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Anomalies
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Anomalies
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see talk by Massimo see talks by Vitalii, Luca, Claudia

both suggest

< Lepton Flavor Universality Violation (LFUV) —  What about Lepton Flavor Violation (LFV)? >

see talk by Andreas
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(g — Z)ﬂ and LFV

SMEFT  describe heavy New Physics (NP) effects on low energy observables i.e. niyp = O(100 GeV)

ZsmerT = ZLsm T Z 6,0,
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(g — Z)ﬂ and LFV

SMEFT  describe heavy New Physics (NP) effects on low energy observables i.e. niyp = O(100 GeV)

ZsmerT = ZLsm T 2 6,0,

Same operator mediate (g —2), and y — ey
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(g — Z)ﬂ and LFV

SMEFT  describe heavy New Physics (NP) effects on low energy observables i.e. niyp = O(100 GeV)

ZsmerT = ZLsm T 2 6,0,

Same operator mediate (g —2), and y — ey

4 V )
Oy = — e, 0%ep I,
Tree-level contribution to Aa, " 2 Tree-level contribution to u — ey
¥
4m,,v mjv2 , ,
Aa, = Re Gy B(u — ey) = (\%éy\ + | Gey | )
e\/2 22 sal’, 12 21
’4 ) ) /1 O
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Observables and Constraints on NP

(g T 2)/4 Il/t —> 6}/
Combined FNAL and BNL result:

— ex SM _ —11
Aa, = a® — aM = (251 £59) x 10

Evidence of

Re €., =1x107> TeV 2
22
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Observables and Constraints on NP

(& — z)ﬂ u — ey
Combined FNAL and BNL result: Branching ratio measured by MEG:
Aa, = a® — g™ = (251 £59) x 107" But — e*y) <42x107°[90% C.L]
Evidence of Upper bound on
Re €., = 1% 107 TeV~2 €| <2% 1071 Tev—2
22 12
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Observables and Constraints on NP

(& —2),

Combined FNAL and BNL result:

Aa, = a® — g™ = (251 £59) x 107"

H

Evidence of

Re €., =1x107> TeV 2

H — €y

Branching ratio measured by MEG:

Upper bound on

6., | <2% 10710 Tev—>

But - ety) <42x 1073 [90% C.L.]

5, 12
C The SMEFT operator has a specific flavor structure with strong flavor alignment
¥
u o %,67/
_ L=—2<2x107
ey — 612 — / <2 X
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SMEFT Renormalization Group Evolution

RGE (running)
C; (E)

R
-
[T
oy
—
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SMEFT Renormalization Group Evolution ‘

F From high-scale, 2 sources can spoil alignment at low-scale:

1. Operators mix through Renormalization Group Evolution

L 3c
BSM dc | , h , Z )
H—L; = i where  p; = Vii &
AUV ............................................. d//t 16][2 > J
L C 1
SMEFT [ l] with solution  C; (,uL) = C; (,uH) | e log (&> P
nl HH
i
RGE (running)
. C;(E)
v
T —

R
-
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SMEFT Renormalization Group Evolution ‘

F From high-scale, 2 sources can spoil alignment at low-scale:

1. Operators mix through Renormalization Group Evolution

Q/,
BSM J 1
u—=C,; = p; where f;= ) v C;
AUV AL o dy 1672 ; j
& SMEFT [Cz] 1 U
with solution C. = C. | log [ =% ) 5.
l (/’tL) l (/’tH) 1671'2 g (//i[-]> :Bz
‘ i
2. Rotation to the mass basis:
RGE (running) oV [?e] 121
: C; (E) L(R) =
| [?e] 22
= Dipole in the mass basis: ML
v
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SMEFT Renormalization Group Evolution ‘

F From high-scale, 2 sources can spoil alignment at low-scale:

1. Operators mix through Renormalization Group Evolution
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Definitions of Operators

Operators in the broken phase
» Oey = L e, o'e, F
o \/5 Lr Rs* uv

V
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@eZ— €Lr6 eRSZ
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» @?e — % éLr CRs
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Definitions of Operators

