIS IS VERY (MPR .
j;w)% A L ?EEBKJ@ S HAST £QINE  Fo0R -FerliaN
OFERATORS AT LOWANEREEE

l/w'% ﬁf) §§ l/”g ’S“f’_ﬁga efé‘keg IS EROWALENT To MASTRR
| ScataR IN TeRACTIONS 4T HE
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“Hard” Matching into dipoleS

M 1§ /A
/\ lt T TR
M | ARQUT THE BEHAVIOLR oF

YOPS, ANOVALQUS  HIGGS /_4«/_%
CoUPLINGS , TENSORIAL ¥ THE Mooy "UNACCESIBLE !
AND VBCTORIAL DHIFTS oF PARTICLES , LIK RIOGS OR
Sk COUPLINGS: THeY'RE TOP QUARK .
AL N TheRs!
S
H THIS CoUPLING AlLaws
Foa CXAYPLE, IF W& CONSBER CPW@’ FoR CP VIoLATioN IN
e - DECA

}\Ron cLedRON EDX e H XJ 4

« W& CAN S&Y 4 LIMIT OF

wlfcwﬂlwo‘[j"'] TV I Rt s, 3["']:Zl—ii6elcu’\x762
W

R. Alonso, E. E. Jenkins, A. V. Manohar and M. Trott, JHEP 1404 (2014) 159
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“Hard” Matching into dipoles at one loop
TREE-) V&L
IM?e;gi b T(‘Nl; C;;; lX/[TH QEJ CQ\)‘G) ( QMPQ) r\,«})’)C
-~0Ng LoOP :
G > e bty L) (Tmfif i)
Cez‘ﬁ g“c %éBC +35% +["j Imgcez
Cifb =>4 6#(}3 3 *(;'J ES{;
szuﬁ) eywy( 3¢[...] C((Jw =

Crin> gt (oo s

Twe I' 15 HIbING SWALL (oGS
POST - RS RENORNALISATIO

The iNsERTON oF
THE EXRICT ANTISHERC
£ Yensor IN CPB/C?(ECP&)B
(VP EF Yy IN oBsepass
INVOLUNG CHIRRL FIEL D S

PROLOCES AN IMAGINARY PARY
INTRHE DIPOLE OFERATOR , SUEN

WOTH REAL OVERALL COBMHCIENTS)

DJJ ARE FONCTIONS BRFENBING © N

SNALL LGS, Q@(’W % Ty, >w0
T ew

THIS AcL XEANS YT For A>Ag, Acso Tre K683 ARe INRRAN,

u]
o)
I
ul
it
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RG flow below the EWSB scale

The ExPuct ColeTaToN ofF s L& FY AvaraLeos LUTENS NS THAT
GIVES AN &VoLuT(oN oF THE BIPOLE TELLS US?

16?2<2 i/l) 1} A9 2 82 ("]CR vz+ 4@8§ /TOCCW +[ ] E’\io—p/

Ay THE LEFRN SCALS , THIS £VoLoTIoN TRANSYORX Cey INTO

Cé,y("'b) 2 Cey("%) +(2’lﬁnéc””c C;“(éq er Z m.Cé q})% (m, >

WITH THE ESTALISHED MATCHING AT THG BW S5CALE, WE AN WRITE:

TS SIS T
531 [SC‘(@ SCVW ——\CVWGIJ-

254C
e s e
( = chcc (M;C@e?d(‘i) + %3 52 /,r")" ch L )% )

W Foonn L%C%i, ARE THERE OTHER QUALEATIVE™ NE W CONTRIBUTION

ABVE THE By CALE, L& wieN A»Ew? SERET RGE...
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RG flow above the EWSB scale

Agove Twr QW Scaws, THE DPoLE O PERATOR EVOLUES LIKE

I’%ﬁi% 249 aﬁzc}w)eﬂ;y;g g caﬁ@w“Cmmg?y [EG& —:Cne s Cwej
G1'C veebon-slomn) 5500 5508 G %s)"““luis« TSR
Foe SMeLCITY, WE ASSUKE THAT A 15 NoT ROCH BGEER THAN EWCR Z

THE J0c Paobod;b BP &veLOTION WILL NOY ALTER THE PRS-GXISTING

CoNTRIROTIONS | No\x/gvéa WE ML HAVE 4 NSX QUAUTATIVE ZFF&CT

FeoY M?C’mf >< . THew

7'!3? A
A
J—M%CE f _?4- A%(mw
We yave ace INGREBENTE Yo APPLY THE LEPTON &W) LINOS

AND EXPRESS THEX INTo BOONDS ON THE GFFECTvE COEFFICIaN

Wz somtarISE THESE VEW ANp INTERESTING RESULTS (N THE
NEXT Scidd ..

u]
o)
I
ul
it
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Results
ldel =

eggfé iO_jicm(ACMé; Qo(g)(_\ 9.107% éeV“

=
Foe A New PHysccs Scace ov 4 TeV:

YzeriF (¢ ST oF LTS FRON THE ELECTRN
EDY. Narofey BiPoLES , BUT ALSO ANalALous
NIGES - 6AUCE BoSONS COUPLINGS AND  FOUR —

? -FERMaN COUPLINGS INVQVING O~ T/PE QUARKS,
Im%(@%lr'lo—é THe sANE ExE€RcISE CAN @& CARREGD 90T
- - w1 A 20T HoR& oF
M?Cmf 110 For /u(§b>(/ AND wiTH o

CARS FoR THE mEDI, OF cowsg,
§ 273:@)3 )5 NRECT HIGH-ENERSY SCARCUES CAN NQY~
Lﬁé bR N / CoMPARE W (TH THIS VALOBS .

