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Status of the (g — Z)ﬂ anomaly
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[Figure from BMW(c collaboration]

e Agreement between experiments;
[hep-ex/0602035, 2104.03281] see talk by Chris

e Disagreement between lattice see talk by Ethan

and dispersive-based SM predictions:
[WP, 2006.04822]

- New disagreement in ete™ — ntn~
experiments — main data input for the

dispersive relations in HVP (R-ratio);
[CMD-3 collaboration, 2303.08834]

> Agreement between lattice collaborations

in Euclidean time window.
[Blum et. al., 2301.08696]

= Still undecided but unclear if there is an
anomaly or not.

Let us assume a 4.2¢ deviation
and see what New Physics can explain it.
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EFT approach

Assumed deviation is sizable

1 S 1omy g
— ,exp _  SM _ —1 M
Aa, = a, a,” = 251(39) X 10 2 [a; lgw & 22 112, 2

and can be parametrized with the effective operator [Aebischer et. al., 2102.0895]

¢ m,
OCZLEFT :) — € //lL G'MDIMR F/,ty + h.C. : Aaﬂ - 4 Re %
ANP ANP
|\
Mo R
8 /A

Julie Pages — What kind of New Physics for a muon (g — 2) anomaly? — Aspen 03/27/23



Sources of enhancement from New Physics

Any contribution to € includes:

[Athron et. al., 2104.03691]
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O= e oy F,, + hc

Chiral symmetry breaking
Electroweak symmetry breaking
Heavy scale

Loop suppression

Example:

EW contribution in the SM
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Some new physics models:
providing enhancement
from new sources.
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Leptoquarks, Vector-like fermions
[Chakraverty et. al., hep-ph/0102180]

MSSM, 2HDM
[Altmannshofer et. al., 2104.08293]

Dark photon, ALPs,
U(I)LM_LT gauge boson

[Greljo et. al., 2203.13731]
Spin-1 vector resonance
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SMEFT approach

Light New Physics models (Axp < v) are very constrained, but what about heavy New Physics models (Axp > v)?

The effects on low energy observable from weakly coupled heavy NP can be included via the

Standard Model Effective Theory (SMEFT)

Ci(5) . Ci(6) ) 1
ZsmerT = ZLsm t Z A o +Z A2 0" +0 (F)

where Ol.(”) are all the operators:
® respecting Lorentz invariance and the gauge symmetry SU(3),. X SU(2); X U(1)y ;
® built from the SM field content (including the Higgs doublet);

e with mass dimension 7.

Can we use the SMEFT to learn more about the New Physics
required by a a, anomaly, without specifying a model?
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Scale of New Physics

The sizable deviation

A — _exp SM _ 251(59 10—11 > SM 1 m'g 82
can be explained by the SMEFT operator (in the physical basis for gauge bosons)
C 24/2 m, v
<’ SMEFT 2 Nl 1o H o™ g F+ h.c. = Aaﬂ - \/_ ~ Re C
ARp e Agp
¢ Maximum scale from perturbative unitarity is = Ayp S 1000 TeV [Allwicher et. al., 2105.13981]
L . 1
® Considering the loop suppression, C ~ e = Ayp S 100 TeV [Buttazzo, Paradisi, 2012.02769]
T

Moreover, heavy New Physics (Ayp > My,) has to be chirally enhanced, i.e. 162° C > Yy
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(& — 2), and Lepton Flavor Violation

Opening the flavor structure of the dipole operator reveal interesting correlations with Lepton Flavor Violation obs.