Operators in the broken phase | Operators in the unbroken phase
V B —
» @Z — ﬁ €Lr GﬂyeRS F,Ml/ 06}5 — fLr GﬂyeRSH b Uv
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@ff — ﬁ éLr UﬂyeRS Z,uv 06}};‘/ — fLr leeRS TIH Wlﬁv
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Definitions of Operators

Operators in the broken phase | Operators in the unbroken phase
weak mixing angle
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Definitions of Operators

Operators in the broken phase
» Oey = L e, o'e, F
o \/5 Lr Rs* uv

V
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@eZ— eer eRSZ

rs \/5 e
» @?e — % éLr CRs
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@%e — —— €1, €Rs

Operators in the unbroken phase
weak mixing angle

OcB = EL;/ GﬂyeRSHB/w %e;/ Cg/_se C B
- G.; } <_S9 _69> (C6W>

— 113% I/ /i
OeW— KLI/'G eRSTHW//tU
rs

Oy =7¢ H _1
fSe Lr €Rs ( ?e> _ | :

- ?he 1 —%

Oc1 =7, ¢, HHH H)

4-fermions operators for RGE mixing

0BG —
lequ
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= (7, 0"er,) € (@1, 0" iy, )
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OZ(eq)u — (Z’ﬂLp eRr) Jk (qLS uRt)
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Definitions of Operators

Operators in the broken phase
» Oey = L e, o'e, F
o \/5 Lr Rs* uv
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Assumptions:
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4-fermions operators for RGE mixing

0BG —
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OZ(eq)u — (Z’ﬂLp eRr) Jk (qLS uRt)
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Definitions of Operators

Operators in the broken phase | Operators in the unbroken phase
weak mixing angle
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Contributions to dipole operator

¥

C.ec‘v
Operators mix ¥
through RGE
A ’ — |
Cex /&
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Contributions to dipole operator

1.4 . H
[ [
,4 ) 3 ’ ’ ‘ ’
Cion 7e F Clo
Operators mix ¥ , H
through RGE
> 7 _)_‘_)_:
A [/ A

Cex Y
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Contributions to dipole operator

1.4 . H
[ [

,4 ) 3 ) 4

Cio Ve F Clo

Operators mix ¥ , H
through RGE

> 7 _)_‘_)_:
A [/ A

Cex Y

Rotation to mass basis can reintroduce
Lepton Flavor Violation
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Alignment of New Physics

Alignment master formula:

Gy
_ 12 _
el = | = 0,, — 0y) + Opgur — 0,,) Az + (G0 — Op) A <2x107
ey
22 'yuy,
—16Ley,Cf;)  (up) —6Ly}v*Cl,, (uy)
with A, = 225 and A, = 223
Ger(pr) (Y Joa(pr)
22
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Alignment of New Physics

Alignment master formula:

Gy
_ 12 _
el = | = 0,, — 0y) + Opgur — 0,,) Az + (G0 — Op) A <2x107
ey
22 'yuy,
—16Ley,Cf;)  (up) —6Ly}v*Cl,, (uy)
with A, = 225 and A, = 223
Ger(pr) (Y Joa(pr)
22

How can we reach this alignment?

> Dynamical alignments

© Flavor symmetries
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Dynamical Alignments

EILZ — ((96;/ o QY) T (Hlequ@) o eey) A3 T (elequ(l) o HY) AI
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| Dynamical Alignments

ﬁ Same NP for Cl(elq);tB) & radiative Dipole and Yukam el = 0,, = Oy) + (Opegu — 0,,) As + (00 — Oy) A,

t t
t t
zo
/’4 lu‘u /(1/@/ @
. . match
X R
e e
= Hlequ@) — elequ(l) <
1 4
2 t
; ; - RGE | |
: Cox e ' Crors 7
 H "
/.4 y ‘ S /1/& — RGE ,4 > Cf‘)u 7 /"1/&

Y
\ > 0,=0,=0 and Ay=—A =1 J
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Dynamical Alignments

Same N P for C(D-)

lequ

& radiative Dipole and Yukawa

> ><
= Hlequ@) — elequ(l) <
X
% t
| | — RGE ; |
F | Cex A g Crors Ve
H M
: .
E N — RGE > Q >
. 7 /‘1/& 4 C /4/8,

