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Flavour physics & radiative processes

— Dipole operators:  Lgipole = Cﬁ“d;ﬁa YPripoF + h.c.

E.M. form factors: Magnetic Dipole Moment (MDM),
Electric Dipole Moment (EDM), etc.

Flavour transitions: 1 — ey, 7 — (e, )y, V' — v7,
s — dvy, b— (s,d)y, etc. _é

— Multitask tool: structure of flavour (e.g., LFV), sources of CPV
of the SM and beyond, in both quark and lepton sectors
eEDM: |III1[C ]| < (8 X 105 TeV) -2 [ACME]

i ey JICEPHICER < (%10 TV) 2 e

nEDM:  [Tm[C4][, [Im[Ce]| < (2 % 10* TeV)~2  peomy

ICHEP20: various talks on LFV and EDM (Flavour, BSM, Top, etc.)
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SMEFT way: NP sector much above EW scale

— Persistent absence of experimental evidence for non-SM particles
below the EW scale

— Generic NP involving new heavy d.o.f. ~ A > vgw

— Consider operators Q") respecting SM local symmetries and
containing SM d.o.f. only

— among the d.o.f. that we know
(5) 6 8
XQ , />\<2Q( ) v />\<3Q(7) ’ />\<4Q( ) , etC

— New weak sector: typically effects from lower-dimensionality
operators are more important for low-energy observables
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Basis of dimension-six operators

— Focus on operators of dimension-six

— Equations Of Motion (EOMs) eliminate redundant cases:
59 linearly independent operators,
with 1350 CP-even + 1149 CP-odd couplings,
assuming SM global symmetries, Bio; and Lo

Warsaw: X3, H6, H4D2, 1/)2H3, X2H2, 1;)2XH, 7,D2H2D, ¢4
[t fermions; D cov. derivative; X field strengths]

[Buchmiiller, Wyler '86; Grzadkowski, Iskrzyniski, Misiak, Rosiek "10]

V?XH class: (go"d)HB,,, (go**d)T'HW! , (Go** TAd)HG,, etc.

v v
N— .
Laipole @ tree [q (d) SU(2) doublet (singlet)]
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Basis of dimension-six operators

— Focus on operators of dimension-six

— Equations Of Motion (EOMs) eliminate redundant cases:
59 linearly independent operators,
with 1350 CP-even + 1149 CP-odd couplings,
assuming SM global symmetries, B and Lo

Warsaw: X3, H®, H*D?, ?H3, X?H?, ¢?XH, ?H?D, )*
[¢) fermions; D cov. derivative; X field strengths]

[Buchmiiller, Wyler '86; Grzadkowski, Iskrzyniski, Misiak, Rosiek "10]

V* class: (§7,9)(@7"q), (d,d)(dy"d), (G, TAq)(dr" TAd), etc.
[q (d) SU(2) doublet (singlet)]
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Introduction

Probing non-dipole operators

Here, L= Lsu +>; GQ;, C; scales as A2
Mixing with dipole:

167##(#)%2#/(#) = Li(Cyaxns Cys, Cxss Oz )i(1); 2}'2")?5)

RGE [1-loop: Alonso, Jenkins, Manohar, Trott '13]
{Y*XH, 4", X, X*H?} o, Y?XH
1Loop

Ex. of bound: [ACME]

(3),eett
‘ Im CZequ

< (3% 10° Tev)—2

[M: possible vertices]
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Probing non-dipole operators

Here, L= Lsu +>; GQ;, C; scales as A2
Mixing with dipole:

167T2ﬁ(“)CwZXH(M) = ZI(C¢2XH7 C¢4, Cxs, CX2H2)i(N)7,(’Z|20;<)z)

R [1-loop: Alonso, Jenkins, Manohar, Trott '13]

(W XH 9, X> X2y T2 02X H

Ex. of bound: [ACME]

C(3),eett

|t Cgee| < (3 x 10° Tev)—2

[M: possible vertices]

HERE: 4-fermion ops. for which ﬂ/ﬁ;';’;,:’,) =0 (i.e., no mix. at 1-loop)

— Leading Order mixing with the dipole arriving at 2-loops

— How flavour in non-dipoles feed into dipole operators
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Four-fermion operators

