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Moving beyond the flavour structure of the SM

by

— Dipole effects: Laipole = e"\%"C?alﬁga’WPRwaFW + h.c.

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

Flavour transitions: 1 — ey, 7 — (e, 1)y, V' — v7, 1//11
s — dvy, b— (s,d)y, etc.
— Multitask tool: flavour structure (e.g., LFV) & CPV sources
of the SM & BSM, in quark & lepton sectors [Lomonosov: various talks]

eEDM: Im[Cee]| < (8 x 10° TeV) 2 v

i ey JICERP+ICER S (%10 TeV) 2 e

nEDM:  |[Im[CE]|, [Tm[Ce]| < (2 x 10* TeV) ™2 eom

?

— SM highly suppressed: signs of NP are clearly identifiable
— Possibly provide
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SMEFT: new heavy sector much above EW scale

— No discovery of non-SM particles below the EW scale
— Generic NP involving new heavy sector ~ A > vgw

— Consider operators Q" respecting SM local symmetries and
containing SM d.o.f. only
— Non-SM interaction strengths C”) among the d.o.f. that we know

C(B‘]XQ(5) CHS)XQ(ﬁ) C(7)XQ(7) C({)]XQ(8)
A 1 N2 1 A3 1 A4

, etc.

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

Luiz Vale Silva (IFIC, UV - CSIC) NP in dipoles 21 August, 2021 4/18



Introduction

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, Bt and Lo

Warsaw: X3, H®, H*D? ?H3, X2H?, ?XH, ¥?H?D, )*
[¢) fermions; D cov. derivative; X field strengths]

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

Y’ XH class: (go"d)HB,,, (g d)r'HW,,, (go** TAd)HG?,, etc.
Laipole @ tree [g,¢,H (d,u,e) SU(2) doublet (singlet)]
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Introduction

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 Lot

Warsaw: X3, H6, H4D2, w2/‘/3, X2H2, w2XH, ¢2H2D, w4
[t fermions; D cov. derivative; X field strengths]

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

U* class: (LL)(LL), (RR)(RR), (LL)(RR), (LR)(RL), (LR)(LR)
S [q,¢,H (d, u,e) SU(2) doublet (singlet)]

Fermi-like
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Introduction

Probing non-dipole operators
Consider £ = Lgu + 3, GQ;,  where G scales as A2
Mixing with dipole:
167T2#(M)szXH(ﬂ) =3 (C¢2XH> Cw4 Cx3 CX2H2) (/,L) ,tﬁlzo)?lz)

[1-loop, e.g.: Alonso, Jenkins, Manohar, Trott 13,
{,(/}2)(}17 w4,X3,X2H2} RGE d)zXH Cirigliano, Crivellin, Dekens, de Vries, Hoferichter, Mereghetti '19,

oop Aebischer, Dekens, Jenkins, Manohar, Sengupta, Stoffer '21]

Example:  jacug

| Im Cg3) eett
equ

< (3 x 10° Tev)—2

Qeequ (Pouve)e(g o u) [M: possible vertices]
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Introduction

Probing non-dipole operators
Consider £ = Lgu + 3, GQ;,  where G scales as A2
Mixing with dipole:
1672 g5 Cuaxn(1) = Til Cyaxtr, Cyn, Gy O )i(1) ety

[1-loop, e.g.: Alonso, Jenkins, Manohar, Trott 13,

{11}2){}17 w4,X3,X2H2} RGE d)zXH Cirigliano,l Crivellin, Dekens, d‘e Vries, Hoferichter, Mereghetti :19,
1Loop Aebischer, Dekens, Jenkins, Manohar, Sengupta, Stoffer '21]

Example:  jacug

| Im Cg3) eett
equ

< (3 x 10° Tev)—2

[M: possible vertices]

Qfequ (louwe)ex(ghor” u)
HERE: 4-fermion ops. for which 3¢ = 0 (i.e., no mix. at 1-loop)

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

— Phenomenological implications
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© Four-fermion operators
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Four-fermion operators

— Four-fermions: only ngz;u mixes directly w/ dipoles at 1-loop

RGE

Ol 18 G, O yaxn
LRLR operators

Q (prst) = (Ter)eju(gliu)

QD orst) = (Tower)es(gio™u)

Qiralprst) = ([Bu)en(@ids)