‘ mj@%&% <1.310° | THIS CONCLUDES OUR JQURNEY ACROSS
EFFeCTIVE FI&ELDS

See also A. Crivellin et al., Phys. Rev. D 98 (2018) no.11, 113002

[m] = =
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Experimental limits “reinterpreted” at the EW scale

BaBar (2010): 7—e|uy

MEG (2016): p—ey

[erele]

Icrel
o
10 10
107
Ce, — Cy
(3) (3)
— @ — O
— Cy 10° - Cv:(Z)
(1) 1
- Cm,u - Clpqu
10° 10° 107 10% 10° 10" 10° 10°
A/GeV A/GeV
ACME (2014): d, Muon(g—2) (2009): d,
Im(C*)
c., — ¢,
(3) (3)
al, — G
Cez — Cz
o 0 Cm
Cm,u i Cm,u
107 10° 10° 107 10° 107 10° 107 10°
A/GeV A/GeV
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The two-loop frontier

We have to set the stage: computation of two-loop anomalous
dimensions for lepton dipole moments in QED.

We are working in a chiral theory, therefore we will have issues with
anti-symmetric tensors: for illustrative purposes we adopt

¢ conventional dimensional regularisation and

e assume that we can anti-commute ~° all over the place.
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Feynman diagrams

(a) Ty (b) T2 (c) T3
(e) Tg (f) T7

(d) Ty +T5

FIG Two-loop Feynman diagrams for the mixing of the four-fermion operators into the dipole operator.
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Defining suitable projectors

Off-shell external momenta will allow us to get rid of spurious
infra-red divergences and potential subdivergencies arising
from manipulations.

But we end up with 24 possible structures for the lepton current:

ACey =~ Tr{( . _Zﬁ'y —i—ml) e (pl —|—ml>
(my Py + myPry?
+ my/ P%PRPV’YU%
— (mf - QP?)/PipL’Y(’m
+mu/pyPLp. VP, +mi /P PRI,

+ [ 1) (=gpo + (93) (7)o /D2)
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Feynman rules for four-fermion operators

W
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Suitable projectors for four-fermion operators

We need to define projectors for the four-fermion structures.

This will automatically identify both the one-loop counter-terms
and the structures that are “invisible” to these projectors.

We give a name to these structures: “evanescent operators”

For example:

B o (I PLytyv~P1;) (PR Y*l)
— (=4 = (=6 + D)D) (l;PLy*1;) (I;Pry"L;)

giiit _ —*Q{QV R
VLE = 16(—4 + D)A2n?
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At the one-loop level

By calculating the one-loop insertions, including counter-terms
and evanescent operators one ends up with:

Cev —e3A? (QED X 1LCTEFT) +
> emxC™ x (ILQED + MIXING) +

Z e3mxe™

In general, these objects are regularisation- and
renormalisation-scheme dependent.

Is there a sort of “convenient/best” systematic choice?
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Calculating the bare two-loop diagrams

Many methods in literature, mostly based on a rearrangement
of the propagators:

1 1 1 [—p*A™2+2(r-p) A

R T G T R (s e
where A = 1 is a flag to count the overall degree of divergence.

After these rearrangement, we are left with tadpoles two-loop
integrals only: they are all very well known and under control.

If we are dealing with massless propagators we can adopt an
infrared regularisator (to deal with great care).
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What did we learn?

A four-dimensional Lagrangian implementation was not
enough: we had to understand the D-dimensional evanescent
structure and to implement a new set of operators accordingly.

The chain FeynRules+FeynArts+FormCalc was adopted, a
form file was produced and then heavily manipulated.

Not very efficient at the status of the art.
Two-loop example in LEFT (QED+EFT) was delivered by
assuming CDR and naive anticommuting ~°, everything works

but nothing guarantees that this approach is stable in SMEFT.

What are the “convenient/best” choices? Let’s discuss. ..
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Conclusion

/ Standard Model is an effective field theory
v/ Accidental symmetries are broken by the EFT expansion

v/ Lepton dipole moments (and low energy observables) are
perfect places to look for departures from the SM

v/ If NP lives at very high energy, then consistent EFT techniques
can be adopted to extract information on NP at high scales

\/ It is possible to gain information on the parameter space of
possible UV-complete BSM theories from LFV and EDMs

\/ Precise limits on low-energy observables can have a stronger
impact than direct tests at high energies. . .

v/ -..And, in general, they provide important complementary
information on realistic NP parameter space
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