— Four-fermions: only Qfequ mixes directly w/ dipoles at 1-loop
LLLL operators

1 RGE 3 RCE ;
Qtrn (s, Qb o, V' XH

LLogp 0 Lo LRRL operators Qulprst) = (Lrato)(T"0)
LRLR operators Qredg(prst) = (Lyer) (dsgy) QY prst) = (@vua) (@ w”'?:) .
Qiiqu(prst) = (Be)en(Tm) Qeglprst) = (L) (iLeg,) Q?f) (prst) (7p Y% e )37 T g0)
'lzzu(prgt) = ([Bower)enldo ™ ) [Fierzed] LLRR operators o (Prst) (€ g q;)
Qﬁqd(prst) = Even(ddy) Qulprst) = (Le(@t) Diprst) = T €)@ r'a)
Q[,,qd(})rs!) — (Ei,ﬁwr”r)‘_;k('jgﬁ”ydn) Qulprst) = (Lw)(7, r) RRRR ?Perati)rs
QW (prst) = (Fu)(@lg?) Qeelprst) = (Guer)(E1"er)
LRLR operators Qf,? (prst) = (T ) s 55(13) ngpijg B :;P "":))((’/5 ':’:i))
Quaclprst) = (G )en(fle) Quilorst) = (@} W” ?) Q:(;;r) ~ q#d: (d : "
Qualprst) = (@ur)ep(@ds) Qrst) = GTAD@ETED)|  Qulrst) = (0 1) Eed)
QL?,,AWSI) = ({T:)leur)ejk(quAdt) [Fierzed] LLRR operators Qulprst) = (Fyue,)(dy*dy)
Qealprst) = (Gyua)(i,6) Quulprst) = ( p!p"r)( e
Quiprst) = (fpd)(@t) Quilprat) = () (dn*ch)
Qulrrst) = (Be)(E) Qulprst) - = ()@
Qulprst) = (Gow)(7eq,) QW (prst) = (T (dr dy)
QWprst) = (T, Tu,)(dy"Tdy)
Qauve(prst) (Ep Wty ) (Ps7™ee)

— Focus on light external fermions: [J LRLR, [J LRRL, ['1 LRLR
— [ 1-loop, OJ main interest (preliminary), [ ongoing calculation
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Mixing of four-fermion ops. into dipoles

Possible enhancements: large Yukawa, strong coupling, color factor

— Analogous to Barr-Zee diagrams
— Off-shell renormalization

— In the following: preliminary bounds from y — ey, EDMs
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CP violation in quark dipoles

— One-loop: Qe Qe

— Two-loop, y;-enhancement: Q(l) Qqu, Qquqd, Qgi)qd

— Two-loop: QY Q) Qredq

(1672 gzecy Cyexr(n) = (8975 + 8271 + 827 + Y?7%) x Y x Cya(n)

D — (79,5 (1842 8 A A
Qf(iu) o (qput)(us qr) Qc(]) ( 7—(1(1 )( dT )
wo | X=B|X=W|X=6 %7 |x=B|x=w|x=¢
X | _ 1655 701 7 X | 1655 701 ~ 679
W | “eor2 | V2304 +75 Ty 1206 432 576
| 587 ~ 023 5 587 ~ 923 ~ 935
768 ~ 768 8 144 144 102
X 20 4 11 X 760 152 446
e | 7% ~3 T3 e |t | the | tTe

— X = G: Chromo-Magnetic Dipole Moment
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Quark EDMs, pheno

— Electric Dipole Moment:

Cuy(p) =~ ﬁ

2
X ln (%) X Yiop X {cgi)(/\) (70.9 X g2 + 0.4 x gf) +c®ny (748 x g2 — 5.6 x gg)}

— ChromO—MDM genel’ates a CPV 7TNN COUp|Ing [see, e.g., Pospelov, Ritz '05]

Cucls) = shary x (1\722) X Yiop X {cgi)(A) (70.3 X g2—1.8 x gg) +c® (2.6 x g2—24.8 x gf)}

Yiop x [Tm{CS(A)}

Veop X [I{C (M)}

EN O(10~ %) Tev 2

O(1075) TeV 2

| g O(107°) Tev 2

O(10~7) TeV 2

— No tops below EW scale: effects only from mixing in SMEFT

— Wilson coefficients < (700 TeV)~2 — (3000 TeV) 2
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Charged lepton dipoles

eEDM, 1 —
— One-loop:

(167T2)2dg+(u) Cyaxn(p) =

ev-

1 3
Q[ge()]u’ nge()]U
— Two-loop, y, yp-enhanced: Qre, Qredq

(8375

+ 82+ 2+ YY) X Y x Cya(p)

Qfe - (Epet)(ésgr) Q/edq (*ﬂ et)(asqr)
wo [ X=B|[X=W|X=G6 %7 |[X=B|X=W|X=6
8 331 13 619
W o| e | tis 0 W |~ | i 0
_ 249 _ 923 0 __ 345 _ 923 0
256 768 ~ 256 768
X0 0 0 X0 0 0

ev(M)
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Charged lepton dipoles, pheno

Mixing below EW scale, e.g., ((PLU')(fP&f), (,0' = pi,e, f = b,T

[Estimate of RGE below EW scale: Crivellin, Davidson, Pruna, Signer '17]

eEDM: Qéedqy Qfe

|Im {C;::: eeeeTT (MH X yory S O(1077) TeV 2

[Similar bounds found by Panico, Pomarol, Riembau "18]

1% — €7 QZe
|CT(N)] % y, < O(107°) TeV 2

i — e conversion in nuclei: Qy.q, , effect at 1-loop > z

bb
Bound on CKMGZC] (/\) stronger by a faCtOF [ad 20 [Crivellin, Davidson, Pruna, Signer '17]