(& —2), p— ey
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oy = ——2,,0Mep, F
ey = ——¢€1,0" Eps L7y,
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Flavor alignment at low scale

(& —2),
Sizable deviation

- GXp _
Aaﬂ = a,

requires

Re €., =1x107> TeV ™2

a,™ = (251 £59) x 107"

H — €y
Branching ratio measured by MEG: [1605.05081

But - eTy) <4.2x107° [90% C.L.]

puts upper bound on

6., | <2%x 10710 Tev—

22 12
" The SMEFT operator has a specific flavor structure with strong flavor alignment\
¥ denote mass basis
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SMEFT Renormalization Group Evolution ‘

L Flavor alignment at high scale can be spoiled at low scale from 2 sources:
FuentesMartin et al 2212.04510] |- Operators mix through Renormalization Group Evolution
L oo Jenkins et al. [1308.2627, 1310.4838, 1312.2014]
7 d 1
ﬂd—ci = 16 2,51' where f; = Z 7; G
AUV ............................................. U T -

L C, 1

SMEET [ l] with solution  C; (,uL) = C; (,uH) | > log (ﬂ> P

: 167 U

o . | :z: |
| 2. Rotation to the mass basis at low-scale

: RGE (running) [? ]

Ci (E) ®? _ €112(21)

E L(R

(R) [?e] .
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Definitions of Operators

Operators in the broken phase | Operators in the unbroken phase
weak mixing angle
@e}/=Lé oce, F Oup =17, c"c, HB /
PTG e B (%) (2 (&)
Voo _ € ,, %9 TC /) \C,y
@ig — ﬁ eLr UﬂyeRS Z//ll/ 0€W — KLF G’MUBRS TIH W/ﬁb ‘ )
Oo = Y Oy =7, ¢, H ]
» %Se o \/5 eLI’ eRS f; — Y Lr*Rs ( ?8 ) _ 1 _3 Ye
h 3 ?he 1 _% V2 CBH
@?he = ——= €}, €py Oen = fLr €Rs H(H 'H )
;Z rs
— P - ~ T
Assumptions: 4-fermions operators for RGE mixing Flavor angles defined as
_ Cx
° g, A0 ijéu (?/” 0" g, ) € (qL, 0"t ) 9, = —=
O yi;ét — prst X CX
=0 O = (7] en) e (@ 0g,) = L
eH = Uy lequ » Err) Cjk 4 s Uy \_ .

prst
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Contributions to dipole operator

¥  H

3)
Cfequ
Operators mix ¥
through RGE
M )
C,

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

Alignment master formula: [lsidori, Pages, Wilsch, 2111.13724]

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

Same N P for C(D-)

lequ

& radiative Dipole and Yukawa
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H
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Flavor Symmetries

f 1) U(z)fL X U(z)eR symmetry | [Barbieri, Isidori, Jones-Pérez, Lodone, Straub, 1105.2296\
assumed O (10_1) \

O(1) coefficients
= m \
Spurions: Y, =y | ®m H (B = B -
P ’ ’ = operators flavor structure in 1-2 sector = g, + b,
|. [Faroughy, Isidori, Wilsch, Yamamoto, 2005.05366] | W B L
/naive expectation O <\/me/mﬂ>
= D; 2 . m bj b .
Flavor angle: 6.~ 2= | 1 —— 8 Alignment: 6,—0,= = i§ < 2% 107 = unnatural tuning
\ T a; ] Clj a; j
f 2) U(1),, x U(1), X U(1),_symmetry \
Same as 1) with [l =® =0 = protect completely from LFV
-or the 1-2 sector any combination of U(l)aLﬂerLT Is enough
[Greljo, Stangl, Thomsen, Zupan, 2203.13731]
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Example of alignment in explicit NP Model

UV theory: scalar leptoquark S; ~ (3,1) additional Higgs @ ~ (1,2)
Y ptoq 1 1/3 88 1/2
t t
f ¢ S X
.4 T
>::::::::::::< ,4 ) ) N
' Ve “ ,4/\’\/4/@
Match to: Cl(elq)u ! Cl(jq) U Ce e Cl(elq)u
Assumptions to ) 5
L = M =
obtain alignment: Mo > Ms = Clequt = Greque
- coupling to left-handed top dominant ~ — 0, =6,,.,6
o U(2)? for Yukawa coupling? - Oy—-0,~ i <2x%x107

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

The muon (g — 2) anomaly requires:

# relatively light New Physics and some kind of enhancement.
# together with the tight bounds on LFV:

> Strong flavor alignment of the dipole operator,

> Flavor alignment of some 4-fermion operators in the SMEFT at high-scale,

< RGE and mass diagonalization can spoil dipole alignment at low-scale,
> Flavor symmetries and/or Dynamical mechanism to help explain the flavor alignment.