L _
€15 = (

86}/ o QY ) + (glequ@) o eey) A3 + (elequ(l) o

~

2) Dipole and Yukawa from same NP & no matchi

to 4-fermion operators
H

\ > 0,=0,=0 and Ay=—A =1 J

e

; ¥
@ > ;
Y ﬂ/@, 5 MJJ"‘PH
€ match p— /NIP\ >
\_/
Cex /4/8’
= A;=A; =0 and 6, =0y
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| Dynamical Alignments ‘

s NP for C{D)-0) & radiative Dipol Yuk
ame or Clequ radiative Dipole and Yu awa €1L2 = (6, — Oy) + Orogues — 0,) A + O — Oy) A,
CfX f 2) Dipole and Yukawa from same NP & no matchirﬁ
v to 4-fermion operators
match ;
‘ ——— 5 K
A ' ’ e : MJH"\H
= Hlequ@) — elequ(l) ! l
< ¥ ¢ match p— @ — Y,
% t
A C /4/8, B RGE A sz /b'/@, Cex /4/&

p
i t K
; . — = — RGE y— Q — ry, f 3) Same NP for all operators \
K = 0,=0,=0 and A;=-A4A;=1 J K = 0y = Oy = Olqu = Oogu0) J
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Flavor Symmetries

f 1) U(z)fL X U(z)eR symmetry | [Barbieri, Isidori, Jones-Pérez, Lodone, Straub, 1105.2296\

natural expectation O <\/me/mﬂ> O(1) coefficients
0] (10_1) for B anomalies
\= = &
N . O ] ]
Spurions: Y, =Yy, | ® Bl = operators flavor structure in 1-2 sector = a . B + b, - B -
bi 2 : 2 bj bl :
Flavor phase: 0, ~ m - B Alignment: 0, — 0, = = B R S 2% 107 = unnatural tuning

\_ l - J
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| Flavor Symmetries ‘

f 1) U(z)fL X U(z)eR symmetry | [Barbieri, Isidori, Jones-Pérez, Lodone, Straub, 1105.2296\

natural expectation O <\/me/mﬂ> O(1) coefficients
\ O (10_1) for B anomalies
/
= B
‘m W i/ f SN i
Spurions: Y, =y_| & = operators flavor structure in 1-2 sector = a; + b,
P e T | P I E B I . —
bi . 2 b b, .
Flavor phase: .~ m ( 1 —— I8 Alignment: 0, — 0, = = B < 2 x 107> = unnatural tuning
\ a; 4 4 J
f 2) U(1);, X U(l)LMX U(1), symmetry see talk by Admir \
Same as 1) with [l = m =0 = protect completely from LFV
K -or the 1-2 sector any combination of U(l)aLﬂerLT Is enough J
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Example of alignment in explicit NP Model

UV theory: scalar leptoquark §; ~ (3,1)1/3 additional Higgs ® ~ (1,2),,
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Example of alignment in explicit NP Model

UV theory: scalar leptoquark S; ~ (3,1),,3 additional Higgs ® ~ (1,2),,,
¢ £
t v ,é,'i.:.':\ Pﬂ“'ﬁx \/
S, ",;",/' "“Q\‘\:\\
>::::::::::::< ,4 ) : ! ) : > K 5 :
p q H N
/%‘;" : A [V
: (1) (3) (1)

MatCh tO. Clequ / Clequ Ce}/ Clequ
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Example of alignment in explicit NP Model

UV theory: scalar leptoquark §; ~ (3,1)1/3 additional Higgs ® ~ (1,2),,

t\/t

: (1) (3) (1)
Match to: Clequ ! Clequ Ce}’ Clequ

Assumptions to

2 2 B
obtain alignment: - My > My = Oregur = Opeques

> coupling to left-handed top dominant — 6, = Hlequ@)

> U(2)* for Yukawa coupling? - Oy—0 ~m <2x107
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Example of alignment in explicit NP Model