— Wilson coefficients < (10 TeV) ™2 — (400 TeV) 2
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Four-fermion operators

Summary

— 2-loops in many cases: better bounds than tree and 1-loop

[e.g., (semi-)leptonic, low-energy + LHC: Falkowski, Gonzalez-Alonso, Mimouni '15 '17]

Pt = ReE W2 XH, preliminary
2Loop
Observable Coupling Bound
Q% Veop x [m[E5 (A)]] < 0(107%) Tev 2
®) Hg-EDM (8),uutt
Qe Yiop % [Tm[EE ()] < 0(10~7) Tev 2
o p—ey e xAIGETTINRHIGET(N] £ O(107°) Tev 2
Le -
eEDM yr x [Im[CE7T(A)]| < O(1077) TevV 2
o eEDM b X [Im[CEZb(N)]] < O(1077) Tev 2
Ledq
bb bb
u—econv. ypX \/\ Cfé;q N2+ \CZLq W] (1Loop)

(ongoing analysis for further operators, channels, and couplings)

2-Loop effects set most important bounds in many cases
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Conclusions

Conclusions

— Dipoles: probe very high energy scales, e.g., EDMs, y — ev,
leading to a broad physics program

— Generic tool for improving our understanding of flavour and CPV
— SMEFT: systematic approach in the absence of new d.o.f. (so far)

— Here: Leading-Order 2-loop effects generated by operator mixing

— Present measurements already allow strong bounds,
future data will scrutinize even better the flavour structure of NP

Thanks! Diky! (luizva -*- ific.uv.es)
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Backup
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Roadmap to phenomenology

NP?

-4 ANP ’lZJQXH X3 X2H2
(Vowe)er(@ o u

SMEFT N
t = (¢, u)(7,9)

-1 VEW

b—(s,d)(7,9)
another ©
EFT £
c—u(v,9)
T — (€)Y =
~ 1 GeV
N L= e B0 Do Y Fy + b,
s = d(7:.9) p— ey

eEDM
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Basic formulas

cT — _ -
s =—CT (d;jfmz L Z(e +vuN)Z 1) =CTy

for Y2H3: A = —3,n=2;
for p*: A= -2, n=2;
for gx’XH: A = —1,n=2.

LO)(Ba) = T M2~ [ ()] o[ Qbare] e
i g M2 NG (ZF - 57)]P[QP) + ... + hec.

2 2 2 T YE XY,
X, Bafg _ 8y (7Xy(1) &L X(1) & Xy(1) Y Xy(1) Kol Tha X Tlk cox (1)
szHsngd,zX,_, = {<(4W)4 (29)7" + @ (207" + (4;)4 (287" + (4W)4(Z>\)1 T (Z0 21 )5f/35ga
(v Hxy 1), O Nggx(Nar 1), TYarX (YD 1
(am)® = 5E‘1(Zyx,y)§ ) + gﬁw)z: (Z\)/(,y)g ) (am)? & 5!‘6(2\)/(,\/)(1 ) % +ee
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Appendix

B(h — eun) < 6.1 x 10~° (95% CL)  (asa201000u)
B(h — er) < 4.7 X 1073 (95% CL)  (ass2010u]
B(h — ,Uﬂ') <25x 10_3 (95% CL) [Sirunyan:2017xzt]

B(u — e’y) <42x10713 (90% CL) [TheMEG:2016wtm]
B(T — ef)/) < 33 X 10_8 (90% CL) [Aubert:2009ag]
B(T — ILL’Y) < 44 X 10_8 (90% CL) [Aubert:2009ag]

Aae - agXp - BSM — _088(036) X 10_12 @ 10- [Parker:2018]

Aau - aZXp - aEM - 268(63)(43) X 10_11 @ 10— [Tanabashi:20180ca]

|de|/e < 1.1 x 1072 cm (90% CL)  jandreev2018ay]
|d,|/e < 1.8 x 107 cm (95% CL)  isennett2008ay, 0G|
d./e € [-2.2,4.5] x 1077 cm (95% CL)  fnamizo02an

|dy|/e < 1.8 x 1072 cm (90% CL)  javer2000e0r

|dig|/e < 7.4 x 1073 ecm (95% CL)  (craner20165eq
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Summary ¢?H3

2,3 RGE 2 e
Y“H> —— “XH, preliminary

2Loop
Observable Coupling Bound
NEED
~€ ~ue
b ey ICH NP+ ICEINE 002 % s
Vom
~ 2
eEDM [Tm[CE5 ()] <0.002 x T’"e
EW.
h— er VIEG 2+ 185512 (tree)
h— pr ICLT12 +1C00 12 (tree)
h — ee \E:f, (tree)
crm
h— pp 1Co (tree)
nEDM ’Im[&w;ﬁ’(/\)]‘ < 3% Y2
v (w=u.d) w
|aq’|, |Aq| =2 Lo o
ICoL 12 +1C5 512 (tree)

(9,9' = u,d,s, c, b)

2-Loop effects set most important bounds in many cases
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