Qinalprst) = (Bou)en(@ord,)

LRLR operators

LRRL operators

Qeeaq(prst) = (gpet)(zf,q,)
Quug(prst) = (b (s0r)
[Fierzed] LLRR operators
Qeelprst) = (Ged)(Esty)
Qa(prst)  =( p”t) L)
QW (prst) = (qpuf) (@, qr)
Qprst) = ([TAu)(@ (T30
Qlprst) = (gd)) (T )
Qprst) = (TR T50)

Qevec(prst) = (@u,)ejk(ﬁ;s,)
QUalprst) = (Pur)ep(Fody)
QW prst) = (BT u)en (3T dy)

[Fierzed] LLRR operators

Qeulprst) = (Gug)(@.t)
Qualprst) = (Fpde)(dul,)
Quelprst) = (Ber) ()
Qqprst) = (Gpwn) (7aqr)

LLLL operators

Qulprst) = (Lrub) (L")

QW prst) = (Gu0.) (T a)

QY wrst) = @ a) @7 a)
Wrst) = Gl @ )
52)(P73f) (E T ¢, WGy ol q:)

RRRR operators

Qec(prst) = (&pruer)(E7"er)
Quu(prst) = (Fpyulsr ) (B 1)
Quulprst) = (Upyuu.) (@7 w)
Quilprst) = (dyy ,)( iy dy)
Qeulprst) = (p7"ur) (s puee)
Qealprst) = (&uer)(d 9'}‘1{{()
Quulprst) = (Bpyursr) (T ue)
Qualprst) = (Byyurs)(dy'ds)
Qelprst) = (Byyurr) (87 er)
QW prst) = () (dndy)
QWprst) = (@ Tu,) (dy"Td)
Qawve(prst) = (dyyuuee) (7ier)

— Focus on light external fermions: [J LRLR, [ LRRL, [] LRLR

— [ 1-loop, OJ main focus here (preliminary), [ ongoing calculation
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Contributions proportional to a large Yukawa

Possible enhancements: large Yukawa, strong coupling, color factor

----- top

— Analogous to Barr-Zee diagrams ! 3 >

[Bjorken, S. Weinberg '77; Barr, Zee '90; see also Davidson '16] ; :

— In the following: preliminary bounds from ;. — ey, EDMs
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Roadmap to phenomenology

NP?

- Anp ¢’2XH X3 x2H2,
(Boue)er(T o u)

SMEFT 7
N
t—= (c,u)(v,9)

i - 2XH 1/l
b— (5«, d)("‘/,g)
another ”
EFT &
c— u(y,g)
T = (}l-, c)nf ~1GeV o
nEDM — Ed!polﬁ _ L—&“—C jn?ﬁ YL, + h.c.
s —d(v,9) "w— ey
cEDM
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_ Fourfermionoperaion |
CP violation in light quark dipoles

— One-loop ADM: Qéi(),u, ng’c)]u

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

— Two-loop: QY Q) Qredq

(1672 gzaty Cooxr (i) = (8975 + 8271 + 8272 + Y*7%) x Y x Cya(n)

QW = (asuf)(@lq?) Q) = (a5 Tahu )@ T2hq7)
WP NX=B|X=W|X=GC L7 |X=B|X=W|X=6G
W | s | tawa |tz % | “iwe | tam | s

+o6 | —7s | ta toa5 | 1 | 1o
L e e B S A e 2 T B 5

— X = G: Chromo-Magnetic Dipole Moment
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Light quark dipole moments, pheno

— Electric Dipole Moment:

Cun (1) = by X (Qiz) X Yiop X {c},i)(/\) (—0.9 X g2 +0.4 X gc?) +c®n) (—4.8 x g% — 5.6 x gCZ)}

— Chromo-MDM generates a CPV /NN coupling s, . Pospelov, Ritz '05]

2 1 8
Cuclp) ~ m X £n (%) X Yeop X {Céj(/\) (70.3 x g2—1.8 x gcz) . Ct(w)(/\) (2.6 X g2 —24.8 x gf)}

yeop ¥ Im{ C& (M)} | yiop x Im{CE (M)}
EN O(10~%) TeV 2 O(107°%) TeV 2
| drig | O(107%) TeV 2 O(10~7) TeV 2