UV theory: scalar leptoquark S; ~ (3,1),,3 additional Higgs ® ~ (1,2),,
t t
£ > C ,é.'i.:.':\ ,,N“'PK \/
------------ ,4 v, ——) ! >—— > /(4/
A : H
/e ,4/\’\%
: (D) 3) (D)
Match to: Clequ ! Clequ Ce}’ Clequ
Assumptions to
R o Mg > M; Orpqu = 0
obtain alignment: ® S 7 Vlequ® = Vlequ®
- coupling to left-handed top dominant - 6, =0, 0
o U(2)? for Yukawa coupling? - Oy—-0,~m < 2% 107

Tension in aligning: Oy «— 0, <— 0,0
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Conclusion

# Tight bound on flavor alignment in dipole operator in SMEFT from (g — 2),, and pr—>ey

# Misaligned NP at high-scale can spoil alignment at low-scale

» through direct RGE contribution to the dipole Cl(3)
equ

» through rotation to the mass basis 7, Cl(elq)u provided (g — 2)M is confirmed

— impose constraints on some 4-fermion operators

# Flavor symmetries and/or Dynamical mechanism can help explain flavor alignment
- UQ2), X UQ),,  Orequ® = Opegyr from matching & RG dipole and Yukawa

= (D) 3)
» U(l)aLM+bLT - 0,, = 0y from matching & Clequ Clequ not generated

> 9 = HY glequ@) Hlequ(l) from matching

= If (g —2), anomaly is a sign of NP, quark sector # lepton sector beyond the SM

Thank you for your attention!
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| Dipole 12 element in mass basis after RGE ‘

) . Oledg = ( ) (J s4q )
RGE for dipole and mass Yukawa L= 161ﬂ2 log (Z_L> pmz o
| - - 3
| Cey(pL) = [1 — 3L (y; + yg)] Cey(pH) — [16Lyt6] Cz(eq)u(uH), W!
1] L] 1733
t v 2 7 - 3 (1) 3 3 9 2 - |
[ye]z] (.UL) [Y]z] (:UH) 9 CeH(/"JH) + 6v°L Yy Clequ — Y Cledq T _(yt T yb)CE.H |

17 - ii33 4 1]
1733 J '
_ ] “

LFV Dipole in terms of high-scale quantities

~y

\

CLo(pr) = (65 —0Y)Cey(ur) + (657 — 04)(16Leys) Ol (1urr)
12 22 2233

_ u .

+ | (OF = 03)(697)Cicg, (urr) + (6 — 6F) (693) Cieag (u1r)| 57— E"Cor (1)
i 29233 2233 _ el|22 “L) 22

1 —9(y? + y?)L 1

+ oeH o OY t b Ce ,UZCe .

( L L ) 9 212'1(“'1‘[) [ye]ZZ(,U'L) 2’2)’(ML)

\_ S

— S— —— ————————— — —
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Explicit NP model Lagrangian and flavor phases ‘

~ (3, 1),5 scalar Ieptoquark + O ~ (1,2),, scalar doublet

rr_-: E— e e e e

|
|

| UV Lagrangian: Ls, = Lsu+ (DuS1)"(D"S1) — MgHSISl — [)\L (G€€le)S1 + AE (uSeq) St + . c.]
+ (D,®) (DF®) — M2d!® — [,\gﬁ(eaed)cb + X (giu;)® + hc. ]

e e e e e J

|
|
|
I x
| g _ A5 Ay + 2X§o N MS /M3
H L )\L *)\R 4 9)\E. )\ M2 /M2
l 32 7'32 22733 Sl/ d
| - Ag1
After matching: s = i
i )‘32
| g — (l@)la/\g:,\g Aﬁ:Afa(Ye)ag—14ytA§1:A% |
| (Ye)2a AE AR 4 ALTAL (Y.)o2 — 14y AL AR J

—————— ———— E—— ————— E— E—— E— S— S—— S— S—— E—— S—— ——
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Alignment in the 2-3 sector

Flavor Alignment from 7 — uy
——— —— — — — — —_— —

B(tT — u*v) < 4.4 x 1078 (90% CL) = C' ., | <2.7x107°TeV~?

23(32)

y’T Céfy

Flavor alignment in 2-3: 23] |€§3,‘ < 1.6 x 1072 x /22
Yu Ce'y

33
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