= Also for heavy NP, solutions to the (g — 2),, anomaly seem unnatural.

General remarks:

= SMEFT is a powerful framework to connect different phenomena in a model-independent way.

= |avor in the SMEFT give interesting insights and should not be ignored.
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| Dipole 12 element in mass basis after RGE ‘

Oledq = ( ) (JRS Q'sz)

prst

r;e_y(m) - [1 — 3L (y; +y§)] Cer (1) — [ J N W
A e

RGE for dipole and mass Yukawa

R

LFV Dipole in terms of high-scale quantities

CL(ur) = (05 —0Y)Cer(ur) + (657 — 6)(16Leys) O (1urr)
12 22 2233
_ u .
+ (8 — 62)(6y3)Ch) (um) + (63 — 6Y)(6y3) Credq(um) [v?Cer (ur)
i 29233 2233 _ [ye]22(“L) 22
1 —9(v2 + y2)L 1
b5 = 0T G ) i)
\_ B o ~ o Y
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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*S) — Mgl SISl — [/\L (G€€le)S1 + AE (uSeq) St + . c.]
+ (D,®) (DF®) — M2d!® — [,\gﬁ(eaed)@ + X (giu;)® + hc. ]

|
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e e e s e J

|
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H L )\L *)\R 4 9)\E. )\ M2 /M2
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| - Ay
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ﬂ A3
| g — (l@)la/\{;:,\g Aﬁ:)\fa(Ye)ag—lélyt/\gl:/\% |
| (Yo)2a AR AR + AL*AL (Y, )ao — 14 y: AL AR, J
k T —
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Alignment in the 2-3 sector

Flavor Alignment from 7 — uy

an - - — - - — — — — — — — — —
B(r* — pty) < 4.4 x 1078 (90% CL) = ¢y | <2.7x 1070 TeV ™3
23(32)
H
Yr Cé,y
Flavor alignment in 2-3: 23] |€§3,‘ < 1.6 x 1072 x /22
Yu Ce'y
33
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Anomaly status



Hadronic Vacuum Polarization contribution
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Fuclidean time window

RBC/UKQCD 2018 |
ETMC 2021 |-
BMW 2020 |-

Mainz 2022 |- | | |
ETMC 2022 |- —t— Lattice

RBC/UKQCD 2023 | H——

RBC/UKQCD 2018/FJ |-
Aubin et al. 2019/CL/KNT |-
BMW 2020/KNT |-
Colangelo et al. 2022 |-

Dispersive
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a,(0.4fm, 1.0 fm, 0.15 fm) x 10'°
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CMD-3 measurementof eTe™ = ntn~

;_ = | before CMDZ Experiment aZ+7r_’LO, 1010
3 -  cmp2 before CMD2 __ 368.8 £ 10.3
- s R SR SND CMD?2 366.5 -+ 3.4
- —— | . KiOEcomb SND 364.7 + 4.9
e . —s+— . BABAR. KLOE 360.6 + 2.1
- ——e—  BES BABAR 370.1 £ 2.7
-~ ——=——  CLEO BES 361.8 + 3.6
- —=—  SND2k CLEO 370.0 + 6.2
— — = CMD3 SND2k 366.7 & 3.2
e e T s e e a0 CMD3 379.3 + 3.0

a™™ (0.6 <Vs <0.88 GeV ), 107"
Figure 36: The 7" 7~ () contribution to ahad LO from Table 4: The 7+7~ () contribution to a/4L0

energy range 0.6 < \/_ < 0.88 GeV obtained from this from energy range 0.6 < /5 < 0.88 GeV ob-

and other experiments. tained from this and other experiments.
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Naive expectation on a,
lattice BNL g-2
R-ratio —6— ® |
FNAL g-2
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KNT19 HOr : White Paper
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