— Wilson coefficients < (700 TeV)~2 — (3000 TeV) 2

— No dynamical tops below EW scale: effects from mix in SMEFT
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Charged light lepton dipoles

— One-loop ADM: Q,Eiﬁ,u, QY

Lequ
— Two-loop, y;, yp-enhanced: Qr, Qrevq

(167)? oy Conxr(i) = (8975 + 8071 + 8275 + Y27%) X ¥ x Cys(p)

Qf,e — (Epet)(ésgr) Qéedq (! € )(C_Isqr)
Ao X=B|X=W|X=6 <7 |Xx=B|x=w|x=¢
18 331 13 619
’Yis 4‘5&5% ‘+'76§ 0 ’Y{S ——iﬁig _+_76§ 0
249 923 0 345 923 0
256 ~ 768 256 768
~X 0 0 0 ~X 0 0 0

Cor(1) 2 sty x £ (55) X {02 X Cue(A) X ¥r +0.3 X Cregq() X Yo} x &7

Luiz Vale Silva (IFIC, UV - CSIC) NP in dipoles 21 August, 2021 14 /18



Charged light lepton dipoles, pheno

— Mixing below EW scale, e.g., ((P.0')(fPgrf), £,0' = p,e, f = b, T
[Estimate of RGE below EW scale: Crivellin, Davidson, Pruna, Signer '17]
eEDM: Q,.
M {GZTe(A)} x y- £ O(1077) Tev 2
[Similar bounds found by Panico, Pomarol, Riembau '18]
1% — €7 QZe
|CIT™(N)] %y, S O(107°) TeV 2

— Wilson coefficients < (10 TeV) ™2 — (400 TeV) 2

~ ,ubbe,ebbe(/\)

Qredq, effect at 1-loop : stronger bound on tedq (ePxp)GA,GY

[Shifman, Vainshtein, Zakharov '78; Crivellin, Davidson, Pruna, Signer '17; ~v~: Davidson, Kuno, Uesaka, Yamanaka '20]
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Four-fermion operators

Summary, pheno

w/o mixing
| = w/ mixing

[ = w/o mixing
= W/ mixing

1000

100

New Physics scale in TeV (Wilson coefficients = 1)

Qi (T loop)

Luiz Vale Silva (IFIC, UV - CSIC)

EDM

p-e

e conv. in nuclel: '  gluon gluon'-operator @ 1-1oop

Dimension-six four-fermion operators: New Physics sources of CPV and LFV

EDM

Qiedq (b loop)

NP in dipoles

0‘(11,,) (t loop)

Oé?,) (t loop)
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Conclusions

Conclusions

— Dipoles: probe very high energy scales, e.g., EDMs, yn — ey
— Generic tool for
— SMEFT: systematic approach to deal with new heavy sector

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

— Present measurements already allow strong bounds on NP

Thanks! (luizva -*- ific.uv.es)
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Appendix

Backup

Painting: Moscow by Alexander Pervukhin
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Appendix

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 E W2 XH, preliminary

2Loop
Observable Coupling Bound
o Y yiop X [Im[EG ™ (N)]| < 0(107°) Tev 2
QY yiop X T[S (N)]| < O(1077) Tev 2
o poey  yexAJIGTTHNR+IETTENR £ 0(107°) Tev 2
Le ~
eEDM yr % [Im[CETTe(A)]| < O(1077) TeV—2
o | moecm yx Vg + e (1Loop)
Ledq .
Hg-EDM yp X |Im[C22¢(A)]| (1Loop)

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

2-Loop effects set most important bounds in many cases
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Summary ¢?H3

RGE

w2H3 — 1/; XH, preliminary
2Loop
Observable Coupling Bound
\/Zmem#
~eL ~e
po ey EHME+ B <002 x Y
Ew
<EDM Tm[E25,(A)]] < 0.002 x Y2me
"Ew
h— er \/\C;;P +[ETep (tree)
h — pr \/ \qg\z + |(~.‘:,_;‘|2 (tree)
h — ee \&:m (tree)
=
h— pp [onyl (tree)
nEDM llm[ﬁjﬁ]_f(/\)]‘ <3x @
(p=u,d) VEW
|aq’|, |Aq| =2 !
' 839 7+ 129412 (tree)

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

2-Loop effects set most important bounds in many cases
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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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